
 

Document downloaded from: 

 

This paper must be cited as:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The final publication is available at 

 

 

Copyright 

 

Additional Information 

 

http://hdl.handle.net/10251/141515

Fernandes, JF.; Pérez-Sánchez, M.; Ferreira, F.; López Jiménez, PA.; Ramos, HM.; Costa
Branco, P. (2019). Optimal energy efficiency of isolated PAT systems by SEIG excitation
tuning. Energy Conversion and Management. 183:391-405.
https://doi.org/10.1016/j.enconman.2019.01.016

https://doi.org/10.1016/j.enconman.2019.01.016

Elsevier



1 

 

Optimal Energy Efficiency of Isolated PAT systems by SEIG 1 

Excitation Tuning 2 

João F.P. Fernandes1*, Modesto Pérez-Sánchez2, F. Ferreira da Silva1, P. Amparo López-Jiménez2, Helena 3 

M. Ramos3, P.J. Costa Branco1 4 

1 IDMEC, Instituto Superior Técnico, Universidade de Lisboa, Lisboa, 1049-001, Portugal; 5 

joao.f.p.fernandes@tecnico.ulisboa.pt; francisco.ferreira.silva@tecnico.ulisboa.pt; pbranco@tecnico.ulisboa.pt 6 
2 Hydraulic and Environmental Engineering Department, Universitat Politècnica de València, Valencia, 46022 7 

Spain; mopesan1@upv.es; palopez@upv.es 8 
3 Civil Engineering, Architecture and Georesources Department, CERIS, Instituto Superior Técnico, 9 

Universidade de Lisboa, Lisboa, 1049-001, Portugal; hramos.ist@gmail.com 10 
* Correspondence: joao.f.p.fernandes@tecnico.ulisboa.pt; Tel.: +351 968811445 11 

 12 

ABSTRACT 13 

The use of pump working as turbine (PAT) was identified by many researchers as a way to improve the energy 14 

efficiency in the water systems. However, the majority of the researches consider the hydraulic machine connected 15 

to the electrical grid, which may not fit best when these recovery systems are located in rural or remote areas. To 16 

improve the efficiency in these recovery systems for rural areas, this research contributes for a further study and 17 

optimization of the off-grid PAT systems with induction generators. The current manuscript proposes a 18 

methodology to obtain the best efficiency of the PAT-SEIG (Self-Excited Induction Generator) system when 19 

operating under different speeds and loads. For these systems, the selection of capacitors for the SEIG is critical 20 

to maximizing the energy efficiency. A methodology is proposed to estimate and select the correct SEIG model 21 

parameters and, thus, compute the best capacitor values to improve the PAT-SEIG energy efficiency. Special 22 

attention is given to the impact the SEIG parameters have in the efficiency of the recovery system. The accuracy 23 

of the analytical model improved, reducing the error between analytical and experimental results from 50.8% (for 24 

a model with constant parameters) to 13.2% (with parameters changing according to the operating point of the 25 

system). These results showed an increase of the overall PAT system efficiency from 26% to 40% for the analyzed 26 

case study. 27 

 28 

KEYWORDS: Energy Efficiency; Off-grid PAT; Self-excited Induction Generator (SEIG); water-energy nexus. 29 

 30 

 31 

1 Introduction 32 

New challenges in the society development are focused on the sustainability reach in all systems [1]. Particularly 33 

in the water systems, the search for this sustainability is noticed and the efficiency improvement is one of the water 34 

managing system’s main goals. Regarding the water management in different supply systems (i.e., urban, industrial 35 

or irrigation), the sustainability has been improved by reducing leakages as well as the control by the pressure 36 

along the system. The proposal of pumps working as turbines (PATs) to replace to pressure reduction valves 37 

(PRVs) is a way to control the pressure [2]-[3]. A case study in Brazil was done by using hydraulic energy recovery 38 

was studied in substitution of pressure reduction devices [4]. Previously, Williams proposed the use of the PATs 39 

in remote areas in order to generate energy in areas without access to the electrical grid [5]. The proposal for this 40 

type of recovery machine led to several studies about the analysis of the hydraulic efficiency of a pump and the 41 

behavior on the grid [6]-[7]. Different works analyzed the recovered energy using PATs. The real recovered energy 42 

represents up to 5% of the available energy (i.e., the energy that can be leveraged in the system, ensuring the 43 

correct operating in terms of pressure in the consumption point. This energy is variable and depends on circulating 44 

flow) in a water supply system located in Lausanne (Switzerland) [8]. In Fribourg, the recovered energy reached 45 

10% of the available energy in other water supply system [9]. In Vallada (Spain), the recovered energy represented 46 

9.55% of the provided energy in the network [10]. In the case study developed in Italy, the recovered energy 47 

reached 300 MWh/year using recovery machines which had a power of 25 kW [11]. These are examples of the 48 

potential of these recovery systems, however, in the majority of them, their operation was off-grid (not connected 49 

to the electric grid) and the analysis of the recovery energy did not consider the effect of this operation in the 50 
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efficiency of the machine, since the majority of PATs manufacturer show the machine efficiency as well as the 51 

efficiency of electric motor when it is connected to the grid. 52 

A deep review done in [7] identified the lack of information in the global PAT behavior, considering a symbiosis 53 

between electricity and hydraulic aspects when these recovery machines operate in stand-alone [7]-[12]. The “off-54 

grid” operation is crucial since the main goal of this generated energy is to supply low-voltage/low-power 55 

consumptions [12]. Increasing the effectiveness of hydraulic energy recovery systems is crucial when those are 56 

applied to water distribution networks, which are among the top energy users worldwide. Therefore, although the 57 

energy recovery directly depends on the hydraulic conditions, the implication of the electrical parameters is very 58 

significant for the global efficiency of the system. The importance of the last relation (i.e., hydraulic-electric 59 

connection) is demonstrated in this research.  60 

In general, the electrical machines used in off-grid hydropower generation are today focused in three types: the 61 

squirrel-cage induction generator, the wound-rotor induction generator, and the permanent magnet (PM) 62 

synchronous generator [13]. However, it must be noticed that when considering our focus on SEIG for small-scale 63 

pico-hydropower (< 10kW) generators for rural and remote communities, factors as cost-effectiveness, simplicity, 64 

low operational and maintenance costs, and lifespan have equal significance as the efficiency and performance. 65 

