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Abstract – The optimization of Water Distribution Systems 

(WDS) was the objective of many studies over the past years. The 

reduction of the excessive water pressure in some nodes of a Water 

Distribution Network (WDN), to reduce the water leakages, has 

been some of the main motivations of the studies of WDS. Adding 

the high costs related to water pumping, the study changed from 

pressure reduction to combine energy recovery and pressure 

reduction. Large efforts were made in this topic for the last years, 

and a viable solution seems to be the use of Pump as Turbine 

(PAT), providing both the pressure control and energy savings.  

In this context, this work aims the analysis of the application of 

pump as turbine isolated from the grid. A hydraulic pump is 

usually assembled with a squirrel cage induction generator, due to 

its low cost and simplicity. Therefore, working as a PAT, the 

induction machine needs an external source of reactive power. In 

this work, the proposed solution is the use of a bank of capacitors 

across the stator phases. This induction machine application is 

named self-excited induction generator (SEIG). Both simulation 

and experimental work is performed, in order to analyse the SEIG 

behaviour. The obtained results show that this application can be 

an interesting solution for combining water pressure reduction 

with energy generation, although for the specific system SEIG + 

PAT tested in laboratory, the global efficiencies obtained were 

lower than expected, and so, an optimization of the system needs 

to be performed.  

 
Keywords — Self-Excited Induction Generator (SEIG), Pump as 

Turbine (PAT), Water Distribution Networks (WDNs). 

 

I. INTRODUCTION 

In some contexts, such as the case of rural and remote areas, the 

installation of micro-hydro power source able to generate and 

store energy was a good alternative, however in certain cases it 

revealed some problems related with costs, due to the need to 

miniaturize the turbine. With this constraint in mind, a proposed 

solution was the use of a pump running in turbine mode (PAT), 

which represents a high reduction in the implementation costs. 

Although it may not be as efficient alternative as a hydro-

turbine, it is considered to be an efficient method of generating 

as well as recovering and storing energy, having some 

advantages such as a simple construction and durability. 

In Water Transmission Systems, pressure reducing valves 

(PRV) are installed in order to reduce the large variations and 

dissipate residual head, therefore the power available is 

relatively constant, allowing the use of traditional hydropower 

devices. In those cases, the use of PAT can be an efficient form 

of power generation. In WDSs, the case is completely different, 

the necessity fulfil the user demand is the most important 

objective. In these systems, there are big variations of demand. 

Therefore, when designing a water distribution network, 

flexibility to provide water for various demands is the main 

objective. With this, problems started to emerge. The excessive 

pressure in some parts of the network can cause pipe damages, 

increasing the water leakages. Besides this, another problem is 

related to the large amount of energy spent in WDS. Energy 

consumption is about 80% of the total expenses in water 

distribution [1]. Studies in this topic were done and, in order to 

avoid expensive investments in pipes replacement in urban 

distribution networks, a suggested solution was by placing 

PRVs. The valves provided a partial reduction of water losses, 

by reducing the pressure. This solution has proven to be 

effective in the reduction of water losses and pressure control 

and so, the use of PRVs in water distribution systems has 

increased significantly.   

Over the last years, studies were performed in order to replace 

the PRVs with small hydropower devices to generate energy, in 

order to reduce the energy costs related with the WDNs. Adding 

this to the existent problem of water leakages emerged the idea 

of using PAT. However, currently there is still a lack of 

information related to PATs behaviour, which can be a setback.  

Carravetta et al [2]–[5], described some design strategies for 

application of PAT in WDS. Two main regulation designs were 

proposed, named Hydraulic Regulation [3], and Electrical 

Regulation [2], both considered viable solutions. Recent studies 

also analysed some combinations of both [5]. 

Herein, a new approach for PAT application was proposed, 

more specifically, the application of PAT to WDS, with system 

isolated from the electrical grid.  

 

II. SELF-EXCITED INDUCTION GENERATOR – PROPOSED 

DESIGN 

An Induction Machine is an alternating current machine. It 

operates by supplying the stator directly with alternating 

current, which will supply the rotor by induction from the 

stator. Due to its work mode, induction in the rotor by the stator 

voltage, its rotational speed is always lower than the 

synchronous speed (as a motor), and this variation is named 

slip. There are two types of three-phase induction machines, 

wound and squirrel-cage rotor. A wound rotor is composed by 

a three-phase winding, and can be accessed by a set of carbon 

brushes. A squirrel-cage rotor is composed by conducting bars 

embedded in slots in the rotor, short-circuited at each end by 

conducting end rings [6]. 
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Due to its simplicity, the squirrel-cage design presents high 

advantages, and so it is the most commonly used. In this work, 

the induction machine analysed is with a squirrel-cage type. 

The equivalent circuit of an induction machine can be 

simplified as expressed in figure 1. The circuit represents one 

phase of the machine.  

 
Figure 1 – Simplified equivalent of an induction machine, adapted 

from [7]. 
 

The equivalent circuit can be divided into three different parts, 

stator, magnetization and rotor. The resistance 𝑅𝑠 represents the 

resistance of the stator winding and 𝑋𝑠 represents the stator 

leakage reactance. The resistance 𝑅𝐶 represents the core losses 

and 𝑋𝑚 represents the magnetization reactance. Finally, for the 

rotor side, 𝑋𝑟 and 
𝑅𝑟

𝑠
 represent the rotor’s reactance and 

resistance, respectively.   

Working in generator regime, the induction machine offers 

advantages in terms of cost and simplicity for both hydro and 

wind applications. However, an induction generator needs to 

have a constant reactive power source to work. When connected 

to the grid, the reactive power is supplied by the grid. If the 

purpose is to isolate the system (e.g. for remote areas), an 

external reactive power source must be implemented.  

Herein, an analysis of the Induction Generator isolated from the 

grid is performed. This type of IG application is named the Self-

Excited Induction Generator (SEIG).  

This analysis is divided in two main parts, Simulation and 

Experimental. In the simulation, two different models are 

developed for the SEIG analysis. Then, an experimental work 

is executed, in order to obtain both capacitance and 

performance curves of a specific induction machine. Finally, it 

is performed an analysis of the SEIG system applied to a 

hydraulic PAT system.  

For the experimental and simulation applications, the induction 

machine available is described in appendix, with both 

nameplate information and electrical parameters.  

A. Proposed Design  

As expressed below, in figure 2, the proposed system is 

composed by connecting a capacitor bank across the stator 

terminals to supply the required reactive power to the induction 

machine.  

