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Abstract: The local reactive power control in distribution grids with a high penetration of distributed energy resources 

(DERs) is essential in future power system operation. Appropriate control characteristic curves for DERs support stable 

and efficient distribution grid operation. However, the current practice is to configure local controllers collectively 

with constant characteristic curves that may not be efficient for volatile grid conditions or the desired targets of grid 

operators. To address this issue, this paper proposes a time series optimization-based method to calculate control 

parameters, which enables each DER to be independently controlled by an exclusive characteristic curve for 

optimizing its reactive power provision. To realize time series reactive power optimizations, the open-source tools 

pandapower and PowerModels are interconnected functionally. Based on the optimization results, Q(V)- and Q(P)-

characteristic curves can be individually calculated using the linear decision tree regression to support voltage stability 

and provide reactive power flexibility and potentially reduce grid losses and component loadings. In this paper, the 

newly calculated characteristic curves are applied in two representative case studies, and the results demonstrate that 

the proposed method outperforms the reference ones suggested by grid codes. 
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1. Introduction 

1.1. Motivation 

Power systems worldwide are increasing in complexity due to the increasing penetration of distributed energy 

resources (DERs). In Germany, the existing and to-be-implemented DER are, with the majority of 97%, installed at the 

distribution and sub-transmission levels [1] that can be controlled, monitored, or analyzed by the power system 

operators [2]. The rapid increase in DERs can cause power system instabilities[3] [3], such as system inertia reduction 

[4], transmission congestion [5], overloading, and voltage problems [6] in distribution grids. In particular, (static) 

voltage stability is one of the main concerns of the system operators [7]. This is currently largely implemented via grid 

reinforcement and, operationally, via intentional stepping of transformers, voltage controller (e.g., voltage-related 

redispatch), and the provision of reactive power [8]. In the past, reactive power has been supplied primarily by 

conventional power plants and reactive power compensators [8]. However, the rapid development of power electronic 

technologies has made it possible to utilize DER to provide reactive power. As the increasing transport distance and the 

decreasing of conventional power plants in transmission grids, the available potential of the reactive power from DERs 

in the high voltage (HV) grid could also be used to provide flexibility to the superordinate grid levels [9], in addition to 

its common usages, e.g., for local voltage stability.  

The efficiency of reactive power provision from DERs is determined by the applied control strategies. In general, 

the reactive power provision can be controlled centrally and locally. Central control strategies depend on the 

communication infrastructure for collecting real-time grid information, processing them, and controlling the DERs [10]. 

In the past few years, technological advancements and the growth of intelligent grid management and monitoring 

systems have facilitated the communication capabilities of some high and medium voltage (MV) levels [11, 12]. With 

central control, e.g., centralized reactive power optimization, the optimal reactive power setpoints for each DER can be 
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calculated in real-time to achieve objectives such as supporting the reactive power balancing at the distribution to 

transmission interface or maintaining the voltages of certain buses. Unlike central strategies, local control strategies 

avoid the need for a communication channel and therefore are very commonly used at medium and low voltage levels 

due to simplicity, high computation efficiency, and strong reliability, which is suitable for an almost real-time response 

to grid condition changes. Local controls are often realized as fast feedback control systems based on autonomous 

control characteristic curves, e.g., Q(V)- (VAr-Voltage-) droop curves or Q(P)- (VAr-Watt) characteristic curves. They 

can serve as a backup for failures in central control or as a bridging solution for grid operators without modern grid 

monitoring systems. 

As can be seen, the applied characteristic curves determine the efficiency of the local reactive power provision from 

the DER. However, in almost all the German distribution grids, the characteristic curves for DERs are configured 

collectively with ordinarily constant parameters suggested by grid codes, such as VDE-AR-N 4110 [13]. The 

effectiveness and the benefit of the characteristic curves are limited since, most of the time, the resulting reactive power 

provision does not match optimal the condition of the distribution grid. For this reason, the development of a method 

to calculate an optimal characteristic curve for each DER is well worth studying. 

1.2. Literature Review 

In Q(P)-control mode, the proportionality factor between the target reactive power and the installed active power 

is changed with increasing active power injection. As Figure 1 (a) demonstrates, during a low injection of active power, 

a small amount of reactive power is provided, and with a higher injection of active power, a larger percentage of 

inductive reactive power should be provided by the DER. According to the grid code VDE-AR-N 4110 [13], the Q(P)-

characteristic curve is defined by a maximum of ten break points. Grid operators specify the breakpoints to achieve 

objectives while meeting the technical requirements, e.g., all the points must be located within the Q(P) operational area 

defined by the grid code, see Figure 1 (c). In this paper, the generation-based signing system is used, i.e., positive 

reactive power provision means that the DER is over-excited and provides capacitive reactive power (or supplies 

reactive power to the grid). Table 1 lists the configurable parameters for Q(P)-characteristic curves. 
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Figure 1. Exemplary characteristic curves for DER providing reactive power (a, b) and Q(P) operational area according to 

VDE-AR-N 4110 (c). 

Table 1. Configurable parameters and their limitations for Q(P)-characteristic curve according to VDE-AR-N 4110 [13]. 

Parameter Determination/Limitation 

Limits of reactive power provision: 

����, ���� 
Determined by grid code: [−0.33 ∙ ��, 0.33 ∙ ��] 

Limits of active power: ���� Determined by grid code: ���� ≥ 0.1 ∙ �� 

Number of breakpoints: � � ≤ 10 

The Q(V)-control uses the local voltage information, which depends on power production and consumption in the 

neighborhood, and the grid impedance at the network connection point. The corresponding reactive power provision 

aims to support voltage stability, i.e., keeping voltage within a specific bandwidth. Figure 1 (b) shows a generic 

characteristic curve for the Q(V)-control, where ���� and ���� are the limits of the reactive power provision defined 

by grid codes. The reference voltage ���� denotes the voltage setpoint. At this voltage, reactive power is neither injected 

(over-excited) into the power grid nor absorbed (under-excited) by the DER. The voltage ����,��� and ����,���� indicate 

the voltage range. Reactive control is not executed in the voltage deviation within the dead band for efficient operation 
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of DERs, sparing the reactive power provision. The slope � presents the droop of the characteristic curve. Table 2 lists 

the configurable parameters for Q(V)-characteristic curves. 