Taking into account those factors and the power up to 10kW, the wound-rotor induction generator has to be 66 

discarded as a reliable option. Its rotor windings having a set of slip rings and brushes, or even considering the use 67 

of a power electronic converter that may not require slip rings, all this will result in a more expensive and less 68 

cost-effectiveness solution than considering a squirrel-cage rotor machine. For example, the rotor windings will 69 

be certainly subject to stresses during the generator’s operation arising from its rotation and vibration, reducing 70 

the lifespan of the generator. The permanent magnet (PM) synchronous generator has, at first sight, three clear 71 

advantages relative to the SEIG machine: include self-excitation, thus not needing capacitors to supply reactive 72 

power, and has higher power density. However, not only cost is becoming today a major drawback due to the 73 

permanent magnets, but also it does not readily provide a constant voltage when its speed and the load current 74 

vary. Voltage regulation will thus demand a full power frequency inverter, reducing our necessary system’s 75 

simplicity, low-cost solution and reliability, so critical in small-scale pico-hydropower systems to be spread in 76 

rural and isolated communities. Therefore, in this study, a squirrel-cage induction generator is considered. 77 

Several studies have analyzed the performance of PAT systems for energy recovery in water systems. A PAT 78 

technology was tested with a laboratory prototype for a case study of an aqueduct in the city of Merano, Italy [14]-79 

[15], in which the authors concluded to be possible to obtain 76% of the maximum efficiency of the turbine 80 

working in both reverse and direct mode. A pumping system of a micro-hydroelectric power plant in a rural farm 81 

in Brazil was designed with a turbine capable of performing both direct and inverse (PAT) modes coupled to a 82 

standalone isolated induction generator, considering a uniform rotational speed [16]. [12] started to analyze the 83 

global efficiency of the PATs in a laboratory prototype system. The tests were developed considering different 84 

rotor speeds and loads and determining the influence of the capacitor banks in the global efficiency of the machine. 85 

In experimental tests, the machine had to adapt to the different rotational speed in order to maximize the recovered 86 

energy when the flow was variable. In this first approach of a standalone sustainable solution when the PAT global 87 

efficiency was measured, the experimental result was 26% for the off-grid mode and about 62% for the on-grid 88 

mode. In this research, the developed models used to characterize the PAT system did not consider the variation 89 

of the electrical parameter of the generator. 90 

This research contributes for a further study and optimization of off-grid PAT systems when they are installed in 91 

water distribution systems for both rural or remote areas. The most challenges arise in off-grid systems, in which 92 

the induction machine does not have an electrical grid to impose its electrical voltage and frequency as well as to 93 

supply its required reactive power. Typically, the excitation of the induction generators is done using a set of 94 

capacitor banks that impose its operating point [17]-[18]. This solution is called a self-excited induction generator 95 

(SEIG). The selection of capacitors must be done in the correct way so that the SEIG is sufficiently excited and 96 

that its operating point is the required one, e.g., with the maximum output power [18]-[20].  The research focuses 97 

on the impact of the analytical model and its considerations to calculate the capacitor values that self-excite the 98 

induction generator (SEIG) and analyses its influence on the overall system operation point, mainly, regarding the 99 

overall efficiency and out of rated conditions.  100 
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The current research proposes a methodology to obtain the best efficiency of the PAT-SEIG system when operates 101 

under different speeds and loads. The use of this methodology will allow water managers who design the recovery 102 

systems to know the best rotational speed of the machine in order to maximize the energy recovered considering 103 

the resistive load circuit. This methodology was applied in a laboratory prototype, where the experimental 104 

(hydraulic and electrical) and numerical analysis were developed and compared, reaching interesting results and 105 

conclusions to improve the energy efficiency in the recovery water systems. The methodology is divided into three 106 

sections: section 1) is the introduction about the SEIG machines coupled to PAT systems; section 2) is subdivided 107 

into four subsections: simplified assumptions of neglecting the iron losses and the variations of electrical 108 

parameters identified, the analytical model is completed with the consideration of the iron losses, a methodology 109 

to include the variation of the electrical parameters and the induction machine is tested for different operation 110 

points to obtain the variation of the electrical parameters and where the turbine is tested to validate the developed 111 

finite element model; section 3) presents the comparison between analytical models, with and without the iron 112 

losses, and the impact of choosing the wrong capacitor values, in the influence of the variation of each induction 113 

generator electrical parameter in the capacitor value and in the final system efficiency. Finally, the main 114 

conclusions of the work are summarized in section 4.   115 

  116 

2 Material and Methods 117 

 118 

2.1 Problem identification and proposed solution 119 

The values of the capacitances required to excite the SEIG were analyzed by [12] and these values were calculated 120 

for different resistive loads of electric circuit and different rotational speeds of the hydraulic machine. However, 121 

this interesting approach in the “off-grid recovery system” assumed not only that parameters of the equivalent 122 

electric circuit of the induction generator remained constant at its values obtained for the rated frequency and 123 

voltage values, but also the machine iron losses were neglected. Fig. 1 shows the previous results under these 124 

hypotheses. These results tended to overestimate the required capacitance (highest deviation of 18.8%) for speeds 125 

lower than its rated speed (910 rpm) and to underestimate (highest deviation of 23%) for speeds higher than its 126 

rated speed. These deviations are highly important because a wrong capacitance value may lead to one of the 127 

following problems: 1) non-excitation of the induction generator, or 2) its over-excitation leading to an overload 128 

of the machine. In Fig. 1, the continuous lines are the results for the numerical model simulation and the dashed 129 

lines show the analytical model [12]. 130 

 131 

Fig. 1 – Capacitance per phase required for each induction generator rotor speed, for different resistive loads, and considering 132 
all electric circuit parameters fixed at its values obtained for the rated frequency and voltage SEIG values [12]. In continuous 133 
lines, the values obtained using the SEIG numerical model and in dashed lines the ones obtained using the old method [12]. 134 

 135 

When the capacitance value is over or underestimated for the induction generator operation, the problem is 136 

associated with the two hypotheses under which the equivalent circuit model was used by [12]: (i) the negligence 137 

of the iron losses representative parameter (Rm) and/or; (ii) the assumption of time-invariant parameters in the 138 
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equivalent electric circuit of the induction generator, independent of its operating regime. Therefore, the study of 139 

the impact of both hypotheses in the values obtained for the capacitors is crucial in order to analyze the real 140 

behavior of this couple (PAT and SEIG) to reach the best efficiency in the recovery system. Considering this 141 

objective, a new analytical methodology for calculating the capacitors was developed. The equivalent circuit takes 142 

now into account the iron losses parameter (Rm), and new experimental no-load and rotor blocked tests were 143 

performed to verify which and how the equivalent circuit parameters of the induction machine change for different 144 

