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Abstract: This paper examines the reactive power supply of 
synchronous and hybrid power plants in the field of hydropower. 
The technical challenges of mathematical verification of grid 
code requirements are discussed. An analytical load flow 
calculation method is presented to determine the reactive power 
supply at the point of connection. Experimental results validate 
the calculations and highlight the role of transformer tap 
changers in increasing the reactive power supply. 

 
 

1 Introduction 

Due to the ongoing transformation of the electrical energy system in Europe, 
considering system stability is of particular importance. An essential aspect is the 
voltage stability and the therefore required reactive power supply of power plants. 
Looking at the Alpine region, it is clear that hydropower plays a crucial role in power 
supply and must comply with certain technical requirements to ensure system stability.  
 
One of these regulations is the "COMMISSION REGULATION (EU) 2016/631" [1], 
which are then further specified in the national requirements of each EU country. 
Among other things, it regulates the reactive power supply of power plants. Operators 
of power plants must provide proof of compliance with these requirements for plants 
that must fulfil them. In the course of this paper, a calculation method for the verification 
of the reactive power supply is presented. 
 

2 Investigated Power Plant Topologies 

The topology of a power plant significantly influences its technically maximum reactive 
power supply. Here, the location of the point of connection (POC) is of crucial 
importance, as it is the point where the required reactive power supply is defined. This 
paper provides a detailed examination of two commonly used topologies in hydropower 
plants, focusing on their implications for reactive power supply. 
 
In Fig. 1 the topology of a synchronous power plant, represented by solid lines is 
illustrated [2]. This configuration includes a synchronous generator, a step-up 
transformer equipped with an adjustable tap changer, and a double-circuit line. The 
POC is located at the juncture between the end of the line and the grid. 
 
In this paper, hybrid power plants are characterized by the inclusion of an additional 
converter with an associated step-up transformer, in addition to the synchronous 
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generator. An example of such a configuration is the combination of a hydropower 
plant with a photovoltaic system [3]. 
These two topologies were selected to be as generally applicable as possible, thereby 
allowing investigations of different systems. For instance, if a double-circuit line is 
absent between the transformer and the POC, it can be easily removed from the 
calculations. 

 

3 Grid Codes Requirements 

As previously mentioned, the reactive power supply at the POC is regulated by grid 
codes. These grid codes, established at the European level (see [1]), are further 
specified by each individual country. In Fig. 2, the reactive power supply requirements 
in Austria are illustrated [4]. It shows the grid voltage based on the supply voltage Uc 

(specified in the grid connection contract) plotted across the reactive power at the 
POC. The power plant’s reactive power supply must enclose the area shown in Fig. 2. 
The depicted area 2 must be met if the maximum capacity, Pmax, prevails at the POC. 

This maximum capacity usually corresponds to the plant's rated active power and is 
defined in the grid connection contract. 

Fig. 1 Topology of a synchronous and hybrid power plant 

Fig. 2 Reactive power supply based on the grid codes in Austria in generator 
convention (gc) 
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4 Modelling of the Capability Diagrams 

To computationally verify whether a power plant meets the grid code requirements, it 
is essential to perform load flow analyses. One way to verify the reactive power supply 
is to calculate the technically feasible reactive power supply of the power plant at the 
POC, taking into account the existing topology. These calculations require modelling 
the generator capability diagram as a function of the terminal voltage. The generator 
capability diagram illustrates the technical ability of the generator to supply both 
reactive and active power. In Fig. 3 a generator capability diagram for a salient-pole 
synchronous generator at various generator terminal voltages is represented. 
 

 
Typically, the generator capability diagram is provided by the manufacturer for three 
specific terminal voltage values. To calculate the reactive power supply at the POC, it 
is necessary to know the generator capability diagram for every permissible generator 
terminal voltage. For this reason, the voltage-dependent generator capability diagram 
using the known electrical parameters of the generator (see [2] and [5]) is constructed. 
 