Table 2. Configurable parameters and their limitations for Q(V)-characteristic curve according to VDE-AR-N 4110 [13]. 

Parameter Determination/Limitation 

Limits of reactive power provision: 

����, ���� 
Determined by grid code: [−0.33 ∙ ��, 0.33 ∙ ��] 

Reference voltage value: ���� Determined by grid operators: e.g., 1.01 p.u. 

Dead band: ����,���, ����,���� within bounds [±0% ∙ ����, ±5% ∙ ����] 

Slope: � 5 ≤ � ≤ 16.5 

Number of breakpoints: � � ≤ 10 

To find the best configuration setting for the characteristic curves, research has been done to modify the 

controllable parameter to improve the grid stability. Table 3 shows the research carried out in recent years. The 

parametrization for the Q(V)- and Q(P)-characteristic curves were modified for voltage stability (VS) and power loss 

minimization (PLM). However, these methods have the following constraints: 

1. Evolutionary algorithms and iterative simulations were often used to obtain the proper parameters. A 

generalized approach using classical optimal power flow was missing, which is more familiar to power 

system engineers. 

2. In these studies, the control parameters were not discussed systemically. Only one or a limited number 

of parameters were considered. The others used standard settings. 

3. The design of the Q(P)-characteristic curve was mentioned relatively rarely. This may make a 

significant contribution to objectives with suitable configuration. 

4. As mentioned in section 1.1, in addition to supporting VS and PLM, reactive power provision from 

DER in distribution grids can be also used to support the reactive power balancing (provide reactive 

power flexibilities) at the distribution-to-transmission interface and to enable the desired ancillary 

services at the up-streamed transmission level. The corresponding characteristic curves are hence worth 

studying. However, this has not been considered. 
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Table 3. Modification of control parameters for local reactive power control. 

article type 
objecti

ve 
���� 

dead 

band 
slope 

breakp

oint 

power 

factor 
description/comments 

[14] 

Q(P) 

Q(V) 

VS --- √ √ --- --- 

This method is used to optimize the control parameters for different grid areas separately with 

heuristic approaches (Genetic algorithm (GA), Downhill-Simplex/Nelder mead, Golden Section 

Search).  

[15] VS --- --- --- --- √ 
An analysis method is proposed to improve the PV hosting capacity by the modification of the power 

factor (�min, �max).  

[16] PLM √ --- --- --- --- 
To reduce the power loss, the reference setpoint location is analyzed, considering the PV penetration 

rate and the weather conditions.  

[17] VS --- --- √ --- --- The P(V)-control and the Q(V)-control are combined, considering active power curtailment.  

[18] 

Q(V) 

PLM --- √ √ --- --- 

According to the daily clearness index and the daily variability index, the grid condition (with high 

PV penetration) is classified into five types. For each grid condition type, the best dead band and 

slope in terms of power loss are determined by varying over ranges.  

[19] PLM √ √ --- --- --- 
Particle Swarm Optimization is used to optimize the control parameter. The grid states, e.g., power 

loss, are represented by revenues and measurements from DSO and customers.  

[20] Q(V) VS √ --- --- --- --- Using a three-phase optimal power flow, the voltage reference point of the Q(V)-curve is optimized.  

[21] Q(V) VS --- --- √ --- --- 
The use of GA is proposed to optimize the slope of the Q(V)-curve for grids with high penetration of 

PV.  

[22] Q(V) VS --- --- --- --- --- The steady-state voltage error is considered  

[23] Q(V) VS √ --- --- --- --- 
Using sensitivity analysis, the setting of the dead band that satisfies the voltage maintenance standard 

for two special disturbances in transmission systems is addressed.  

[24] Q(V) VS --- √ √ --- --- 

The paper proposes a two stages method based on GA and ANN to adapt the control parameters of 

Q(V)-curve. The ANN aims to develop a fitting function correlating the Thevenin impedance at the 

PCC and optimal control parameters obtained from the GA optimization.  

[25] Q(V) VS --- --- √ √ --- 
The conventional Q(V)-curve is divided into multi sections to compensate for reactive power, 

minimizing the power loss actively. The sections are determined by GA. 
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1.3. Contribution and Organization 

In our previous work [26], a method based on time series optimization was proposed. The 

method utilized an artificial neural network- (ANN-) based optimization proposed by [27] to estimate 

reactive power setpoints of DERs for maintaining the predefined voltage value. According to the 

distribution of ANN-estimated QP-operating points for a specific period, individual Q(P)-

characteristic curves for each DER can be fitted by the polynomial regression and modified as 

characteristic curves for local reactive power provision. However, the previous method has some 

limitations: 

1. The ANN-based time series optimization (or estimation) needs low computational 

resources. Its drawbacks are obvious, i.e., it is highly subjective-dependent, and a lot 

of time needs to be devoted to pre-training and parametrization. It is inefficient for 

short-term time series optimization. 

2. Using polynomial regression to determine the characteristic curve (a continuous 

piecewise line: multiple segments connected by breakpoints) is not an efficient 

method. Firstly, we need to carefully select the polynomial degree based on the data. 

Secondly, the result is typically a single curve. This can make it challenging to 

identify the breakpoints necessary for the characteristic curve. 

3. Only the Q(P)-characteristic curve for voltage stability was considered. 

4. Lack of automatization and generalization. 

This method is further developed by implementing the following improvements and extensions: 

1. An implemented open-source tool is applied and further developed, enabling the 

users to create custom mathematical optimization models for time series 

optimization in power systems. For this paper, additional models for reactive power 

optimization are implemented, applied, and released in github. 

2. The previous method is extended to Q(V)-characteristic curve calculations, 

considering dead band settings. 

3. The decision tree method is used for linear regression, with which a continuous 

piecewise line can be efficiently calculated as a characteristic curve. 

4. Q(P)- and Q(V)-characteristic curves for the observed grids can be individually 

calculated, supporting maintaining voltage stability, reactive power flexibility 

provision, loss minimization, and loading reduction. 