SEIG operating regimes.  145 

 146 

2.2 Analytical methodology with Rm resistance (iron losses) 147 

The analytical methodology follows the same steps that were presented by [12], but now including the iron losses  148 

in the induction generator equivalent circuit. Fig. 2 shows the per phase SEIG circuit. The scheme is divided into 149 

three parts: the inductive load (RL, XL), the capacitive reactance (Xc) and the equivalent electric circuit of the 150 

induction generator. In it, s is the machine slip, the Rs and Rr’ parameters correspond to the stator resistance and 151 

the rotor resistance referred to the stator, respectively. Xs and Xr’ correspond to the stator leakage reactance and 152 

the rotor leakage reactance referred to the stator, respectively. At last, Rm and Xm are parameters representative of 153 

the iron losses and the air-gap magnetic energy in the induction machine.  154 

 155 

Fig. 2 – Equivalent electric circuit of the self-excited induction generator connected to an inductive load. 156 

The equivalent electric circuit can be furthermore reduced to its per-unit values by dividing all parameters by the 157 

per-unit frequency, 𝑎 =
𝑓

𝑓𝑁
 [21]. For an electrical quantity, the frequency can be expressed as 𝑓 = 𝑎 × 𝑓𝑁 with all 158 

reactances given by eq. (1) to (5). When dividing these values by a, the resultant parameters are the reactance at 159 

the rated frequency, except for the capacitive reactance in (5). 160 
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Being the slip defined by the relative difference between the machine synchronous speed, Ns, and its actual 162 

mechanical speed, N, it can be rewritten in (6) as a function of the per-unit frequency a. Here, b is the per-unit 163 

speed, that is given by 𝑁/𝑁𝑆𝑁
. 164 

1 1 1

N

s

s s s

N N N N b
s

N N N a a


        (6) 

The remaining parameters (resistances) will be divided by a. As result, the electrical equivalent circuit can be 165 

redrawn as in Fig. 3. 166 

 167 

 168 

Fig. 3 – Equivalent electric circuit of the self-excited induction generator connected to the load based on the per-unit 169 
frequency a. 170 

   171 

In order to assure the self-excitation of the induction generator, the total admittance (or impedance) of the 172 

equivalent circuit must be zero. In this research, the authors choose to use the admittance to facilitate the 173 

comparison between the new solution and the one obtained in previous studies without the Rm resistance [12], [21]. 174 

The admittances for the stator, Ys, rotor, Yr, and magnetization branch, Ym, are given in (7). Those for the electrical 175 

load and capacitance are given by Eq. (8) and (9), respectively. The total equivalent circuit admittance can be 176 

determined using the parallel and series association, as given by Eq. (10). The values of capacitance and electrical 177 

frequency that lead to the null admittance can be calculated by setting the real and imaginary part of the total 178 

admittance to zero, Eq. (11) and eq. (12).   179 
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The real part of the admittance, eq. (11), does not depend on the capacitance value. Therefore, the possible values 180 

of the per-unit frequencies that lead to the self-excitation of the induction generator can be calculated. Next, 181 

knowing the values of the per-unit frequencies and using the imaginary part of the admittance, eq. (12), the 182 

capacitance value can be computed.  183 

From the decomposition of Eq. (11), the real part of the admittance is zero when the numerator expression shown 184 

in Eq. (13) is zero. The same can be done for eq. (12) and using the values the per-unit frequency from Eq. (13), 185 

the values of capacitance that assures the solution of Eq. (12) are given by Eq. (14) and (15). In annex are presented 186 

the expressions for each coefficient Di, Bi, and Ai. Notice that including iron losses in the model through the Rm 187 

resistance, a solution of Eq. (11) had the degree of its polynomial equation Eq. (13) increased from five to six [12]. 188 

The solution of Eq. (13) will result in six possible per-unit frequencies, ak, in which the machine will be self-189 

excited. Being a per-unit frequency, only the real solutions correspond to possible steady-state ones. Therefore, 190 

Eq. (14) must be computed only for the solutions of ak that are purely real. After calculating the possible values of 191 

capacitances Ck using (15), the minimum one will correspond to the minimum capacitance value that can excite 192 

the induction generator. 193 
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 194 

This method is not a linear process because the parameters of the induction generator will change for different 195 

operating points. Therefore, it is important to develop an advanced version of the previous analytical methodology, 196 

now capable of including the change of machine parameters according to its operating point and thus the respective 197 

capacitor values. 198 

 199 

2.3 Analytical methodology considering variable equivalent circuit parameters 200 

The calculation of the required capacitances for the excitation of the induction generator is now an iterative process 201 

due to the variation of the equivalent circuit parameters according to the machine operating point. To compute the 202 

induction machine electrical parameters, the voltage and electrical frequency of the machine that depends on the 203 

electrical parameters must be known. Additionally, the air-gap magnetic flux density (𝜓 =
𝐸

2𝜋𝑓
, where E is the 204 

magnetization voltage, Fig. 3, and f is the electrical frequency) is an important factor to compute due to its influence 205 

on some induction machine parameters.  206 

To facilitate the understanding of the novel analytical methodology, a flowchart of the developed algorithm is 207 

shown in Fig. 4. Initially, the electrical reactance is defined at the rated frequency of the induction generator. The 208 

induction machine used in this experiment had a rated frequency of 50Hz, therefore, all reactances are defined as 209 

𝑋𝑖 = 2𝜋50𝐿𝑖, such as 𝑋𝑚 = 2𝜋50𝐿𝑚. 210 
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 211 

Fig. 4 – Flowchart describing the novel analytical methodology for the equivalent circuit parameters and associated 212 
capacitance values. 213 

The algorithm starts in step (i) where the load electrical parameters (i.e., RL and XL) are defined. After this step, 214 

for each probable induction generator speed N, a series of two loops begin where steps (ii) to (ix) are repeated until 215 

the method converges for that speed value N. The first loop begins in step (ii) assuming an initial operating 216 

condition defined by a reference magnetization voltage, Eref, and a reference electrical frequency, fref. This step 217 

establishes the initial magnetization level of the generator by its air-gap flux 𝜓, where E/f is an “image” of it. 218 