When the machine starts rotating, driven by a mechanical prime 

mover, a small voltage is induced in the stator with a frequency 

proportional to the rotational speed of the rotor, due to residual 

magnetism present in the rotor from previous utilizations. With 

this small voltage available, the capacitors produce current, 

providing reactive power, 𝑄, increasing the voltage, and 

stablishing a magnetizing flux in the machine. So, the induction 

machine is excited.  

 

 
Figure 2 – Illustrative scheme of the self-excited induction generator 

system. 

 

After the machine is excited, depending on the available power 

provided by the prime mover, the generator will produce active 

power, 𝑃, that will be delivered to the load, and will consume 

reactive power, 𝑄. However, the reactive power produced by 

the capacitors needs to be sufficient for both the load and the 

machine excitation. The main drawback of this SEIG system is 

its poor voltage and frequency regulations under variable loads. 

A change in the load impedance directly influences the 

excitation capacitance of the system, because the reactive 

power produced by the capacitors is shared by both the machine 

and load. It also influences the generator frequency (and 

consequently, rotational speed) and stator voltage.  

As for the load, there many options depending on the purpose 

of the work. Here, the general type of load considered is RL 

(resistive-inductive) even though, for experimental procedures, 

the considered load is purely resistive.   

III. SIMULATION OF THE PROPOSED SYSTEM 

In order to analyse the work of the self-excited induction 

generator, two different simulation models are developed here. 

First, an analytical model is described, by analysing the 

equivalent circuit of the induction generator. This model 

provides a simple way to compute the capacitor values required. 

Then, a Simulink model is created, to perform a more complete 

analysis of the SEIG performances, allowing an analysis for 

both steady and transient state operations of the generator.  

A. Analytical Model 

The minimum capacitance needed to keep the generator excited 

for the no load case can be easily determined by analysing the 

magnetizing curve of the induction machine that can be 

obtained experimentally, for no load. However, when a load is 

applied, the capacitance value changes, depending not only on 

the parameters of the machine, but also on the load applied to 

the system and the rotational speed of the generator. Therefore, 

before starting experiment with the machine or even assemble 

the system, it would come in handy to have a model that 

depending on the machine and load in question, allows making 

a first estimation of the range of capacitances needed for that 

specific application. 

Over the last years, many studies were done in the SEIG case 

[8]–[10], for both simulation and experimental cases. The most 

seen analytical model is the Loop Analysis model, which works 

with the equivalent circuit impedances [8]–[12], however it is 

an iterative model, turning the analysis more complex. Herein, 

a different model is developed, focusing on the admittances of 

the circuit [11]. 

http://myelectrical.com/Portals/0/SunBlogNuke/2/WindowsLiveWriter/InductionMotorEquivalentCircuit_D7EF/Induction%20Motor%20Equivalent%20Circuit%20-%20Simplified_2.png
http://myelectrical.com/Portals/0/SunBlogNuke/2/WindowsLiveWriter/InductionMotorEquivalentCircuit_D7EF/Induction%20Motor%20Equivalent%20Circuit%20-%20Simplified_2.png
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The equivalent circuit of a SEIG, based on the equivalent circuit 

of figure 1, is expressed in figure 3. In each phase of the 

machine, a load and capacitor were added. Considering a load 

type RL, the objective was to obtain an expression for the 

minimum capacitance depending on the rotational speed, 

parameters of the machine, the generator’s frequency and the 

load RL applied to the system.   

 

Figure 3 – Equivalent circuit of a Self-Excited induction generator, 

adapted from [11]. 

 

The developed model deduction was performed in appendix A. 

Applying this model to the induction machine in study 

(appendix D), the capacitance variation was estimated as 

function of the intended rotational speed. Two load types were 

applied, resistive (R) and resistive inductive (RL).  

For resistive load, stablishing the load value, the speed values 

chosen were between 500 rpm and 1500 rpm. The range of 

loads was between 0 Ω and 600 Ω. In figure 4 is described the 

variation of capacitance with rotational speed of the machine.  

Analysing figure 4, for a specific load, the capacitance value 

applied influenced highly the rotational speed of the system. 

The capacitance required to keep the generator excited 

increased as the speed decreased, so lower the speed higher the 

capacitance needed. The same occurred for the load variation, 

where lower the resistance, higher the capacitance required, for 

the same rotational speed.  

For high values of load, as shown below, for 300 Ω ≤ 𝑅𝐿 ≤
600 Ω, the capacitance variation curve was very similar, and so, 

the variation of capacitance with speed presented more or less 

the same results for the different loads applied.  

 
Figure 4 – Description of the variation of bank’s capacitances with 

rotational speed, for specific resistive loads.  

 

Another important aspect is that when the load resistance was 

lowering, as shown in 𝑅𝐿 = 100 Ω and 𝑅𝐿 = 85 Ω, the range 

values of rotational speed in which the generator could operate 

should decrease more and more. For 𝑅𝐿 = 100 Ω, the range of 

rotational speeds available was 𝑁 = [600 1300] rpm, and for 

𝑅𝐿 = 85 Ω was 𝑁 = [700 950] rpm. For 𝑅𝐿 < 85 Ω it should 

not be possible to excite the generator.    

For the resistive-inductive, a brief analysis was performed and 

compared to the previous numerical results for loads R. 

Stablishing both resistance and inductance values, an analysis 

of the variation of the required capacitance with rotational 

speed was performed. In figure 5, for a constant resistive load 

𝑅𝐿 = 230 Ω, are expressed the variation curves of capacitance 

as function of rotational speed, for different values of load 

inductances (𝐿𝐿 [mH]).  

 
Figure 5 – Variation of the Capacitance as function of rotational 

speed, for different values of inductive load – for a constant        

𝑅𝐿 = 230 Ω.  

 

As shows figure 5, the increase of the load reactance, 

represented a both an increase of the capacitance required and 

a huge decrease on the range of rotational speeds in the 

operating region. For this specific resistive load, the maximum 

possible inductance was 𝐿𝐿 = 0.14 H. The frequency value 

obtained for this inductance limit was 21 Hz.  
By changing the resistive load, other simulations were 

performed, and the same variation behaviour was obtained. As 

smaller the resistance value, shorter was the working range of 

inductances. Therefore, the added inductive load has a 

considerable influence on the capacitances required and the 

range of rotational speeds in the operating region of the 

generator.   