These developments are implemented as a module with automated parametrization, calculation, 

simulation, and evaluation. For this paper, comprehensive simulations are carried out, considering 

voltage stability and transmission to distribution cooperation. To validate the advantages of the 

optimized characteristic curves, their performance is compared to the reference ones suggested by 

grid codes. 

The structure of this paper is organized as follows: In Section 2, the features and functionality of 

the proposed method for an individual characteristic curve calculation are described. Subsequently, 

the developed tool for power system optimization is introduced in Section 3. Section 4 performs two 

case studies to evaluate the proposed method. Finally, in Section 5, conclusions are drawn. 

2. Characteristic Curve Calculation for Local Reactive Power Control 

2.1. Method Overview 

 

Figure 2 shows an overview of the method. In the following, the inputs, outputs, and three 

calculation processes are shortly outlined. 

Input Data: The grid data and modeling are performed in the pandapower [28] format. The aim 

of the calculated characteristic is to address the time-varying grid condition, which is featured by the 

corresponding time series. Thus, time series data for loads and generations for an interesting time 

window is indispensable. Users can calculate different characteristic curves for various targets by 
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defining the curve type (Q(P) or Q(V)) and the objective, such as maintaining voltage-setpoints and 

maintaining reactive power-balancing. In addition, optional parameters such as “dead band” and 

“setpoints” can be configured. 

Time Series Optimization: Based on the given input data, an optimal power flow problem with 

reactive power-setpoints of DER as variables is solved for each time step. For this, pandapower with 

PowerModels [29] provides a convenient solution. As optimization results, optimized reactive power-

setpoints of DER are calculated for each time step and form the optimized operating points. 

Linear Regression: With these optimized operating points, a scatter diagram can be created 

individually for each DER. The optimal Q(P) or Q(V) relationship for each DER is then approximated 

using the linear decision tree regression. It is used in expectance of a better performance compared 

to the conventional Q(P)- or Q(V)-characteristic curve regarding a predefined objective. 

Verification and Modification: The optimized Q(P)-or Q(V)-relationships for each DER have to 

pass the acceptance tests to meet the technical requirements of the grid codes; otherwise, the 

coordinates (position) of some breakpoints can be modified, for avoiding steep slopes. In this case, 

the regressed characteristic curve might no longer fit the operating point distribution completely and 

therefore might no longer be optimal in the sense of an optimization. The final Q(P)- or Q(V)-

characteristic curve is then determined. 

Output Data: A list of optimized (Q(P) or Q(V)) coordinates for DER are exported as the output 

data and can be directly applied for further simulation and analysis.  
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Figure 2. Overview of the proposed method for characteristic curve calculation for local reactive power 

control. 

In the following sections, some of the assumptions, features, and functionalities of the proposed 

method are introduced in detail. 

2.2. Continuous Piecewise Linear Fitting 

The characteristic curve is a continuous piecewise line with breakpoints representing the 

termination points of line segments. This section describes the fitting of continuous piecewise linear 

functions from the optimized operating points. 

For curve fitting, linear regression is usually the first algorithm that comes to mind. It is a linear 

model and works effectively when the data has a linear shape. However, if the data has an aperiodic 

non-linear shape and the dataset is limited, linear regression cannot capture the non-linear features. 

Polynomial regression is one of the most popular choices for approximate non-linear features. To 

accurately fit the data points with a polynomial curve, careful design is required, i.e., this involves 

the user having a solid understanding of the data, enabling them to make informed decisions when 
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selecting the most appropriate exponents. The fitting curve is prone to overfitting if exponents are 

poorly selected [30]. To find the best continuous piecewise line from the optimized operating points, 

the difficulty is finding the best location of the breakpoints. Neither linear regression nor polynomial 

regression can solve this problem. In this context, a machine learning algorithm “decision tree” is 

used in this paper. 

Decision trees are a non-parametric supervised learning method used for classification and 

regression [31]. They capture the nonlinearity in the data by splitting them into smaller segments in 

a way such that the sum of squared residuals is minimized. Each segment corresponds to a decision 

or a leaf of the tree. One of the variants of the decision tree is called the linear tree. This implies having 

linear models in the segments instead of a simple constant approximation. As a result, the linear tree 

model makes the final fitting curve piecewise, continuous, locally linear, and globally non-linear, 

which fits the conditions for a characteristic curve.  

X1 X3 X4X2

Operting points
(samples)

Training
decision tree model

Decision tree model

 

Figure 3. Example for finding optimized Q(V)-relationship with linear tree model. Left: optimized 

Q(V)-relationship based on resulting operating points; Right: architecture of the trained linear tree 

model. 

Based on the python package linear-tree [32], a fitting function for the proposed method was 

developed in this paper. Figure 3 shows an example of finding the optimized Q(V)-characteristic 

curve. A linear tree model is trained by the given data (blue points in Figure 3). The red piecewise 

line presents the fitting characteristic, whose breakpoints (x-locations: �� and ��) correspond to the 

conditions in the tree model (right). �� and �� can be a user- defined period, e.g., [0.9, 1.0]. The 

optimized y-coordinates are determined by calling the trained tree model for the inputs (��, ��, ��, 

��). The losses in the plot on the right express the residuals between the operating points and the 

regressed segments (red lines). 

In general, the Q(V)-characteristic curve tends to divide the distribution of the voltage into two 

parts, centered on ����. The part greater than ���� is called the over-voltage part ([����, 1.1]), and the 

part below �ref refers to the under-voltage part ([0.9, ����]). The curves in these two parts are normally 

symmetrical according to ���� , cf. Figure 1. However, during the operation of real distribution 

systems, the span of the bus voltage distribution for a time window is often small, i.e., most of the 

bus voltages can be located only in the over-voltage part or in the under-voltage part, e.g., the bus 

voltages in Figure 3 are all located within the under-voltage part ([0.9, ���� ]). In this case, the 

proposed model estimates the other part of the Q(V)-characteristic curve using the principle of 

symmetry. Figure 4 shows the estimation for the calculated Q(V)-characteristic curve in Figure 3. The 

fitting curves for both parts are symmetric around the ����-axis. Considering the grid code limits 

(e.g., −0.328 p. u. < � < 0.328 p. u.), they are further modified, and the final Q(V)-characteristic curve 

(solid red line) is unsymmetric. It is noting that this DER provides also a small amount of inductive 

reactive power (� < 0) when the voltage is lower than ����. It is caused by the objective function and 

optimization settings and is explained in the following sections. 
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If there are enough points in both over-voltage and under-voltage parts, the characteristic curve 

is still calculated based on the distribution of points, and it can be asymmetrical. 
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Figure 4. Schema for symmetric estimation of Q(V)-characteristic curve. 