Following, steps (iii) to (ix) can be computed. In steps (iii) and (iv) the per unit speed, b, and the E/f ratio are first 219 

defined. The per unit speed is computed by dividing the given machine speed, N, by its rated value, NN. When the 220 

E/f ratio and the electrical frequency f0 are defined, the generator parameters can be computed using the electrical 221 

machine parameters that were experimentally obtained a priori for different operating regimes of the generator, as 222 

described in detail in section 2.4 (step (v)).  Follow, the reactance values are determined using the rated frequency 223 

of 50Hz (step (vi)).  224 

x) Compute the value of capacitance:
Xck=G(ak,b,RL,XL,Rs,Xs,Rm,Xm,R’r,X’r)

Ck=1/(2*π*fk*Xck)

Ck=F(b,RL,XL,Rs,Xs,Rm,Xm,R’r,X’r)
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Once the machine electrical parameters are known, the algorithm goes to steps (vii) and (viii) where the real roots 225 

of Eq. (13) are determined. In step (ix), within the previously computed solutions for ak only the real ones are valid 226 

solutions. Selected the real parameters ak, the possible electrical frequencies that lead to the self-excitation of the 227 

induction generator are computed by fk = fN ak in step (ix). For each possible frequency, the reactance and 228 

capacitance values required to self-excite the induction generator can be computed with Eq. (14) and (15), in step 229 

(x). After the calculation of all possible capacitance values, Ck, the minimum one must be chosen, (xi). 230 

When the minimum capacitance value to self-excite the induction generator is known, the steady-state 231 

magnetization voltage E must be recalculated and compared with the one E0 initially assumed in the step (ii). This 232 

can be done using the equivalent electric circuit of the self-excited induction generator connected to the load, as 233 

described in Fig. 3, and now solved in step (xii). When computing the equivalent electric circuit, it is required to 234 

define the stator phase voltage or stator current in the circuit. In this experiment, the authors choose to set the 235 

machine stator current to its rated value, to maximize the generator electrical output power, Is=IN. Finally, if the 236 

error between the assumed E/f and the new E/f’ value is still higher than a deviation ε, the steps (iii) to (xiii) must 237 

be repeated with the new E/f’ value, until the method converges.  238 

 239 

2.4 Changes in the equivalent circuit parameters of the induction generator 240 

 241 

Fig. 5 shows the “wye” connected squirrel-cage induction machine used as SEIG. Its rated values are shown in 242 

Table 1. The machine has a rated efficiency of 𝜂𝑁 = 68% and a nominal slip of 𝑠𝑁 = 9%. Using this machine, a 243 

set of new experiments were made to obtain the equivalent circuit parameters of the induction machine, not only 244 

for its rated condition, but now for different speeds and levels of magnetization (E/f), which in general occur in 245 

PATs with off-grid SEIGs. The question to be answered now is: which and how the generator parameters change 246 

considerably in order that new capacitance values will be desirable? 247 

 

Fig. 5 – Induction machine used for experimental tests. 

Table 1 – Nameplate data of the induction 

machine. 

Frequency 50Hz 

Voltage 400V 

Current 1.6A 

Output Power 0.55kW 

Power factor 0.73 

Speed 910rpm 

 

 248 

2.4.1 No-load and Blocked Rotor Experimental Tests 249 

Since the SEIG operating points vary in frequency and voltage, a set of experimental tests varying the voltage and 250 

frequency of the machine stator input were made to obtain its equivalent electric circuit parameters. Fig. 6(a) shows 251 

a diagram of the experimental set-up. In this set-up, the induction machine was powered by an isolated salient-252 

pole synchronous generator driven by a DC motor. Using this approach, the DC motor speed will set the electric 253 

frequency and the synchronous generator excitation will set the induction motor voltage applied to the induction 254 

machine. Fig. 6 (a) also presents a photo of the experimental set-up showing the group DC motor/synchronous 255 

generator used. With this set-up, blocked rotor and no-load tests were accomplished in the induction machine (Fig. 256 

6(b) by imposing a three-phase, balanced, and symmetrical stator voltages having different amplitudes and 257 

frequencies. These tests were done for frequencies that varied between 20 Hz to 60 Hz, in steps of 10 Hz. For each 258 

frequency, different voltage values were applied to the induction machine, but never exceeding more than 20% of 259 

its nominal current. The range of the selected frequencies was defined based on SEIG operation on previous work 260 

[12]. 261 
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For each test, the phase r.m.s voltage and the current values, and also each phase active and reactive power 262 

consumed by the induction machine were measured. The electrical frequency and rotor speed were also acquired. 263 

The values showed that all phases of the induction machine were balanced, thus the description of the machine 264 

considering only an equivalent single-phase and the average values of each phase induction machine’s parameters 265 

is possible. 266 

 267 

Fig. 6 – Experimental set-up: a) DC motor coupled to the salient-pole synchronous generator and the experimental diagram 268 
of the set-up, b) the induction machine feed. 269 

The machine parameters were estimated using the data from all blocked rotor and no-load tests. The results are 270 

shown in Fig. 7. Each parameter is presented as a function of the magnetization level of the machine, E/f. During 271 

the experimental tests, the stator electric resistance was directly measured at the stator terminals, before and after 272 

the essays. It was verified that its value remained almost constant along all essays even for different stator current 273 

densities (Rs≈18.8Ω).  274 

Fig. 7. (a) shows the sum of the stator and rotor leakage inductances (𝐿𝑠 + 𝐿𝑟
′ ). These achieved values between 275 

0.10H and 0.13H, remained almost independent of the magnetization level E/f of the generator, but had a slightly 276 

increase for electrical frequencies lower than the nominal value. Therefore, it was considered that stator and rotor 277 

leakage inductances remained constant for all levels of magnetization assuming an average value of about 0.11H. 278 