This behaviour was already expected, as when this type of load 

is applied, the capacitance required would need to be sufficient 

for both the machine and load. Therefore, when compared to 

the resistive load, it presents more limitations.  

Therefore, from the perspective of capacitance and rotational 

speed ranges of the working region of the induction generator, 

as it was observed above, in figure 5, when applying a load of 

RL type, the inductance value presented a high influence on the 

working ranges. Therefore, if this type of load is applied to a 

SEIG system, it should be done a thorough analysis of the 

system, in order to fully understand its limits as function of the 

load.  

Further, in this work, the RL load is not used, being both 

Simulink and experimental analysis performed for a purely 

resistive load. 

B. Computational Model – steady state dynamic analysis 

The analytical model developed above provides the tools to 

compute and analyse the range of capacitances required for a 

specific induction machine. Now, with the purpose of analysing 

the performance of the induction generator, a computational 

model is developed. By simulating the intended system, the 

results obtained, being close or not to reality, represent a first 

idea and view of what to expect from the application of a 

specific SEIG.   
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To develop the simulation model, the software chosen was a 

MATLAB tool, Simulink that provides a big library, with a 

wide variability of useful tools in Electrical Systems - Power 

Systems area.    

In this simulation, two different analysis are performed, 

capacitance required variation and generator efficiency curves. 

First, just like the results of the analytical model, figure 9 shows 

the variation of the capacitor values with the intended rotational 

speed, for each specific load.  

According to the results, for rotational speeds 𝑁 =
[500 1500] rpm, the range of capacitances required to make 

sure that the machine can reach a position in that speed interval, 

for any load value, is between [7.5 180] µF.  

As already said, when connected to the grid, the induction 

generator efficiency is as function of the slip. In turn, the slip is 

as a function of the synchronism speed, which is related to the 

grid frequency (𝑓𝑠 = 50 Hz). As an isolated generator, the case 

is completely different. The stator frequency is not the grid 

frequency anymore, and is constantly changing, depending on 

the rotational speed of the rotor. Therefore, the efficiency 

curves will also change significantly.   

 
Figure 6 – Simulation results of capacitance variation with rotational 

speed, for constant load. 

    

From the same simulation results of figure 6, an analysis of the 

efficiency curves of the induction generator can be estimated. 

In each simulated point, both mechanical and electrical power 

output values were registered, so its efficiency can be 

calculated. 
Figure 7 shows the results of the efficiency as function of 

rotational speed. For different loads, the efficiency curve 

changes. For most loads, the maximum efficiency variation is 

small, at most 8 % of efficiency. However, as the load 

decreases, the operating ranges of rotational speed decrease as 

well. This occurrence is more visible for 𝑅𝐿 ≤ 120 Ω, where 

there is also a big decrease in the efficiencies. According to the 

simulation results, with the exception of the particular cases of 

𝑅𝐿 ≤ 120 Ω, the best efficiencies of the generator were 

registered for the range of rotational speed, 𝑁 =
[1000 1350] rpm, in which the efficiencies were usually 

above 60 %.  

For loads for 𝑅𝐿 = [200 600] Ω, the minimum required 

capacitance presented very small variations. However, for loads 

𝑅𝐿 < 200 Ω, the capacitances showed a variation almost 

exponential. For loads lower than 85 Ω, the excitation of the 

generator becomes impossible.   

 
Figure 7 – Simulation results of SEIG efficiency curves. 

C. Analysis of Simulation Results  

According with the obtained results, the capacitance required 

influences highly the speed of the generator, and depends on the 

load applied. For higher values of load resistance, the required 

capacitance presented small variations, however, as the 

resistance decreased the needed capacitance increased more and 

more. In addition, there was an expected limit for the resistive 

load of 𝑅𝐿 = 85 Ω, in which for lower values the generator 

could not be kept excited.  

Both simulations obtained this load limit. However, when 

analysing the capacitance ranges, for each resistive load, they 

presented considerable differences. In the analytical case, as the 

rotational speed decreased, at some point, the capacitance 

started to increase rapidly, achieving much greater values than 

for the Simulink case.    

In the analytical results, the frequency values for each case have 

to be determined and, as shown in the table A.1 of Appendix A, 

it was verified the constant variation of its value, proportional 

to the rotational speed, and also dependent on the capacitance 

and load values applied to the SEIG. This high dependence 

proves the difficulty in frequency control. 

Concluding, this two developed simulation methods presented 

some differences of results, in some cases considerable 

differences, but the general behaviour of the SEIG was equal on 

both simulations, and so, even before the experimental 

application, the simulation performed here shows that the work 

of a SEIG presents considerable limitations, and is highly 

influenced by the bank capacitance and load values. 

IV. EXPERIMENTAL APPLICATION OF SEIG 

In order to analyse the behaviour of a SEIG, an experimental 

system was assembled in Electrical Machines Laboratory. The 

objective of these experimental tests is to analyse the 

performance of a SEIG, efficiency curve of the generator and 

required capacitors bank, as well as the bank influence on the 

system. 

The scheme of the experimental system is represented in figure 

8. In the assembled system, the prime mover chosen was a DC 

motor, connected to the SEIG currently in study. 

The DC motor and induction machine parameters and 

nameplate information are expressed in appendix C. 
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Figure 8 – Scheme of experimental installation used for the tests.  

The range of resistances used were for 𝑅𝐿 ≤ 600 Ω and the 

range of capacitances was 5 𝜇𝐹 ≤ 𝐶 ≤ 175 µF. 

 

A. Analysis of required capacitances and generator 

performances 

The estimation of the efficiency is described by equations (1) 

and (2). In equation (2), 𝑃𝑠 is the active power of the generator, 

and 𝑃𝑚𝑒𝑐 is the mechanical power, and it is given by the total 

power in the dc motor minus all the losses associated with it. 

𝜂𝑒𝑙 = 
𝑃𝑠

𝑃𝑚𝑒𝑐
 (1) 

{

𝑃𝑠 = 3 ∙ 𝑉𝑠 ∙ 𝐼𝑠 ∙ cos𝜑

𝑃𝑚𝑒𝑐 = 𝑃𝐼𝑁 − 𝑃𝑙𝑜𝑠𝑠

 (2) 

Below, in figure 9 is represented the capacitance variation with 

rotational speed. The experimental results for the capacitances 

behaviour with rotational speed were in accordance with the 

simulation results. The increase in capacitors will result in a 

decrease of rotational speed. The first difference that stands out 

is the minimum possible load in which the generator can work 

with. Here, the minimum load obtained was around 𝑅𝐿 =
120 Ω.  