Figure 5 suggests the suitable range for choosing the reference value ���� for each voltage level 

without voltage controllers. For a generator-dominated grid, a reference value below 1.0 p.u. 

probably would be more appropriate. In contrast, for a load-dominated grid, a reference value above 

1.0 p.u. (e.g. 1.03 p.u.) might be favorable. For this paper, ���� = 1.0 is used in case studies. 
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Figure 5. Voltage band in accordance with EN 50160 without controllable transformers, adapted from 

[33]. 

2.3. Objective Functions 

As mentioned in section 1, DERs can provide reactive power for objectives like supporting 

voltage stability or reactive power balancing at the grid interface. Correspondingly, the optimization 

models - maintaining voltage-setpoints and maintaining reactive power-setpints – are formulated. 

Maintaining Voltage-Setpoints: Grid operators want to preserve a consistent voltage profile across 

all/part of the buses in the power system. The applied optimization, in this case, should help both of 

them to identify the preferable set of actions and to achieve the desired profile. The objective is to 

minimize the deviation of the voltage magnitude at the DER bus from a setpoint. The resulting 

reactive powers enable the setup of Q-related characteristics to guarantee the resilience of local 

voltage. The general formulation of the objective function and the numerical and technical constraints 

are represented as follows: 
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sets: 

 � − buses 
� − generators (or DER) 
ℒ − loads 

ℰ − branches 

variables: 

 
�� ∀� ∈ � − voltage magnitude 
�� ∀� ∈ � − voltage angle 

�� ∀� ∈ � − reactive power of DER 

min: � = � (��
�

− ���������)�

�∈ �

 (1) 

subject to:  

ac power flow ��� − ��� = diag(�����)�����
∗ �����

∗  (2)

branch current ����→�,������� ≤ �������,��� ∀(�, �) ∈ ℰ 

����→�,������� ≤ �������,��� ∀(�, �) ∈ ℰ  
(3)

voltage magnitude ��,��� ≤ �� ≤ ��,��� ∀� ∈ � (4)

voltage angle ��,��� ≤ �� ≤ ��,��� ∀� ∈ � (5)

gen. reactive power ��,��� ≤ �� ≤ ��,��� ∀� ∈ � (6)

gen. active power �� = ��,�������� ∀� ∈ � (7)

load apparent power ��̅ = ��̅,�������� ∀� ∈ ℒ (8)

where ����� is the vector of complex voltages, ����� is the complex bus admittance matrix, ��� is 

the vector of complex power fed in by the generators (DER), and ��� is the vector of complex loads. 

The active power of the DERs and the loads are constant, and they are formulated as equality 

constraints. ��
�
 is the local bus voltage magnitude at the generator bus. The quadratic objective 

function, in this case, helps minimize both the positive and the negative deviations of the voltage 

from the desired setpoint. Since all DERs are taken into account collectively during the optimization 

process, the optimized reactive power provision of DER contributes not only to its local voltage but 

to the voltages of all considered DERs. Thus, the subsequently calculated characteristic curve can be 

regarded as “decentralized” or “distributed” control to some extent [34]. 

Considering the dead band setting, in this paper, the objective function and constraints are 

modified. The predefined dead band can divide the voltage distribution into two areas, i.e., inside 

the dead band and outside the dead band. DERs whose voltage is inside the dead band zone will not 

provide reactive power (see step 1 in Figure 6). On the contrary, the reactive power of DERs whose 

voltage is outside the dead band zone will be considered as optimization variables. For the 

corresponding buses, the setpoints are set to ����,���� (e.g., 1.03) and ����,��� (e.g., 0.97) (see step 2 

in Figure 6). Compared to 1.0 p.u., ����,����  (e.g., 1.03) is more approachable, and the required 

reactive power is, thus, less. These modifications in steps 1 and 2 achieve a dead band setting and 

save the reactive power provisions, but they also limit the optimal solution to a certain extent, i.e., 

the voltage will be regulated in a limited way. 

To further save the reactive power provision, in step 3, the objective function is extended by 

adding the minimization of reactive power provisions. Two sub-objectives in step 3 are connected 

through coefficient �� and ��, with �� + �� = 1. An analysis of different coefficient combinations is 

presented in the following case studies, e.g., Figure 13. 
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if �� > �dbd,high : ��,setpoint = �dbd,high  ∀� ∈ �outside   

if �� < �dbd,low : ��,setpoint = �dbd,low  ∀� ∈ �outside   
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��,max = ��,min = 0 ∀� ∈ �inside  
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Set:

Constraint
modifications:

v in p.u. �dbd,high  

(e.g., 1.03) 

 �dbd,low  

(e.g., 0.97) 

 

Figure 6. Modifications considering dead band setting and saving reactive power provision. 

Maintaining reactive power-setpoints: The motivation for this objective is the provision of 

reactive power flexibility from the distribution system to the transmission system. The deviations of 

reactive power injection at the interface from a target value are minimized. It is formulated by 

equation (9) (The sets, variables, and operating constraints refer to the mathematical formulation for 

the objective of maintaining voltage setpoints): 

min: � = (���������� − ���������)� (9

Except for maintaining voltage-setpoints and reactive power-flexibility, optimization models for 

power loss minimization and branch loading reduction are implemented and can be used for the 

proposed method. Nevertheless, this paper only focuses on the application of the introduced 

objectives. 