Concerning the rotor resistance parameter 𝑅𝑟
′ , it is necessary to remember that this is not the real value of the rotor 279 

resistance associated with the squirrel-cage conductors. It represents the Joule losses in the rotor conductors. Since 280 

it was obtained from the blocked-rotor essay, the slip is 1 and thus the electromotive force E  that is induced in 281 

the rotor becomes given by 𝐸 = [𝑅𝑟
′ + (𝑗2𝜋𝑓𝐿𝑟

′ )]𝐼𝑟
′ . Dividing all terms by the electric frequency 𝑓, one obtains 282 

eq. (16) representing the partition of the magnetization flux /m E f   in two parts: the useful one linking the 283 

stator and rotor,  _ ' / 'r useful r rR f I  ; and the leakage flux part not used in the electromechanical conversion 284 

process, _ (2 ' ) 'r leakage r rj L I  .  285 

Remembering that 'rL  remains almost constant, it becomes important to understand how ' /rR f  changes for 286 

different magnetization levels. Its values are plotted in Fig. 7. (b) for different frequency values varying from 20Hz 287 

to 60Hz. To help in to understand the behavior of it, three lines were added to the figure marking the points with 288 

the same current ( 'rI =1.0, 0.75 and 0.5pu). Using Eq. (17) for each constant 'rI value, an increase of the 289 

magnetization flux E/f means that the R’r/f ratio also increases proportionally because the rotor magnetic flux 290 

leakage represented by 'rL  remains approximately constant (as seen previously in Fig. 7a). In Fig. 7b, this effect 291 
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can be noticed when moving along each line of constant current. For the same current, the ratio R’r/f increases with 292 

the increase of the magnetization level E/f. 293 

 294 

_

_

_ _

'
' (2 ' ) '     

r leakage

m r useful

r
r r r m r useful r leakage

RE
I j L I

f f


 

         
(16) 

constant constantconstant

'
' (2 ' ) 'r
r r r

E R
I j L I

f f


 

   
(17) 

Once, let’s understand how ' /rR f  changes for different magnetization levels. For the same frequency f, 295 

increasing E/f ratio is possible to increase the rotor current, I’r. In this case, the R’r/f ratio remains almost constant 296 

as described by eq.(18). This effect is verified in Fig. 7b, where, for the same frequency, the R’r/f ratio remains 297 

almost constant for all magnetization levels. 298 

constant

constant

'
' (2 ' ) 'r
r r r

E R
I j L I

f f






   
(18) 

Analyzing Fig. 7c, the magnetizing inductance, 𝐿𝑚, is a function of the magnetization level, 𝐸/𝑓, showing similar 299 

values for the whole set of tested electric frequencies. Using the nameplate data of the generator in Table 1, the 300 

nominal level of magnetization per phase is 230/50 = 4.6 V Hz−1. This value of magnetization level is usually 301 

taken into account in the design of an electrical machine, corresponding to the knee point of the B-H curve of the 302 

ferromagnetic material core. This is in agreement with the results presented in Fig. 7c for 50Hz since, for lower 303 

levels of magnetization E/f, the magnetic core is in its linear zone and 𝐿𝑚 stays nearly constant. When there are 304 

lower 𝐿𝑚 values and the magnetization level is near the nominal value, the 𝐿𝑚 parameter tends to decrease. 305 

At last, Fig. 7d shows the evolution of the magnetization resistance 𝑅𝑚 divided by the electrical frequency, f, as a 306 

function of the magnetization level, E/f. Independent of the electric frequency, 𝑅𝑚 increases as the magnetizing 307 

flux in the generator increases. The power losses in the magnetization resistance are associated with the iron losses 308 

due to the eddy current and the hysteresis effects. In typical magnetic materials, both hysteresis and eddy current 309 

power losses depend on the magnetic flux density in the iron core, B, as shown in eq. (19). However, the hysteresis 310 

losses are also proportional to the electric frequency, f, while eddy current losses are proportional to the square of 311 

the frequency, f 2.  312 

2

m h eP k Bf k Bf   (19) 

Using the induction machine electric circuit in Fig. 3, the relation between the magnetization power, Pm, and the 313 

ratio 𝑅𝑚/𝑓 is given by (20). 314 

2 2

m

m m

E E f
P

R f R
   (20) 

Knowing the magnetic flux density is a linear “image” of E/f until the knee point of the B-H curve (E/f=4.6V/Hz), 315 

and using Eq. (19) and (20), the ratio 𝑅𝑚/𝑓 can be easily connected to the E/f as shown in eq. (21). This relation 316 

is evident since the eddy current losses are usually neglected compared with the hysteresis ones, as in (22). 317 

Therefore, increasing the magnetization level E/f, the 𝑅𝑚/𝑓 ratio increases (Fig. 7d), increasing the magnetization 318 

power losses too.  319 
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d) 

Fig. 7 – Experimental results for each electrical parameter, a) Ls+L’r, b) R’r, c) Lm and d) Rm, depending on the E/f ratio. 321 

In summary, the answers for the previous question on “…which and how the equivalent circuit parameters of the 322 

induction machine change for different SEIG operating regimes?...” are: 323 

1) Increasing the generator’s magnetization level E/f, 𝐿𝑚 decreases, ratio 𝑅𝑚/𝑓  increases and ratio R’r/f 324 

remains almost constant. Hence, not only the parameter 𝐿𝑚 must be considered in the equivalent circuit, 325 

but also 𝑅𝑚 and R’r must have its value “tuned” to the generator’s operating point; 326 

2) At last, parameters 𝐿𝑠 and 𝐿𝑟
′  can be assumed constant, independent of the generator’s operating point. 327 

2.5 Experimental tests of the SEIG  328 

The experimental set-up used to determine the values of the capacitors required to self-excite the SEIG is shown 329 

in Fig. 8. In this set-up, the SEIG was mechanically coupled to a DC motor which simulated the load imposed by 330 

the shaft of the PAT, thus setting the speed and mechanical power of the SEIG (Fig. 8.a). The SEIG is electrically 331 

connected to the capacitor and the resistor bank in parallel (Fig. 8.b). A Fluke power logger was connected to the 332 

stator of the SEIG to measure each phase voltage, current, active and reactive power, and also a multimeter was 333 

connected to the SEIG to measure its electrical frequency. 334 

 335 

Fig. 8 – Experimental set-up for the determination of the capacitance values for self-excitation of the SEIG. a) SEIG and DC 336 
motor, b) Capacitor bank, resistive load, power logger and auxiliary measurement equipment, and c) the electrical diagram of 337 

the experimental set-up. 338 

The following procedure was applied to each electrical load value to determine the points of self-excitation:  339 

1. A capacitance value is chosen, and the speed is increased until the SEIG starts to the self-excite. This 340 

value of the SEIG speed is named 𝜔𝑠𝑡𝑎𝑟𝑡.  341 
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2. After the self-excitation, the generator speed is increased until the maximum stator current is reached. 342 