For hybrid power plants, the technically feasible reactive power supply at the POC can 
also be calculated. This requires knowledge of both the synchronous generator 
capability diagram and the converter capability diagram. Fig. 4 illustrates the 
converter's capability diagram, where the grid situation is an important aspect to 
consider in the calculations. For the mentioned topology (Fig. 1), this specifically 
means that the line parameters, the grid voltage, the transformer tap changer positions, 
and the generator’s active and reactive power supply influence the converter's 
capability diagram. The converter itself influences the capability diagram through the 
maximum terminal current and the maximum terminal voltage. These mentioned 
parameters are the basis for the load flow analysis, resulting in the converter’s 

Fig. 3 Voltage-dependent capability diagram of a salient-pole synchronous generator 
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capability diagram [2]. This type of modelling represents the converter in a simplified 
manner, where converter's control behaviour is not considered. 

 

5 Analytical Calculation Approach for Verifying the Reactive Power 
Supply 

Considering the power plant shown in Fig. 1, it is evident that there are three nodes for 
the synchronous power plant and four nodes for the hybrid power plant. To perform a 
load flow analysis, it is necessary to solve a nonlinear system of equations [6], which 
gets more complex with increasing number of nodes. For this reason, iterative 
calculation methods are typically used, resulting in the complex node voltages. 
Contrary to the conventional iterative solution methods, this work uses an analytical 
approach, which is shown for the synchronous power plant in more detail below.  
 
The voltage-dependent generator’s capability diagram is incorporated in the load flow 
calculation, thereby the generator’s active and reactive power supply becomes a 
nonlinear function of the node voltage ugen. This nonlinear function is integrated into 

the load flow calculations, with the goal to calculate the maximum reactive power 
supply of the synchronous power plant at the POC.  
Because the node voltage at bus bar 1 is not relevant according to grid codes, the 
number of equations can be reduced by removing the node at bus bar 1. This is done 
by representing the transfer behavior of the double-circuit line and transformer using 
ABCD-matrices, which have the characteristic that cascaded elements can be 
described by multiplying the ABCD-matrices. The linear transfer behavior in terms of 
node voltage and node currents is described in (1).  
 

[
𝑢gen
𝑖gen

] = [
𝐴11 𝐴12

𝐴21 𝐴22
] ∙ [

𝑢grid
𝑖grid

] (1) 

 
The power supply from the synchronous generator leads to nonlinear constraints in the 
system of equations, resulting in the need to solve complex-valued quadratic 
polynomials. The load flow calculations must be performed for different grid voltages 
and transformer tap changer positions. Depending on the wanted resolution, this may 
require 10000 to 100000 load flow calculations. The analytical method typically 
reduces computation time by a factor of 2 to 3 compared to the Gauss-Seidel method. 

Fig. 4 Voltage-dependent capability diagram of a converter in hybrid power 
plant (gc) 
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Depending on the used software and hardware, this can lead to a reduction in total 
computation time by several minutes.  An objective of this work is to develop a user 
interface that allows to calculate the reactive power supply of power plants. Minimizing 
computation time is essential for user-friendly operation and lower hardware 
requirements.  

6  Effects of the Tap Changer on the Reactive Power Supply 

The technically feasible reactive power supply is primarily determined by the 
generator‘s or converter‘s capability diagram, although the transformer tap changer 
and it‘s control can also influence it. 
 
In Fig. 5, the reactive power supply of a synchronous power plant for different 
transformer tap changer positions is shown. The lower illustration describes the 
technically possible reactive power supply with the tap changer fixed in the center 
position, indicating that area 2 (see [4]) is violated. This means that, with the tap 
changer fixed in center position, the power plant cannot meet grid code requirements. 
As a remedy, the tap changer control can be taken into account in the calculations. 
 
In the analytical load flow calculation, the tap changer position and its effects on the 
load flow have already been considered [2]. Therefore, it is also possible to incorporate 
the control of the transformer tap changer into the calculation. A common control 
method for transformer tap changers is referred to in this work as "classically 
controlled". With this control, the transformer tap changer is set to maintain the voltage 
within an allowable band on the low voltage side of the transformer. If the voltage 
overshoots the allowable band (hysteresis), the tap position adjustes to control the 
voltage back. It is important to note that the number of tap positions is limited. Since 
this control affects the generator terminal voltage, it also changes the achievable 
reactive power supply of the generator (see the voltage-dependent capability diagram) 
and thus the technically feasible reactive power supply at the POC. In the upper 
illustration in Fig. 5 the technically possible reactive power supply with a classically 
controlled tap changer is shown. The reactive power supply encloses the required area 
from the grid codes, thereby meeting the requirements. 
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The question arises whether there is a control method that can further expand the 
reactive power supply. In this method, the tap positions of the transformer are chosen 
in such a way that the reactive power supply at the POC is maximized [2]. In Fig. 5, 
the reactive power supply with an optimally controlled tap changer is illustrated. It is 
evident, that the reactive power supply can be further increased with the calculated 
optimal control method. This describes the technically maximum achievable reactive 
power supply at the POC. 