2.5. Update Frequency 

Due to the time-varying power system, it is supposed that the reactive power dispatch or the 

update of the characteristic curve calculation is periodically scheduled. As the overview describes, 

the optimized characteristic curve is calculated based on the given time series. If short-term time 

series are used, e.g., using daily time series (day-ahead forecasting), frequent updates of control 

settings are possible. However, it would be time-consuming for the grid and DER operators (in some 

distribution grids, DER is still configured manually). Additionally, a short-term time series means 

that only a few optimized operating points are available for characteristic curve fitting and therefore 

it is susceptible to extreme values. Hence, it can be assumed that an update within these short periods 

is not advisable. 
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Also, medium- and long-term updates according to monthly or annual time series (e.g., the 

historical data of last year) are considerable. In this case, time series deviations1, e.g., forecasting 

errors or uncertainties, directly influence the distribution of optimized reactive power-setpoints for 

each DER. The finally calculated characteristic curves are, anyway, approximated piecewise linear 

fitting curves, and the forecast errors can be assumed to be of the order of the approximation error or 

even lower and, hence, have fewer negative effects. This has been validated in [6]. With medium- and 

long-term timer series, grid operators don’t have to update the characteristic curve parameter 

frequently. In this paper, calculations and simulations are performed within a time window of three 

months. 

3. Optimization Tool: Interface between pandapower and PowerModels 

To execute a time series optimization, a convenient optimization tool is required. In the past, a 

variety of tools for power system analysis and optimization were published and made available, in 

particular within the Open-Source community. The advantage of Open-Source software is that it 

allows unlimited sharing of developments and unlimited verification of models.  

3.1. pandapower and PowerModels 

Pandapower [28] is a program designed to automate analysis and optimization in power systems, 

utilizing a combination of the data analysis library pandas [35] and the power flow solver PYPOWER 

[36]. The pandapower library validated equivalent circuit models for lines, transformers, DER, 

generators, switches, etc., and provides the most commonly used static network analysis functions, 

including power flow calculation, times-series simulation, short-circuit analysis, state estimation, 

grid equivalent, etc. To solve the classic AC and DC optimal power flow challenges in power systems, 

pandapower has integrated its element-based data structure with the power flow optimization 

environment PYPOWER, dealing with cost-related optimization problems such as dispatch 

optimization and load shedding. Until April 2023, there have been over 350,000 downloads of 

pandapower. It has been used for various projects and investigations by grid operators and research 

institutes worldwide.  

PowerModels [29] is a Julia/JuMP [37, 38] package for steady-state power system optimization. It 

enables computational evaluation of power system models with a focus on decoupling problem terms 

from the different formulations. Core problem specifications in PowerModels are power flow, 

optimal power flow, optimal transmission switching, and transmission network expansion planning. 

Users interested in alternative objectives, such as the reactive power optimizations discussed in this 

paper, can utilize PowerModels to build customized problem specifications.  

3.3. PandaModels 

As mentioned above, pandapower is becoming more and more popular for power system 

analysis, but it can only deal with cost-related optimization issues. PowerModels is especially strong 

in solving different power-flow formulations but doesn’t provide many pre-implemented models for 

custom objectives. It can serve as the basis for further development. In this context, we have 

developed an interface called PandaModels (combining pandapower and PowerModels) as described 

in [39]. However, it has not yet been applied in published case studies. This interface enables a stable 

and functional connection between pandapower and PowerModels, and also extends the available 

models for reactive power optimization. As Figure 7 shows, a conversion from the pandapower format 

to the PowerModels format is enabled by the pandapower-PowerModesl (PP-PM) converter. After the 

optimization in PowerModels, the PP-PM converter transforms the optimization results back to the 

original pandapower grid model, which can be used for further analysis. 

 
1 Time series deviation: deviations between the time series used for characteristic curve calculation and the real 

consumption and fed-in measured by grid operators. 
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Figure 7. General schema of PandaModels. 

The most important feature of PandaModels is that it extends the optimization models. Except for 

the existing PowerModels-models, the optimization model to support voltage stability, such as 

equations (1)-(8), has been implemented [39]. For this paper, the optimization model for multi-

objectives as shown in Figure 6 is implemented. In addition to this, optimization models with 

objectives including provision of reactive power flexibility (as described in equation (9)), power loss 

reduction (as described in equation (10)), and loading reduction (as described in equation (11)) are 

implemented. In (10), the total losses along a branch �-� are equal to the apparent power ���  leaving 

bus � minus the apparent power ���  arriving bus �. Equation (11) shows the objective function for 

branch loading reduction, which minimizes the deviation of the current of target branches (lines or 

transformers) from zero. The variables and operating constraints refer to the mathematical 

formulation in section 2.3.  

���: � = � ��� + ���

(�,�)∈ �

 (10)

���: � = � (��→�,������ − 0)�

(�,�)∈ �

 (11)

All of the implemented optimization models can be accessed through their corresponding 

functions in pandapower. The released tutorials2 demonstrate how users can use these models to solve 

optimization problems in power systems. Based on this knowledge, users can define custom 

objectives by adding models in the model bank. 

One of the advantageous features of PowerModels is its ability to solve multi-grid optimization 

problems. This paper uses this capability to address time-series optimization for a specific grid model 

by substituting the “multi-grid” component with a “multi-time step of one grid” approach, as 

depicted in Figure 8. The time series configuration is compatible with the time series controller in 

pandapower. Alternatively, a more direct way is that users can perform time series optimizations 

iteratively through a loop. 

 

 
2 https://github.com/e2nIEE/pandapower/blob/develop/tutorials/pandamodels_reactive%20power%20optimiza

tion.ipynb 
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Figure 8. Modification of multi-grid optimization in a time-sequential manner for time-series 

optimization 

4. Case Studies 

Based on the power system analysis tool pandapower with the parallel high-performance 

computing solver [40], this section applies and tests the developed method with different grids and 

scenarios for various objectives. In the first case study, Q(P)- and Q(V)-characteristic curves (without 

dead band) are calculated for voltage stability. Subsequently, regarding the saving of unnecessary 

reactive power provision, the dead band for Q(V)-characteristic curve is considered, and its effect is 

analyzed. In the second case study, the proposed method is applied to support the Q-balancing or -

flexibility at the TSO-DSO interface. 