These values correspond to the SEIG speed that leads to the rated current of the chosen value of 343 

capacitance.  344 

3. Then, the speed is dropped until the SEIG can no longer be self-excited. This is the minimum speed for 345 

which the generator can still be excited, 𝜔𝑚𝑖𝑛. 346 

 347 

The results of these experiments are shown and analyzed in Section 3. 348 

 349 

2.6 Hydraulic experimental tests 350 

An experimental set-up of the overall PAT-SEIG system was developed and used in [12], which is in CERIS-351 

Hydraulic Lab of Institutor Superior Técnico, University of Lisbon. The experimental set-up consists in a closed 352 

loop water system with a radial PAT turbine connected to a SEIG machine (I), a recirculating pump (II), an air 353 

vessel (III) and a flow control tank (IV), as shown in Fig. 9a. The experimental set-up is shown in Fig. 9b, where 354 

each element is identified: (1) hydraulic PAT machine; (2) induction generator; (3) air vessel; (4) pressure 355 

transducer; (5) wattmeter to register each current phase, voltage and power; (6) resistive loads; (7) capacitor banks; 356 

and (8) switch to connect and disconnect the capacitors. During the experimental tests, an electromagnetic 357 

flowmeter was used to register the discharge flow rate, transducers connected to a picoscope to measure the 358 

pressure and a frequency meter to register the turbine speed.  359 

A) 

 

B) 

 
Fig. 9 – Hydraulic experimental set-up: A) Scheme of the hydraulic system. B) Experimental set-up: (a) overall PAT view, 360 

(b) loads and measurements and (c) SEIG system. 361 
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The electrical experimental tests were replicated now in the hydraulic system, where a PAT hydraulic machine 362 

drives the SEIG feeding the electrical loads. With these tests, PAT-SEIG system efficiency curves were obtained. 363 

Hence, the overall system efficiency, ηoveral in eq. (23), can be estimated by dividing the electrical load active 364 

power, Pload, by the turbine hydraulic power, Phyd. 365 

load
overall

hyd

P

P
   (23) 

For each electrical load, the SEIG, PAT and overall PAT-SEIG system efficiencies were computed using Eqs. (24) 366 

to (25), respectively,  367 

load
SEIG

mech

P

P
   (24) 

mech
PAT

hyd

P

P
   

(25) 

overall PAT SEIG    (26) 

where the ηSEIG, ηPAT and ηoverall are the SEIG, the PAT and the overall system efficiencies, respectively. Terms 368 

Pload, Pmech and Phydr are the electrical load power, mechanical power, and hydraulic power, respectively. 369 

 370 

3 Results and Discussion 371 

 372 

After the description of the used equivalent circuit models of the induction machine for the capacitance calculation, 373 

as well as the methodology to calculate the equivalent circuit parameters, the PAT-SEIG results are now presented 374 

and discussed. In this section, the following aspects are focused:  375 

1. Results comparison between the methodology with and without considering the iron losses parameter, 376 

Rm:  377 

Considering all machine parameters fixed, the analytical results provided by the equivalent circuit without 378 

the Rm resistance [12] are compared with the ones obtained with Rm (equivalent circuit presented in section 379 

2.4). Without considering the variation of the remaining circuit parameters, the error between the 380 

experimental results and the analytical ones was high, mainly for low machine speeds. This could lead to 381 

an over-estimation of capacitance value required to self-excite the induction generator and to non-normal 382 

operating regimes, higher than its rated conditions. These non-normal conditions may overheat the 383 

generator and reduce its lifetime or cause permanent damage; 384 

2. The influence of the variation of each equivalent circuit parameter in the capacitance value calculation:  385 

With only one parameter changing and keeping the others fixed, the analytical results using the equivalent 386 

circuit are compared with the experimental ones. This analysis helps to understand the influence of each 387 

parameter in the capacitance value calculation and then decide the most relevant ones;  388 

The SEIG electrical circuit parameters considered in the selection of the capacitance were: 389 

- Variable Ls=Lr’ (stator/rotor magnetic leakage); 390 

- Variable Rr’ (Joule losses in the rotor electric conductors); 391 

- Variable Rm (iron Joule losses), and; 392 

- Variable Lm (magnetic energy in the air-gap). 393 

 394 

3. The electrical, hydraulic and global efficiency of the PAT-SEIG system:  395 

The global efficiency is compared with the one obtained in [12], where the machine’s equivalent circuit 396 

parameters were considered always constant. 397 
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3.1 Generator’s equivalent circuit models and the impact of the wrong capacitance value 398 

The magnetization resistance (Rm) introduces a higher complexity in the analytical solution using the equivalent 399 

circuit of the induction generator, increasing the order of the polynomial solution from a fourth to sixth order, as 400 

Eq. (13) shows. Using the experimental set-up described in section 0, the self-excited induction generator was 401 

tested off-grid at different speeds and loads. Fig. 10 shows the results considering the induction machine 402 

parameters fixed at the values obtained for its rated frequency and voltage, for both circuit models (Rm = ∞ and 403 

Rm ≠ ∞), and also the experimental results obtained for the induction generator operating at its rated current. When 404 

all parameters were fixed, there was no significant difference between the models’ results (less than 1% of the root 405 

mean square error (RMSE)). However, the error between the experimental and model’s results were about 51% 406 

(RSME), being higher for lower speeds. This could lead to an overload state (i.e., stator current higher than its 407 

rated value) and reduce the lifetime of the induction generator. To study the impact of choosing the wrong 408 

capacitance value for the SEIG operation, the stator current was computed for the values of the capacitance given 409 

by the two models with the fixed parameters.  410 

 411 

Fig. 10 – Capacitance required for each generator rotor speed, for different resistive loads, considering all parameters fixed. 412 
In continuous lines are the results for the analytical model considering Rm, in dot line for the analytical model without Rm [12] 413 

and in “o”, “x” and “◊” the experimental results. 414 

Fig. 11 presents the steady-state results for the ratio between the SEIG stator current and its rated value for different 415 

speeds and loads. As it can be verified, the stator current could reach up to three times its rated value, which in a 416 

steady-state would imply a high increase of the machine’s temperature lead to a failure of its winding’s insulation. 417 