From the same set of tests results of figure 9, the efficiency 

curves of the generator were estimated, using equations (1) and 

(2), described above. Figure 10 illustrates the obtained results. 

As the results show, with different loads, for the same rotational 

speed, the efficiencies are not always the same. For most of the 

loads applied (200 Ω ≤  𝑅𝐿 ≤ 365 Ω), the efficiencies obtained 

were very similar, having small variations (for the exact same 

rotational speed), usually less than 5 % of efficiency.   

However, for low or high loads (𝑅𝐿 = 600 Ω and 𝑅𝐿 < 200 Ω), 

the variation of the efficiency presented considerable 

differences. For both of them, the efficiencies were lower than 

for the other loads tested.  

Analysing the efficiency curves of the generator, for each load 

there was a point of maximum efficiency. In this case, for all 

the tested loads, the point of maximum efficiency was the 

minimum capacitance needed to keep the generator excited. 

For higher values of resistive load, the capacitance needed did 

not change much as shows figure 11. 

 
Figure 9 – Experimental results of capacitance required as function 

of rotational speed of generator, for constant values of load. 

 
Figure 10 – Graphic of the SEIG efficiency variation as function of 

rotational speed, for constant load values. 

 

However, as the load decreased (in this case, when 𝑅𝐿 <
230 Ω), its value started to increase exponentially, and with it, 

the maximum speed the generator could achieve decreased the 

same way. This will cause a limitation of efficiency for those 

cases, because the maximum efficiencies of the generator were 

achieved for speeds of 𝑁 = [1200 1500] rpm, where 𝜂𝑒𝑙 ≥
60 %, and so, if the maximum speed decreases, at some point, 

it will not be able to reach the best efficiency zone.  

Therefore, the SEIG application presents some limitations that 

need to carefully analysed, because depending on the load 

applied and rotational speed intended, this induction machine 

may or may not be a good fit for that specific application.  

 
Figure 11 – Graphic of minimum capacitance as function of load. 
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B. Comparison with simulation results  

Herein, for a chosen load value, 𝑅𝐿 = 230 Ω, an analysis of the 

required capacitor values obtained, both by simulation and 

experimentally, is performed. The results are expressed figure 

12.  

In addition, in table B.1 of appendix B, is expressed a table with 

the results and the variation in percentage between the 

simulation and experimental results.  

Comparing the computational simulation with experimental 

results, the capacitance values simulated were very similar, 

although they were always lower than the experimental, with an 

error more or less constant, around 13 %. As for the 

experimental and analytical results, for 𝑁 ≥ 800 rpm, they 

presented more or less similar values, with exception for 𝑁 =
1550 rpm, in which the error variation is about 38%. However, 

for speeds 𝑁 < 800 rpm, the behaviour got a lot different. 

Lowering the speed caused an increase of the capacitance, 

much faster than in the other two cases, achieving for 𝑁 =
560 rpm, an error of 72 %. These differences are probably 

related to some factors that are not taken into account in the 

analytical equations, and that for lower rotational speeds have 

high influences on the capacitance values.  

 
Figure 12 – Illustration of the comparison between the simulated and 

experimental results, for a specific load of 𝑅𝐿 = 230 Ω. 

For most of the analysed loads, the behaviour was the same as 

for 𝑅𝐿 = 230 Ω. As the load resistance value decreased, for 

both computational and analytical simulations, the limit 

resistance value in which the generator can be excited is 𝑅𝐿 =
85 Ω. However, the experimental results showed otherwise, 

having the limit resistance around the 𝑅𝐿 = 120 Ω.   

For the same load resistance, figure 13 shows the variation of 

the efficiency with rotational speed. The obtained results 

presented considerable differences. The simulated efficiency 

presented a maximum around the 1200 rpm, as the experimental 

efficiency presented a maximum around the 1450 rpm.  

As shows the figure below, besides the rotational speeds 

associated with the best efficiencies, another difference 

between the curves was the maximum efficiency achieved. In 

simulation, the generator achieved efficiencies of around 70 %, 

while in experimental results the maximum efficiency was 

around 65 %. However, for the load value of figure 16, the 

maximum efficiency obtained experimentally was around 61 

%. 

These results were more or less the same for other resistance 

values, with exception of the lower resistances mentioned 

before. 

 

 
Figure 13 – Comparison between experimental and simulation 

efficiency variations, for 𝑅𝐿 = 230 Ω.  

 

Concluding, from this comparison, when it comes to 

capacitance determination, the analytical model presents an 

easier way to estimate the range needed, however the dynamic 

computational simulation model is more reliable. For 

performance estimations, the simulation results presented 

considerable differences from experimental. 

Therefore, the use of the developed analytical and 

computational simulation models can be a useful tool for the 

estimation of the range of capacitances required, and to have a 

first idea of the expected performance of the generator. 

However, an experimental analysis of the SEIG is always 

advised, to verify the real values of capacitances required and 

performance of the generator.  

V. APPLICATION TO A HYDRAULIC PAT SYSTEM 

In order to analyse the behaviour of the system, constituted by 

a SEIG connected to a hydraulic PAT, a pilot installation was 

assembled in the Hydraulic Laboratory. First, a set of 

experimental tests is executed in order to analyse the 

capacitance - rotational speed - load relationship, for a constant 

flow regime. Then, an analysis of the system’s behaviour is 

performed, for different working conditions. Finally, an 

analysis of the transient state imposed to system is performed. 

In figures 14 and 15 are represented two schemes of the 

assembled experimental system. 

In figure 14 is expressed the electrical part, with the induction 

generator, capacitors, switches and load. Figure 15 shows the 

general hydraulic circuit assembled in hydraulic laboratory for 

the experimental tests. The system is composed by a 

compressed air reservoir, a v notch weir, a pump, a set of valves 

allowing to change the flow, a flow meter, pressure sensors and 

the PAT.   

 
Figure  14 – Illustrative Scheme of the generating system. 
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Figure 15 – Illustrative scheme of the hydraulic system assembled, 

adapted from [13].  