As discussed before, a three-month time series for loads and DERs are used for the time series 

optimization and the simulative grid operation, see Figure 9. According to [41, 42], a quarter ahead 

forecasting errors are considered in the optimization phase, see Table 4, where � is the actual active 

power injection (DERs) or consumption (loads). The performance of the newly calculated 

characteristic curves is compared to the reference ones based on time series simulations without 

forecasting errors. 

+

quarter ahead
forecasting errors

original time series
(three months)

 proposed method
(time series optimization) 

grid model, curve type, objective 
and other inputs individually calculated

characteristic  curves

grid operation
(time series simulation)

evaluations 

collectively 
configured reference 
characteristic  curves

 

Figure 9. Flowchart for case studies. 

Table 4. Parameter for the quarter ahead forecasting error generations, according to [41, 42]. 

DER type Normal distribution parameters: mean; standard deviation 

PV 5.1% ∗ �;  4.3% ∗ � 

Wind 10.8% ∗ �;  3.8% ∗ � 

Load �; 9.3% ∗ � 

4.1 Characteristic Curve Calculations for Voltage Stability 

In the first case study, the proposed method is applied for voltage stability by maintaining the 

voltage setpoints. A real German 20 kV distribution grid – 475 buses, 112 loads (total load of 12.19 

MW), and 126 DERs (total nominal injection 22.61 MW, 50 DERs are controllable) – of the grid 

operator LEW Verteilnetz GmbH is used as the test grid, see Figure 10 (a). The time series profiles are 

generated according to the local weather data from [43] in 15-min resolution over one year. To display 

the advantages of individually calculated characteristic curves, conventional fixed cos � - (fixed 

Q(P)), Q(P)- and Q(V)-characteristics, as shown in Figure 10 (b) are considered as references. 
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Figure 10. (a) Schematic geographic visualization of the test grid; (b) reference characteristic curves 

used for evaluation.  

4.1.1 Characteristic Curve Calculation and Simulations 

The optimization model in section 2.3 with objective function min: � = ∑ (��
�

− 1.0)�
�∈ �  is used 

to minimize the deviation of DER bus voltages from 1.0 p.u. Q(V)-characteristics curves are calculated 

without dead band settings. Figure 11 (a) shows the calculated Q(P)-characteristic curves for two 

exemplary DERs. All optimized operating points are located within the operational area defined by 

the grid code German VDE-AR-N 4110 [13]. DER A presents essentially inductive features while the 

operation of DER B changes from under-excited to over-excited with increasing active power feed-in. 

This significant difference is caused by the local conditions and the objective function settings. 

According to the objective function � = ∑ (��
�

− 1.0)�
�∈ � , all DERs contribute together (with under-

excited Q or over-excited Q) to maintain all the DER bus voltages at 1.0 p.u. 

Figure 11 (b) displays the Q(V)-characteristic curves for DER A and B after modifying the curve 

type. In comparison to the Q(P)-characteristic curves on the left, the x-coordinates (voltage) cover 

only a portion of the entire [0.9, 1.1] range. As a result, the two Q(V)-characteristic curves appear 

relatively similar. It is worth noting that the slopes for Q(V)-characteristic curve must be restricted to 

16.5 and may not accurately reflect the distribution well, as seen in A-QV. 
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Figure 11. Calculated Q(P)-characteristic (left) and Q(V)-characteristic (right) curves of two 

exemplary DERs for supporting voltage stability. 

The individually calculated (or optimized) characteristic curves are assigned to all 50 

controllable DERs, while the reference characteristic curves are configured collectively. Based on time 

series simulation, the results are evaluated in Figure 12. Table 5 defines the simulations with different 

characteristic curves. 
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Table 5. Description of time series simulation and applied characteristics. 

Simulation ID Applied characteristic curves 

Q0 (reference) No controller 

QPf (reference) Fixed Q(P) (cf. Figure 10) 

QP (reference) Q(P) (cf. Figure 10) 

QV (reference) Q(V) (cf. Figure 10) 

QPopt Individually calculated Q(P) 

QVopt Individually calculated Q(V) 

OPT Results directly from time series optimization 

QVdbd (reference) Q(V) with the dead band (cf. Figure 10) 

OVdbdopt Individually calculated Q(V) considering the dead band 

Figure 12 (a) compares the bus voltage magnitude distribution caused by different control 

modes in violin plots. All bus voltages are located within 90% to 110% of the rated terminal voltage. 

The results directly obtained from time series optimization (pink) are the best, i.e., the voltage 

distribution is closer to the exemplarily defined setpoint 1.0 p.u. The second-best scenario is caused 

by the optimized Q(P)-characteristic curves (green). Correspondingly, more reactive power is 

provided, see Figure 12 (b). Compared to the scenario with ID QV, the voltage distribution caused by 

the calculated Q(V)-characteristic curves (ID: QVopt, brown) extends downward to 1.0 p.u. with 

increased reactive power provision from DERs. 

setpoint

  
(a) (b) 

Figure 12. Comparison of bus voltages (left) and reactive power provision (right) for the simulative 

quarter with different characteristic curves. 

To calculate more proper Q(V)-characteristic curves (maintaining voltage stability with saving 

reactive power provision), in the next section, the dead band is considered, and the optimization 

process with multi-objective function is applied according to Figure 6, introduced in section 2.3. 

4.1.2 Calculation Considering Dead Band Setting 

According to Figure 12 (a), the considered bus voltages without reactive power provision (ID: 

Q0) were distributed from 0.99 p.u. and 1.075 p.u. Since they are all within the boundaries [0.9, 1.1], 

from the point of view of reactive power saving, reactive power doesn’t have to be provided. This 

paper does not focus on optimizing the dead band setting but on the characteristic curve calculation 

outside the defined dead band. Thus, the dead band of [0.97, 1.03] suggested by the grid code and 

[44] is used, cf. Figure 10 (b). 

As introduced in section 2.3, only DERs with voltages outside the dead band are taken into 

account in the objective function. The setpoints for these buses are set to the upper limit (1.03 p.u.) or 

the lower limit (0.97 p.u.), see equations (12) and (13). Furthermore, an additional objective for 
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reactive power saving is added. Its effect can be visualized by running with different coefficient 

combinations (�� and ��). 