 
In Fig. 6, the reactive power supply of a hybrid power plant is illustrated, with the 
calculations for hybrid power plants performed using a Gauss-Seidel method [2]. In 
these calculations, the optimally controlled tap changer was implemented in both 
transformers. The upper illustration in Fig. 6 shows the reactive power supply with a 
standard control range for both transformers tap changers. The control range is 
described by the number of available taps and the voltage change with each tap 
variation. For the reactive power supplies shown in Fig. 6, the same maximum capacity 
and the same generator as in Fig. 5 were used for better comparability. As expected, 
the reactive power supply at the POC increases with the additional converter compared 
to the synchronous power plant (see Fig. 5). 

Fig. 5 Effects of the tap changer on the reactive power supply (synchronous power 
plant) in generator convention (gc) 
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When the control range of transformer 2 is reduced (e.g., by decreasing the number of 
available taps), the reactive power supply in the lower illustration of Fig. 6 is obtained. 
It is evident, that there is a restriction in reactive power supply at overexcited (positive) 
reactive power values. This is because, due to the limited number of transformer taps, 
the converter reaches the maximum allowable terminal voltage and must reduce its 
reactive power supply to avoid exceeding the voltage limit. 

  

Fig. 6 Reactive power supply of a hybrid power plant with different tap changer 
control ranges (gc) 
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7 Verification of the Calculations by means of Practical 
Experiments 

To verify the calculation results, experiments were carried out in collaboration with a 
regional energy supply company in the 110 kV-grid. During these experiments, a 
synchronous power plant (with a 32 MVA generator, a transformer and an overhead-
line) was available. The grid voltage was adjusted using a regulating transformer, and 
the step-up transformer tap changer was operated according to the developed optimal 
control. During the experiments, the reactive power supply of the generator was 
maximized in compliance with the voltage-dependent capability diagram. In Fig. 7 the 
results of the experiments are represented, showing that the measured values closely 
match the calculated curves for this experimental topology [2]. In the range of higher 
voltages, it can be seen that there are slight deviations from the calculated reactive 
power supply. This is due to the fact that there were fluctuations in the active power 
supply during the experiment, which made it difficult to adjust the appropriate reactive 
power supply. 

 
In addition to the synchronous power plant, a hybrid power plant was also examined. 
Since there is no converter in the experimental power plant, the stationary operating 
behavior of the converter was emulated using a second synchronous generator. The 
control of both transformers tap changers was also done using the optimal control 
method. Due to limited time resources, fewer measurements were taken compared to 
the synchronous power plant. Nevertheless, these measurements in Fig. 8 also 
confirm the calculations for this experimental topology [2]. 

Fig. 7 Results of experiments to verify the reactive power supply of a synchronous 
power plant (gc) 

Fig. 8 Results of experiments to verify the reactive power supply of a hybrid power 
plant (gc) 
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8 Conclusion 

The findings of this work illustrate that the transformer tap changer, in association with 
its control, has the ability to increase the reactive power supply of a power plant. As 
illustrated by the example of the hybrid power plant, a control range for the transformer 
tap changer that is too low can result in a limitation of the reactive power supply. 
 
In order to calculate the reactive power supply from the synchronous power plant, 
analytical load flow analyses were used. The utilisation of this computational method 
serves to reduce calculation time, thereby enhancing user-friendliness. In addition to 
this advantage, analytical load flow analysis offers further benefits that are not 
addressed in this paper. Of particular note is the ability to integrate various constraints 
into the load flow analysis, which allows for the calculation of the technically required 
reactive power supply at the generator terminals. The proposed analytical method is 
the basis for a further developed calculation tool, which allows to verify the grid code 
requirements without modeling the generator or the converter [2]. 
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