A. Global efficiencies of the system and required capacitance 

values  

Herein, an analysis of the PAT system for a steady state 

operation was performed. The experimental procedures were 

divided into two different types. First, the analysis of the 

capacitances required to keep the generator excited by changing 

the load and the intended rotational speed. Second, with the 

results of the first set of tests, specific operation points were 

chosen (load, capacitance and rotational speed), stablishing a 

rotational speed and then the system was tested for different 

hydraulic conditions, in order to estimate the global efficiency 

curves of the system.  

The range of capacitances used is the same as for the previous 

experimental work, between 5 𝜇𝐹 ≤ 𝐶 ≤ 175 µF, and for a 

range of resistive loads, 𝑅𝐿 ≤ 265 Ω. The global efficiency of 

the system was estimated using the measured values, and is 

expressed by the equations below (3 and 4), in which 𝑃𝑠 
represents the active power of the generator, and 𝑃ℎ𝑦𝑑  

represents the available hydraulic power. 

𝜂𝑔𝑙𝑜𝑏𝑎𝑙 = 
𝑃𝑠

𝑃ℎ𝑦𝑑
 (3) 

{

𝑃𝑠 = 3 ∙ 𝑉𝑠 ∙ 𝐼𝑠 ∙ cos 𝜑

𝑃ℎ𝑦𝑑 = 𝜌 ∙ 𝑔 ∙ 𝑄𝑖 ∙ 𝐻𝑖

 (4) 

Below, in figure 16, are expressed the obtained results for the 

capacitance variation with rotational speed, for each applied 

load. In this case, different from the SEIG results, the lowest 

possible resistive load observe is 𝑅𝐿 = 113 Ω. In figure 17, are 

plotted the same results of figure 16, but for the efficiency 

variation with the capacitance value. 

 
Figure 16 – Illustrative variation of the capacitance required as 

function of the rotational speed, for a steady flow regime. 

As already stated in the previous experimental work with the 

SEIG, it is possible to observe that for the same resistive load, 

the increase of the capacitance caused a decrease in the 

rotational speed. As the load decreased, at some point, the range 

of rotational speeds in the operating region of the system also 

decreased. For instance, for loads 𝑅𝐿 = 125 Ω and 𝑅𝐿 =
113 Ω, the maximum speeds were around 𝑁 = 850 rpm, as 

observed in figure 16.  

As for the efficiency, the results showed that the higher 

efficiency values were related to the lower capacitances (higher 

rotational speeds). However, these values described the 

generator efficiencies with the big influence of the PAT 

efficiency related to the specific flow point. Being a hydraulic 

system, the efficiency values will depend highly on the flow and 

head values. Therefore, an important procedure is to test the 

system for different hydraulic work conditions, to estimate the 

global performance of the system.  

 

Figure 17 – Global efficiency variations as function of the bank 

capacitances, for a constant flow regime. 

 

In order to do that, the experiment was executed for different 

values of load and capacitances, to be able to stablish different 

values of rotational speeds, and with this analysing the 

hydraulic behaviour of the system. In table 1 are expressed the 

different pairs of load and capacitance chosen for this 

experimental procedures. In figure 18 are expressed the 

obtained efficiency curves.  

Table 1 – Load and capacitance combinations used to stablish the 

speed values for the tests below. 

 

 

 

 

 

 

As shown in figure 18, the best efficiency points of each curve 

were usually registered for flow values between 4,5 l/s and 5,0 

l/s. The highest efficiencies were achieved for the curve 𝑁 =
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addition, for flows lower than 3.5 l/s, the system efficiency was 

never higher than 20 %. For flows below 2.5 l/s, the system will 

stop generating energy, a situation to avoid. Therefore, when 

applying this system to a WDN, in which there are high 

variations of flow and pressure, the overall efficiency may 

decrease even more.  

Another aspect to enhance is that, the efficiency was more flat 

whether the rotational speed was reduced. In contrast, as the 

speed increased, the shape of the curve was the opposite, 

increasing its slope. So, lower the speed, higher was the range 

of flows of the operating region, like for 𝑁 = 700 rpm.  

From the same data of the results of figure 18, in figure 19 are 

expressed the hydraulic curves of head and flow for each 

rotational speed and for the runaway working condition.  

 

Figure 18 – Illustration of global efficiency as function of flow.  

An important observation of the results of figure 19 is the 

existence of an inferior limit of flow in which for lower values, 

the generator stopped being excited and so stopped generating 

energy. This value depended on the rotational speed, which was 

a reflexion of the capacitance value applied to the generator. As 

shows figure 19, higher the rotational speed, lower the range of 

flow in the operating region. The lowest value observed was 

about 2.5 l/s, only for 𝑁 = 700 rpm case.  

 

Figure 19 – Hydraulic Head/Flow Curves of the PAT. 

B. PAT – characteristic efficiency curves 

Using the results of the previous sections, here the focus turned 

to the PAT efficiencies.  

𝜂𝑔𝑙𝑜𝑏𝑎𝑙(𝑁) = 𝜂𝑒𝑙(𝑁) ∙ 𝜂𝑃𝐴𝑇(𝑁) (5) 

The system efficiencies are related as it shows equation (5), 

with  𝜂𝑔𝑙𝑜𝑏𝑎𝑙  represented in figure 18, and 𝜂𝑒𝑙 shown in figure 

10. The variations of these two efficiencies, shown in their 

respective figures, were expressed as function of different 

variables. The electrical efficiency was expressed as a function 

of rotational speed, whereas the global efficiency was expressed 

as function of flow rate, for a constant rotational speed. For the 

PAT efficiency, the expected variation is as function of flow 

rate, being the factor that influences the most the turbine 

performance. For the same rotational speed, the electrical 

efficiency is the same no matter what is the hydraulic power 

available.  

Therefore, using the 𝜂𝑒𝑙 results of figure 10, with an average 

value expressed below in equation (6), and the rotational speed 

values expressed in table 1, it was possible to achieve the 𝜂𝑒𝑙 
shown in table 2. 

 

𝜂𝑒𝑙(𝑁) =  −5 ∙ 10
−5 ∙ 𝑁2 + 0,1445 ∙ 𝑁 − 36,185 (6) 

 

Table 2 – Combinations of load and capacitance used to achieve the 

speeds for the tests below, with correspondent 𝜂𝑒𝑙 . 

 

Then, using equation (5), the PAT efficiency curves were 

determined, as shows figure 20. 