���: � = �� ∗ � ��� − 0.97�
�

� ∈ ��� �.��

+ �� ∗ � ��� − 0�
�

� ∈ ��� �.��

 (12)

���: � = �� ∗ � ��� − 1.03�
�

� ∈ ��� �.��

+ �� ∗ � ��� − 0�
�

� ∈ ��� �.��

 (13)

Figure 13 displays the optimization results with the objective functions (12) and (13) for one 

exemplary time step with different coefficient combinations. For this time step, only 24 of 50 DERs 

have voltages outside the dead band. It is obvious that with �� = 1 and �� = 0 (leftmost), both 

capacitive (over-excited) and inductive (under-excited) reactive power are provided from the 24 

DERs, and the resulting voltage is the lowest (it is equal to the defined setpoint ��������� = 1.03). With 

larger ��  the provided reactive power decreases (especially from �� = 0  to �� = 0.1 ), and the 

resulting voltage is close to the value without optimizations.  

CV=1.0
CQ=0

CV=0.8
CQ=0.2

CV=0.6
CQ=0.4

CV=0.4
CQ=0.6

CV=0.2
CQ=0.8

CV=0
CQ=1.0  

Figure 13. Optimization results with different coefficient settings for an exemplary time step.  

Using �� = 0.1 and �� = 0.9 as an example, Q(V)-characteristic curves considering dead band 

and reactive power saving are calculated individually for the 24 DERs. Figure 14 illustrates the 

resulting characteristic curves for some of the DERs, while also comparing them to the previous 

results for DER A and B. It is evident that considering the dead band (A-DBD and B-DBD), the DERs 

can provide reactive power starting from 1.03 p.u. Moreover, A-DBD and B-DBD exhibit far fewer 

time steps with reactive power provision compared to the case without considering the dead band 

(A and B). In addition, the trend of the distribution of the operating points in A-DBD and B-DBD is 

more prominent, facilitating the identification of the characteristic curves. 

Regarding other exemplary DERs (C, D, E, F), the main difference between the newly calculated 

(cyan) and the reference (purple) Q(V)-characteristic curves is the slope. In most cases, the newly 

calculated characteristic curves have a relatively flat slope compared to the purple dashed line, 

suggesting that they allow for lower reactive power provision. 
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In the simulation phase, the calculated and the reference characteristic curves are assigned to 

DERs for three-month time series simulations. It can be seen in Figure 15 (b), as expected, that the 

individually calculated slopes allow a slight reduction of reactive energy by comparing QVdbdopt and 

QVdbd. Compared to the result for QVopt calculated in section 4.1.1, the Q reduction caused by 

QVdbdopt is very considerable, and the resulting voltage distribution is shifted to 1.03 p.u. (the 

probability density distributed close to 1.03 p.u. is more extensive), see Figure 15 (a). 

In general, Q(V)-characteristic curves considering dead band and Q saving are individually 

calculated for DERs, and the effect of maintaining voltage stability with limited reactive power 

provision is achieved. However, it is difficult to compare the results from section 4.1.1 since the 

optimization conditions are different. A parameter setting that differs from this can lead to different 

characteristic curves and hence different results. An appropriate (or optimal) parameterization for 

the optimization model will vary depending on the grid states and the user’s goals. 
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Figure 14. Calculated Q(V)-characteristic curves with and the dead band for exemplary DERs. 

1.03

  
(a) (b) 

Figure 15. Simulation result comparison for characteristic curve with and without dead band: (a) Bus 

voltage distribution; (b) Mean reactive power provision. 

4.2 Characteristic curve calculations for Q-flexibility provision 

As mentioned in section 1, a controlled reactive power exchange at the grid interface between 

two voltage levels (especially between the distribution and transmission level) is considered 

nowadays as an essential ancillary service, which can be provided by the distribution system operator 

(DSO) to the transmission system operator (TSO) using existing Q provision capabilities from DERs 

in distribution systems. In this case study, central and local provisions of reactive powers from DERs 
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for maintaining the Q flexibility at the TSO-DSO interface are investigated using a generated 

SimBench [45] grid, see Figure 16. The observed grid consists of an extra-high-voltage (EHV) grid and 

an HV grid out of the SimBench dataset [45]. TSO and DSO are connected via three EHV/HV 

transformers. The attached time series are used for calculations and simulations. It is assumed that 

DSO offers TSO reactive power flexibility by optimizing the reactive power provision of the involved 

7 DERs (Wind or PV-Farms with a total installed power of 79 MW), keeping the Q-exchange at three 

interfaces, see Table 6. 

 

Figure 16. Schematic geographic visualization of a cross-voltage level test grid. 

Table 6. Defined Q-flexibility for different interfaces. 

Interface Q flexibility at the Interface 

Güstrow 0 MVAr 

Schwerin 8 MVAr 

Perleberg 36 MVAr 

4.2.1. Central Optimization 

For finding the optimized reactive power provision of DERs, central optimization can be realized 

using the developed PandaModels. Based on the SimBench time series in 15-minute resolution, the 

optimization with reactive power of DERs as optimization variables for each time step is solved for 

the objective: 

���: � = � (��,��������� − ���������)�

�∈[�ü�����,��������,���������]

 (14)

Figure 17 shows central optimization results for an exemplary day (timestep from 96 to 192). It 

is evident that, during the simulative day, all Q-exchanges (green: normal values, orange: optimized 

values) at the three interfaces are located within the theoretical Q-range (the grey area), based on the 

Q provision capability from DERs, according to the resprectivegrid codes. With central optimizations, 

the target providing Q-setpoint at the interface is primarily achieved, e.g., from timestep 92 to 150, 

with sufficient available capacities, the optimized values follow the targets, and the corresponding 

deviation (see plot on the bottom) is almost zero. Due to limited Q provision capabilities from DERs, 

from the time step 150, the expected setpoints are not met, but the optimized values are still better 

than that with normal power flow.  