For higher speeds and lower loads (RL=600Ω), the stator current decreases below the rated value, therefore 418 

decreasing the SEIG output electrical power. 419 

 420 

Fig. 11 – Influence of using wrong capacitance values in the induction machine stator current, for the different loads and 421 
rotational speeds. 422 
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All these results highlight the importance of choosing the right capacitance values to limit the current of the 423 

machine to its rated value and, at the same time, to be sufficient to guaranty the self-excitation of the induction 424 

generator. 425 

3.2 Influence of the change in the generator’s equivalent circuit parameters  426 

As verified in section 2.4, the SEIG equivalent circuit parameters change with its voltage and electrical frequency, 427 

in consequence of its magnetization level. To create a methodology for the study of the influence of the parameters 428 

in the circuit, the following cases were analyzed, and the deviation was quantified between the experimental and 429 

the model’s results using the root mean square error. Note that some previous studies already considered the 430 

equivalent electric circuit without iron Joule losses and with a variable Lm parameter [12] e [22] and other including 431 

the iron Joule losses, with a variable Lm and all other electrical circuit parameters being fixed [23]. Therefore, 432 

considering our methodology, a comparison between different equivalent electric circuits is analyzed. 433 

1) Variable Rr’ (Joule losses in the rotor electric conductors) and Ls=Lr’=0.055H, Rm=1000Ω, Lm=0.55H; 434 

2) Variable Ls=Lr’ (stator/rotor magnetic leakage) and Rr’=18Ω, Rm=1000Ω, Lm=0.55H; 435 

3) Variable Rm (iron Joule losses) and Ls= Lr’=0.055H, Rr’=18Ω, Lm=0.55Ω; 436 

4) Variable Lm (magnetic energy in the air-gap) and Ls= Lr’=0.055H, Rm=1000Ω, Rr’=18Ω, and [23]; 437 

5) All electrical circuit parameters changing with the generator’s magnetization level . 438 

 439 

All results are shown in Fig. 12a-d and can be summarized as follows: 440 

1. Variable Rr’: The circuit model used for comparison between results is the one that considers the iron 441 

Joule losses parameter, Rm. Fig. 12 shows the results for the capacitance values required to guaranty self-442 

excitation of the SEIG at its rated current with different speeds and loads. In Fig. 12 a), the results showed 443 

for the two equivalent electric circuit models (“all fixed” and “var. Rr”), with all parameters fixed at its 444 

rated values (dotted lines) and with the rotor resistance, Rr’, changing with frequency and stator voltage 445 

values (continuous lines) as previously achieved in Fig. 7. It is possible to verify in Fig. 12 a) that the 446 

new model results of “var. Rr” (continuous lines) were close to the experimental ones, but they still 447 

presented a high deviation for lower speeds (Maximum RMSE=40.35% for the RL=120Ω).    448 

2. Variable Ls=Lr’:  Fig. 12 b) shows the results for both equivalent electric circuit models (“all fixed” and 449 

“var. Ls”) considering the stator and rotor magnetic leakage parameters changing (Ls= Lr’). The error 450 

between the experimental and the model results increased due to the increase of magnetic leakage inside 451 

of the SEIG. With the increase of magnetic leakage, the machine requires more reactive power and, 452 

therefore, the required capacitance value is higher. For low and medium loads, RL=600Ω and RL=200Ω 453 

respectively, this increase was not significant. However, for higher loads, RL=120Ω, the capacitance 454 

values from the “var. Ls” model do not guaranty the self-excitation of the induction generator for speeds 455 

lower than 730rpm.  456 

3. Variable Rm: When the inclusion of the variable magnetization resistance Rm was considered in the 457 

equivalent circuit “var. Rm”, the results were almost the same as having a fixed ones (Fig. 12c)). This was 458 

expected because the difference of considering or not this resistance was already seen as insignificant. 459 

4. Variable Lm: Fig. 12d) shows the results for the required capacitance values to excite the SEIG at its rated 460 

current, including a variable magnetization inductance coefficient “var. Lm”. The results were shown for 461 

the model with all parameters fixed at its rated values (dot lines and “all fixed”) as well as with the 462 

magnetization induction parameter, Lm, changing with frequency and voltage applied (continuous lines). 463 

Using a changing Lm parameter, the analytical results were much closer to the ones obtained 464 

experimentally. The error between results reduced from 51% to 17.9%.  465 

5. Finally, Fig. 13 shows the results for both equivalent electric circuit models (“all fixed” and “all var”), 466 

with all the SEIG parameters changing according to the operating regime of the machine. For this 467 

situation, the maximum error was 13.2% between the experimental and model results. Table 2 compiles 468 

the errors between the analytical and experimental results for all studied scenarios. 469 

 470 
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Table 2 – RMSE between experimental and analytical results 471 

Parameter RL=120Ω RL=200Ω RL=600Ω 

All fixed [12] 50.8% 48.8% 42.7% 

Rr’ variable 40.4% 39.9% 37.2% 

Rm variable 49.9% 48.1% 42.1% 

Ls, Lr’ variable * 52.93% 42.4% 

Lm variable [23] 11.2% 16.9% 17.9% 

All variable 7.9% 11.0% 13.2% 

* It was not possible to excite for with the range of available capacitor values.  472 

 473 

a) 

 

 

 

b) 

 

 

 

c) 

 

 

 



18 

 

d) 

 

 

 
Fig. 12 - Capacitance required for each generator rotor speed and resistive loads obtained using the model with only one 474 

parameter changing: a) Rr’ variable; b) Ls variable; c) Rm variable and d) Lm variable [23]. In dotted lines are the results for 475 
the analytical model (considering Rm) with all fixed parameters [12], in continuous lines for the analytical with Rr’ changing 476 

and in “o”, “x” and “◊” the experimental results. 477 

 478 

Fig. 13 - Capacitance required for each generator rotor speed and for different resistive loads, considering all parameters 479 
changing. In dotted lines are the results for the analytical model (considering Rm) with all fixed parameters [12], in 480 

continuous lines for the analytical with Rr’ changing and in “o”, “x” and “◊” the experimental results. 481 

Table 2 clearly indicates that the magnetization inductance coefficient, 𝐿𝑚, has the highest influence on the 482 

accuracy of the model results. This parameter changes with the ratio E/f, where E is the magnetization voltage, 483 

and f is the electrical frequency. It changes with the magnetization level of the induction generator. Fig. 14 shows 484 

the evolution of the E/f ratio (Fig. 14a in red) and the evolution of the 𝐿𝑚 (Fig. 14b in black) for each SEIG speed 485 

and load. Considering E/f an “image” of the magnetic flux inside the machine, for higher values (e.g. RL=600Ω in 486 