The PAT efficiency, just like in global efficiency results, 

showed its maximum values for flows between 4,5 l/s and 5,0 

l/s. However, the maximum efficiencies of the turbine were for 

rotational speeds of 𝑁 = 810 rpm and 𝑁 = 930 rpm. For 𝑁 =
[1050 1200] rpm the efficiency values were close to the best 

efficiencies for the flow ranges mentioned above. Although, for 

speeds 𝑁 > 1200 rpm, the efficiency decreased considerably. 

Therefore, the maximum efficiency areas of the PAT and 

generator are not the same, and so, the system is not optimized.   

 

Figure 20 – Illustration of the resultant PAT efficiency curves, as 

function of flow. 
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C. Analysis of Transient state operation  

The steady state analysis of the SEIG applied to a PAT system, 

study material until now, is of great importance. However, it 

only considers constant working conditions, without any 

variations, that are situations that occur a lot in a real 

application, in a WDN. Therefore, an experimental procedure 

was performed, considering big variations of the working 

conditions. Different flow variations were analysed, closing 

totally or partially the system valve. Herein, an analysis of the 

transient behaviour is performed, for a total close of the valve, 

for the electrical side of the system. In addition, an illustrative 

example of the hydraulic transient phenomenon is given.  

This experimental procedure was divided in two parts, (i) open 

valve: the excitation of the SEIG, beginning with the machine 

standstill, opening the circuit valves, for a specific hydraulic 

parameters, and then analysing the excitation phenomenon, first 

for no load, and then switching to the load applied; (ii) close 

valve: the system was working in steady state condition for a 

specific hydraulic working conditions. The circuit valve was 

closed, stopping the flow of water through the PAT, and then 

the behaviour of the SEIG was registered.  

The study was performed for the different rotational speeds 

presented in table 1. Herein, an analysis of the transient is 

performed for a specific case, more specifically for 𝑁 =
1560 𝑟𝑝𝑚. Figure 21 illustrates the pressure variations, 

correspondent to the hydraulic transient. Two variations are 

visible in the figure, which describe both closing and opening 

the valves.  

The experiment started with the valve open, the system was 

excited and the water was flowing through the PAT, and then, 

the valve was closed manually (highlighted block A), and as it 

is possible to observe, there was a big variation of pressure, that 

could cause high amount of water leakages, as occurred in these 

experimental tests. The maximum peak of achieved pressure 

was about 7.44 bar (77.33 m w.c.). In addition, as it was 

suppose, the pressure drop (upstream and downstream) 

disappeared.  

After stabilise the pressure, at 𝑡𝑖𝑚𝑒 =  60 s, the valve was 

opened (highlighted block B), stablishing again the pressure 

drop. Here, the transient was more soft, did not present big 

variations, when compared to the situation of closing the valve.  

For the electrical transient, both voltage and current variations 

were observed and registered, when opening or closing the 

valve. 

 
Figure 21 – Illustration of the hydraulic transient behaviour, pressure 

variation – close and open valve cases – for 𝑁 = 1560 rpm. 

 

Figures 22 and 23, below, show their evolution in both 

situations. In the figures, the voltage signal read by the 

oscilloscope corresponded to the phase voltage subjected to an 

amplitude reduction, using a transformer with a 400 V – 20 V 

transformation, so 1/20 ratio.  

When the valve was closed (Figure 21 – A), the water stopped 

flowing through the PAT, and so the generator stopped 

generating energy, as shows highlighted block C of figure 22.  

As the valve was opened (figure 23), two different phenomenon 

occur. As the generator started rotating, before connecting to 

the resistive load, the excitation needed to be done for no load, 

only connected to the capacitors. Only when the machine was 

excited, the system was switched to connect the resistances in 

parallel with the machine and capacitors.  

Therefore, when the valve was opened and the machine started 

rotating and was magnetized by the bank (highlighted block D), 

both voltage and current increased significantly. These initial 

peaks of voltage and current are important, because if they 

achieve values higher than accepted and remain for 

considerable period of time, can cause damages to the machine.  

𝐼𝑠
𝑝𝑒𝑎𝑘

= 5 𝐴    ;      𝑉𝑠
𝑝𝑒𝑎𝑘

= 205 𝑉 

In this case, the peak voltage values were within the limit, but 

the peak of current was very high, compared to the nominal 

current of the generator, 𝐼𝑠
𝑛𝑜𝑚𝑖𝑛𝑎𝑙 = 1.6 A. In this registered 

variation, the excitation procedure only lasted three seconds, so 

there is no problem having these peaks. However, if in a real 

application this situation of high peaks of current occurs 

frequently, and for longer periods, there is the danger of 

overheating.  

Finally, when the machine was excited, the load was added to 

the system by a switch (highlighted block E). The voltage and 

current slowly stablished into their final and steady values. 

However, this case is one of the cases in which the stablishing 

takes more than usual. As can be observed, when switching, the 

current a voltage values first decrease a lot, the effect of the load 

presence, and constantly increases and decreases, evolving 

gradually to the steady final value. 

 
Figure 22 – Illustration of the electrical transient phenomenon for 

𝑁 = 1560 rpm (𝑅𝐿 = 230 Ω and  𝐶 = 15 µF) – close valve case.  
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Figure 23 – Illustration of the electrical transient phenomenon for 

𝑁 = 1560 rpm (𝑅𝐿 = 230 Ω and 𝐶 = 15 µF) – open valve case. 

 

When applying an isolated PAT system in a WDN, there is a 

constant change in the flow and head drop, and so in the 

hydraulic available power.  

As already shown in the steady state study of the system, there 

is a minimum limit flow, and if the water flow goes below that 

value, the system cannot generate energy. Then, when the flow 

increase, the generator has to restart the excitation procedure 

again.   

Related to that, the presence of high peaks of current associated 

with the excitation of the machine can become a problem, if at 

some point, due to the high variability of the flow, the system 

as to constantly restart itself, being every time submitted to high 

currents. If this situation extends for long periods, the 

overheating is a problem, and is important to avoid. 

A proposed solution, instead of stablishing the ideal capacitor 

for the PAT work, for specific working conditions, is changing 

the capacitor value in excitation moment, in order to reduce the 

peaks of current, and only after the generator is excited and 

connected to the load, the capacitance is restored to its intended 

value.  

As an example, in figure 24, is shown the electrical transient 

experimental results during the opening of the system valve, for 

the same conditions as before, for a rotational speed 𝑁 =
920 rpm. 