When using centralized optimization, communication failures and optimization failures are 

inevitable. In such scenarios, it is recommended that the DERs switch back to characteristic-curve-

based local control mode, which should align with the grid condition and the objective. In addition 
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to serving as a backup for failures in central optimization, local control can also function as a bridging 

solution for DSOs lacking modern grid monitoring systems to provide TSOs with ancillary services. 

In the following section, we will explore the Q-flexibility supported by the characteristic curves. 

 

Figure 17. Q-exchange at the interface with central reactive optimization for an exemplary day. 

4.2.2. Characteristic Curves Calculation and Simulations 

As DERs in this case study provide reactive power to meet the reactive power balancing at the 

TSO-DSO interface as much as possible, the dead band setting is not considered during the 

characteristic curve calculations. With maintaining reactive power-setpoints as the objective function, 

the proposed method is performed based on a three-month time series optimization considering 

forecasting uncertainties to calculate proper characteristic curves. Figure 18 shows the calculated 

characteristic curves for two exemplary DERs, where the Q(V)-characteristic curve only shows the 

part from 1.0 p.u. to 1.1 p.u. It can be observed that the distribution of QV-coordinates is relatively 

more concentrated and has a more pronounced trend (e.g., A-QV in Figure 18). However, due to the 

slope’s limitation on grid codes, the calculated Q(V)-characteristic curve (cyan line) can only cover a 

part of the distribution of points. By comparison, the Q(P)-characteristic curve follows the 

corresponding fitting curve (orange) well, although the QP distribution is relatively scattered. These 

calculated characteristic curves are configured for DERs in a three-month time series simulation. 
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Figure 18. Calculated Q(P)- and Q(V)-characteristics of exemplary DERs for maintaining the reactive 

power setpoints based on a three-month time series optimization. 

To assess the impact of different characteristic curves on Q-exchanges at TSO-DSO interfaces, 

the mean errors from the setpoints in Table 6 and the mean total reactive power provisions for each 

type of characteristic curve are displayed in Figure 19. As a reference, the characteristic curves with 
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ID QPf, QP, and QV, which have the same parameters as in the last case studies, are applied. The 

results directly from the centralized optimization (ID: OPT) yield the smallest deviation to the 

objective values, 5 MVAr in total for each 15min; see Figure 19 (a) bottom. The second best is the 

simulation with optimized Q(P)-characteristic curves (ID: QPopt; purple: mean total error of 6.35 

MVAr), which is better than the reference scenario (ID: QP; green). Compared to OPT, the error is 

reduced by about 40% (
�.����

�
∗ 100% −

�.����

�
∗ 100% = 42% ). Similarly, the optimized Q(V)-

characteristic curve (ID: QVopt; brown) supports more effectively than the reference one (ID: QV, red). 

The results for QVopt can be better if there was a more relaxed condition on the slope, such as allowing 

a larger slope. 
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Figure 19. Simulation results with different local controllers: (a) mean errors from the targets at the 

three interfaces; (b) mean total reactive power provision for each 15min.  

Figure 19 (b) shows the mean reactive power provision for each 15min. The most obvious feature 

is that with optimization (OPT, QPopt, and QVopt), more capacitive reactive power is provided. 

Depending on the local condition and the distance from the interfaces, inductive or capacitive 

reactive feed-ins are needed, e.g., the DER A and the DER B in Figure 18 show different properties. 

By modifying the objective function or creating proper combinations of 

objectives, different characteristics can be calculated for different purposes in terms 

of grid operation. For example, the objective function in this study can be extended 

to consider voltage support, see (15). For this, it is necessary for the users to find the 

most suitable combination of �flex and �V by means for several simulations. 

���: � = � ����� ∗ (��,��������� − ���������)� + �� ∗ � ���
�

− ����������
�

� ∈ ��∈����������

 (15)

As previously mentioned, PandaModels includes optimization models for loss and loading 

reduction, allowing for the calculation of the corresponding characteristic curves. The related case 

studies and simulations are not given in this paper. 

5. Conclusions 

In this paper, an innovative method to design suitable characteristic curves of DERs for local 

reactive power control was introduced, implemented, and validated by different case studies. The Q 

control characteristic curves in this paper were calculated based on results from time series 

optimizations. To do this, the tool PandaModels was applied and further developed, with which 

optimization problems – maintaining voltage setpoints and maintaining reactive power setpoints – can be 

solved with Q-setpoints of DER as optimization variables. As a result, characteristic curves for the 
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DERs were calculated individually using linear decision tree regression, considering the grid code 

limits (e.g., slope and breakpoints). The simulation results clearly demonstrate that the proposed 

method in this paper outperforms the reference characteristics in terms of voltage stability and 

provision of Q-flexibility at TSO-DSO interfaces (e.g., after calculation, the mean error from the 

central optimization was reduced by about 40%.). 

The proposed approach is expected to be both simple and efficient in practical implementation. 

There are no additional requirements for hardware. Since the length of the applied time series and 

the corresponding forecasting errors have a relatively small impact on the results, it is recommended 

to choose a longer period, such as six months or one year, for offline calculations based on the 

objective and forecasting for the next period. The resulting characteristic curves can then be manually 

or remotely set for each DER. In cases where DERs are remotely controllable, a shorter period with a 

higher update frequency can be chosen to adjust the objective function in response to changing 

demands or recalculate the characteristic curves for significant changes in the grid topology. 

Meanwhile, further research is still needed: 

1. The application of the proposed method for different power system devices and 

types of control curves, e.g., the I(V)-characteristic curve calculation for static var 

compensators and the P(V)-characteristic curve calculation for electric vehicle 

charging control. Correspondingly, more optimization models in PandaModels are 

expected to be further implemented, providing more different ancillary services. 

2. In this paper, Q(P)- and Q(V)-characteristic curves are observed separately. It may 

be worthwhile to investigate calculating different curve types based on their location 

in the grid. 

3. After the linear decision tree regression, any segment with an excessive slope is 

corrected to meet the grid code requirements. This corrected segment can be further 

optimized or appropriately shifted to better represent the distribution of optimized 

operating points. Additionally, considering Q(V)-characteristic curves with dead 

band, the dead band width and position can also be optimized and integrated with 

the proposed method. 
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