In this case, the initial peak current is lower, 𝐼𝑠
𝑝𝑒𝑎𝑘

= 3 A, and 

even before connecting to the load, the current peak values 

decrease instantly to 𝐼𝑠
𝑝𝑒𝑎𝑘

= 1.5 A. The capacitance and load 

values associated to both cases are expressed in table 

1.Therefore, for the same load 𝑅𝐿 = 230 Ω, changing the 

capacitor value from 15 µF to 35 µF, allows a significant 

reduction of current peaks during excitation of the generator.  

 
Figure 24 – Illustration of the electrical transient phenomenon for 

𝑁 = 920 rpm (𝑅𝐿 = 230 Ω and    𝐶 = 35 µF) – open valve case. 

This proposed solution can be a viable way to reduce the peaks 

of current and voltage during excitation. In future work, a more 

detailed study of this should be done, in order to analyse if this 

solution it is worth for different cases.  

VI. CONCLUSIONS 

The study of the application of PAT in WDSs has increased 

over the last years. Different methods for PAT control and 

regulation have been proposed and analysed. According to 

recent works, Electrical and Hydraulic regulation modes are the 

two designs more studied, both of them applications with the 

system connected to the electrical grid.  

In this work, a new approach was proposed, by isolating the 

system from the grid. As main objective, an analysis of the 

performance of a SEIG applied to a hydraulic PAT system was 

performed. Inserted in project that aims the PAT application in 

a specific WDN, this work intended to analyse a specific PAT 

+ IG system, further to be applied in the real case. The work 

was divided into two parts: SEIG analysis and PAT analysis.  

Concerning the SEIG study, the chosen form of excitation was 

by connecting a bank of capacitors across the generator stator 

phases, to provide the needed reactive power. The SEIG 

performance presents very different results from the grid 

connected IG application. There is a big difficulty on 

controlling the frequency, which is constantly changing, as 

function of the rotational speed. Therefore, the analysis of the 

generator efficiency was performed as function of rotational 

speed, capacitance and load applied. A high dependence on the 

capacitance value was observed. In order to obtain the best 

performances, a thorough study of the system dependence with 

the bank capacitance, and the ranges required for the bank, is of 

great importance. In addition, the rotational speed is highly 

dependent of the capacitor value, and its variation needs to be 

well analysed and described.  

The application of the SEIG in a hydraulic PAT system, 

allowed estimating the both global and PAT efficiency curves, 

as well as the characteristic curves of the PAT as function of 

flow. From the global efficiency obtained, a conclusion to 

retrieve is that the system is not optimized. The best 

performance areas of the SEIG and the PAT are obtained for 

very different values of speed, so an optimization of the system 

is required. In addition, in experimental work, a set of 

limitations of the system were verified, of both load and flow 

conditions. Therefore, the application of this system in a real 

case can be a good option, depending on the intended 

application load values and working conditions. 

From a general perspective, the application of this isolated IG 

+ PAT system can be an interesting solution for combining the 

pressure reduction in WDS with energy generation. Although it 

does not present very promising efficiency ranges, the presence 

of the bank of capacitors allows, by changing its value, to 

change the rotational speed, and adapt it to the working 

conditions at each moment, in order to achieve better 

performances.  
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APPENDIX  

A. Analytical Model Deduction 

For the SEIG case, the stator frequency 𝑓 [Hz] can be different 

from the grid frequency, 𝑓𝑠 = 50 Hz, therefore in this analysis is 

convenient to change the frequency to values per unit, in order 

to facilitate its determination. For the rotational 

speed 𝑁𝑟 [rpm], the same changes were done, converting it in 

values per unit as function of the nominal frequency from the 

stator connected to the grid, 𝑁𝑠 [rpm]. These changes are 

expressed in equation (A.1), and they were also applied to the 

slip equation (A.2).  

{
 
 

 
 𝑎 =

𝜔

𝜔𝑠
= 

2𝜋𝑓

𝑝
2𝜋𝑓𝑠
𝑝

=
𝑓

𝑓𝑠

𝑏 =
𝜔𝑟

𝜔𝑠
=

𝑁𝑟

𝑁𝑠
=

𝑁𝑟

60
𝑓𝑠
𝑝

  (A.1) 

𝑠 =
𝜔−𝜔𝑟

𝜔
=

𝜔

𝜔𝑠
−
𝜔𝑟
𝜔𝑠

𝜔

𝜔𝑠

=
𝑎−𝑏

𝑎
 (A.2) 

So, 𝑎 [pu] and 𝑏 [pu] represent the stator frequency and 

rotational speed, respectively, in values per unit. Then, from 

equations (A.1) and (A.2), the first unknown variable of this 

model is defined, the frequency 𝑎 [pu], which only with its 

determination for each specific case, allows computing the 

capacitance values required. 

Applying these changes in the equivalent circuit, figure A.1 is 

obtained. The equivalent admittances are highlighted in the 

circuit. Equations (A.3), (A.4) and (A.5), represent the first 

conditions of this model.  

 

 

Figure A.1 – Simplified equivalent circuit of SEIG. 

 
𝑉𝑡

𝑎
∙ 𝑌𝑡 = 0   (A.3) 

 

𝑌𝑡 = 𝑌𝑖𝑛 + 𝑌𝐿 + 𝑌𝐶  (A.4) 

 

So, from figure A.1, another unknown variable is the capacitors 

reactance, 𝑋𝐶  [Ω]. Knowing that the terminal voltage is always 

different from zero, the condition of equation (A.5) is obtained.  

 

𝑌𝑡 = 0 ⇔ {
𝑅𝑒{𝑌𝑡} = 0

𝐼𝑚{𝑌𝑡} = 0
 (A.5) 

 

Solving the condition of (A.5), the real part can be simplified as 

function of frequency, obtaining the equation below.  

 

𝐶4𝑎
4 + 𝐶3𝑎

3 + 𝐶2𝑎
2 + 𝐶1𝑎

1 + 𝐶0 = 0  (A.6) 

 

𝑌𝑖𝑛 𝑌𝑐 𝑌𝐿 
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The coefficients of the equation are described below.  

 

𝐶4 = 𝑅𝐿(𝐿3
2) + 𝑅𝑟𝑋𝐿

2𝑋𝑚
2 + 𝑅𝑠𝑋𝐿

2(𝐿1
2) 

 

𝐶3 = − [2𝑅𝐿𝑏(𝐿3
2) + 𝑅𝑟𝑋𝐿

2𝑏𝑋𝑚
2 + 2𝑅𝑠𝑋𝑙

2𝑏(𝐿1
2)] 

𝐶2 = 𝑅𝐿
2𝑅𝑟

′𝑋𝑚
2 + 𝑅𝐿

2𝑅𝑠(𝐿1
2) + 𝑅𝐿𝑅𝑟

′ 2(𝐿2
2) + 2𝑅𝐿𝑅𝑟

′𝑅𝑠𝑋𝑚
2

+ 𝑅𝐿𝑅𝑠
2(𝐿1

2) + 𝑅𝐿𝑏
2(𝐿3

2) + 𝑅𝑠𝑋𝐿
2𝑅𝑟

2′

+ 𝑅𝑠𝑋𝐿
2𝑏2(𝐿1

2) 
 

𝐶1 = −[𝑅𝐿
2𝑅𝑟

′𝑋𝑚
2 𝑏 + 2𝑅𝐿

2𝑅𝑠𝑏(𝐿1
2) + 2𝑅𝑟

′𝑅𝐿𝑅𝑠𝑏(𝑋𝑚
2 )

+ 2𝑅𝐿𝑅𝑠
2𝑏(𝐿1

2) 
 

𝐶0 = 𝑅𝐿
2𝑅𝑟

′ 2𝑅𝑠 + 𝑅𝐿
2𝑅𝑠𝑏

2(𝐿1
2) + 𝑅𝐿𝑅𝑟

′ 2𝑅𝑠
2 + 𝑅𝐿𝑅𝑠

2𝑏2(𝐿1
2) 

 

𝐿1 = 𝑋𝑚 + 𝑋𝑟  

𝐿2 = 𝑋𝑚 + 𝑋𝑠 
𝐿3 = 𝑋𝑚𝑋𝑟

′ + 𝑋𝑠(𝑋𝑚 + 𝑋𝑟
′) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From this equation, the frequency is determined. Then, solving 

the imaginary part as function of capacitor reactance, 𝑋𝐶  (Ω): 
 

𝑋𝐶 = −
𝐴4𝑎

4 + 𝐴3𝑎
3 + 𝐴2𝑎

2 + 𝐴1𝑎
1

𝐵2𝑎
2 + 𝐵1𝑎

1 + 𝐵0
 

 

𝐴4 = − 𝑋𝐿𝐿3 

𝐴3 = 𝑋𝐿𝑏𝐿3 

𝐴2 = 𝑅𝐿𝑅𝑟
′𝐿2 + 𝑅𝐿𝑅𝑠𝐿1 + 𝑅𝑠𝑅𝑟

′𝑋𝐿 

𝐴1 = −𝑅𝐿𝑅𝑠𝑏𝐿1 

𝐵2 = 𝑋𝐿𝐿1 + 𝐿3 

𝐵1 = −(𝑋𝐿𝑏𝐿1 + 𝑏𝐿3) 
𝐵0 = −𝑅𝑟

′(𝑅𝐿 + 𝑅𝑠) 
 

Finally the capacitance value can be determined, using equation 

(A.7).  

𝐶𝑚𝑖𝑛 =
1

2𝜋∙𝑎∙50∙𝑋𝐶
  (A.7) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 RL=600 Ω RL=300 Ω RL=150 Ω RL=100 Ω RL=85 Ω 

N (rpm) C (µF) f (Hz) C (µF) f (Hz) C (µF) f (Hz) C (µF) f (Hz) C (µF) f (Hz) 

1500 6.7 72.1 8.8 69.7 16.7 64.7     

1400 8.3 67.3 10.6 65.1 19.4 60.5     

1300 10.4 62.4 13.1 60.4 23.2 56.2 55.1 50.0   

1200 13.2 57.5 16.6 55.6 28.3 51.9 58.6 47.0   

1100 17.2 52.6 21.4 50.9 35.5 47.5 67.8 43.5   

1000 23.0 47.7 28.5 46.2 45.9 43.1 82.9 39.7   

950 27.0 45.3 33.3 43.8 53.0 40.9 93.6 37.7 161 34.7 

900 31.9 42.8 39.2 41.4 61.9 38.7 107 35.7 172 33.2 

800 46.2 37.9 56.5 36.6 87.8 34.2 148 31.6 227 29.6 

700 70.9 32.9 86.5 31.8 133 26.4 224 27.3 379 25.1 

600 118 27.9 144 26.9 224 25.0 399 22.7   

500 222 22.8 276 21.9 453 20.0     

Table A.1. - Capacitance determination data results. 
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B. Comparison of Simulation and Experimental results  

 

Table B.1 - Comparison between obtained capacitance results for a specific load, 𝑅𝐿 = 230 Ω. 

 

  Capacitance Values Required – C (µF) Variation (%) : (Csim – Cexp)*100/Cexp 

N (rpm) Experimental Simulink Analytical Simulink Analytical 

1550 15.60 13.50 9.60 -13.46 -38.46 

1315 19.65 18.00 15.10 -8.40 -23.16 

1045 31.41 27.25 28.70 -13.24 -8.63 

1000 34.90 29.60 32.70 -15.19 -6.30 

920 39.30 34.85 41.90 -11.32 6.62 

799 59.50 46.30 64.50 -22.18 8.40 

635 88.00 76.00 135.30 -13.64 53.75 

560 121,20 102.00 208.50 -15.84 72.03 

 

 

C. Nameplate and characteristic parameters information of Induction machine and DC motor 

 

 

Table C.1 – Nameplate Information of both machines. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table C.2 - Characteristic parameters of the induction machine in study. 

3 phase Induction Machine Siemens DC Machine Siemens 

Grid Frequency 50 Hz Armature Voltage 230 V 

Nominal Power 550 W Armature Current 4.4 A 

Nominal Phase Current 1.6/2.8 A (Υ/Δ) Nominal Speed 1500 rpm 

Nominal Phase Voltage 230/400 V (Υ/Δ) Nominal Power 1 kW 

Power Factor 0,74 Field Voltage 220 V 

Nominal Speed 910 rpm Field Current 0,55 A 

Parameter 𝑹𝒔(Ω) 𝑳𝒔 =
𝑿𝒔

𝟐𝝅𝒇
 [mH] 𝑹𝒄(Ω) 𝑳𝒎 =

𝑿𝒎

𝟐𝝅𝒇
 [H] 𝑹𝒓

′(Ω) 𝑳𝒓 =
𝑿𝒓

′

𝟐𝝅𝒇
 [mH] 

Value 17.45 49.40 783.68 0.51 16.96 49.40 