Fig. 14a, in red dotted), the magnetic flux increased to points near the magnetic circuit saturation and, therefore, 487 

the Lm parameter decreased (RL=600Ω in Fig. 14b, dotted lines). For lower values of E/f  (e.g. RL=120Ω in Fig. 488 

14a, in red dotted), the magnetic flux remained almost constant inside the linear part of the B-H characteristic and, 489 

therefore, the Lm parameter presented small changes for higher speed values (RL=120Ω in Fig. 14b, continuous 490 

lines). 491 
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a) 

 

b) 

 

Fig. 14 – Evolution of SEIG parameters: a) the frequency and E/f characteristic and b) the corresponding Lm parameter for 492 
each rotor speed and resistive load, with all parameters changing. 493 

3.3 SEIG/PAT/Overall efficiencies 494 

The SEIG efficiency can be estimated using its analytical model, however, due to the turbine and hydraulic system 495 

complexity, a detailed model was required. To obtain an accurate PAT model, a CFD (computational fluid 496 

dynamics) model was developed and validated with experimental results [24]. The development of CFD model 497 

enabled to know the mechanical power in the PAT shaft for each rotational speed and, therefore, the possibility to 498 

identify the SEIG, PAT and global efficiencies for all range of rotational speeds that were obtained experimentally. 499 

Fig. 15 shows the CFD model used in the hydraulic simulation and Table 3 shows the mean square error between 500 

the simulated and experimental tests for different operation points. 501 

 

Fig. 15 – CFD model of the PAT. 

 

Table 3 – Mean square error for each rotational speed. 

N 
Mean Square Error (%) 

Head Efficiency 

785 1.97 2.62 

908 2.66 2.41 

1020 2.64 2.33 

1145 2.36 3.05 

1235 2.68 9.44 

1460 8.69 9.66 
 

Fig. 16 shows the SEIG, PAT and overall system efficiencies (eff) for the different rotational speeds and resistive 502 

loads, 120, 200, 300, 400 and 600 Ω. The SEIG system efficiency presents different behavior for different loads 503 

and rotational speeds, particularly, low-efficiency values for lower speeds and higher values for higher speeds. 504 

The maximum SEIG efficiency was reached from 1240 to 1450 rpm with 65% to 68.5%, with the resistive loads 505 
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of 200 to 400Ω (see Fig. 16b-d). The maximum value for the global maximum efficiency was 40.0% for the 506 

rotational speed near 1450 rpm.  507 

Our research clearly shows, for the first time, that the maximum PAT-SEIG overall efficiency is not the same 508 

independent of the rotational speed and torque, in other words, dependent of the PAT-SEIG operating point (i.e., 509 

flow and head).  The analysis of the different resistive loads was similar. If a resistive load of 120Ω is considered, 510 

the maximum SEIG efficiency was 57.0% for a speed of 786 rpm and the maximum overall efficiency was 35.3%, 511 

when the speed was around 840 rpm. For a resistive load of 200Ω, the maximum SEIG efficiency was 65.5% for 512 

a speed of 1450 rpm and the maximum overall efficiency was 39.2%, when the speed is 1200 rpm. For a resistive 513 

load of 300Ω, the maximum SEIG efficiency was 68.4% for a speed of 1450 rpm and the maximum overall 514 

efficiency was 40.0%, when the speed is 1240 rpm. For a resistive load of 400Ω, the maximum SEIG efficiency 515 

was 68.4% for a speed of 1450 rpm and the maximum overall efficiency was 39.8%, when the speed is 1340 rpm. 516 

Finally, when a resistive load of 600Ω was considered, the maximum SEIG and overall efficiencies were 65.5% 517 

and 39.0% for the speed of 1450 rpm and 1410rpm, respectively. 518 

When the overall PAT-SEIG efficiency is compared with recently published research [12], the overall system 519 

efficiency increased from 26% to 40%, showing an improvement of + 53%. This is clearly due to a more precise 520 

computation of the capacitance values. In our previous work [12], it was lower due to not been taken into account 521 

the change of the induction generator parameters for different levels of magnetization and rotational speed. 522 

However, it is important to emphasize that our previous study in [12] enabled to establish the base to develop this 523 

sensitivity research analysis about the significant behavior of the PAT+SEIG system. 524 

 525 

 526 

Fig. 16 – Evolution of the SEIG, PAT and overall system efficiencies for different rotor speeds and for the resistive load of 527 
RL=[120 (a) 200 (b) 300 (c) 400 (d) 500 (e)] Ω. Comparison between overall efficiencies in (f). 528 

 529 
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In Fig. 17a and b, the active and reactive power flowing from the induction generator and its power factor are 530 

presented, respectively. Fig. 17a shows that for low-speed values, the reactive power required to excite the SEIG 531 

is much higher than the active power produced, while for higher speed values, the active power increases and the 532 

reactive power reduces. This was expected in SEIG, where its voltage was not defined by the electrical grid but 533 

was defined for the capacitor value and the impedance of the induction generator. Therefore, the reactive power 534 

required to excite the SEIG was much higher than when the machine was connected to the electrical grid. As result, 535 

for the rated speed of the induction generator, Nr=910 rpm, the active power, and power factor were lower than its 536 

rated values, 550W and 0.73, respectively. Only for high SEIG speeds the rated active power and power factor 537 

were reached (see Fig. 17b).  538 

From Fig. 17a it is also possible to verify that the same generated power can be obtained for RL=200Ω and 300Ω, 539 

with P=606W, however different reactive powers are required, Q=708 var for RL =200Ω and 887 var for RL =300Ω. 540 

 541 

 
a)                                                                b) 

 
c) 

Fig. 17 – Active (a) and reactive power (b) and power factor (c) of the SEIG for different rotor speeds and for the resistive 542 
load of RL=[120 200 300 400 600] Ω.  543 

Figures 16 and 17 show the impact of the load and capacitance values in the PAT-SEIG efficiency. The 544 

development of this analysis is crucial to understand the symbiosis between electrical and hydraulic parameters 545 

when the water managers want to install recovery systems isolated to the grid, achieving the best overall efficiency 546 

that will depend on the PAT-SEIG operating condition, as shown in the paper. 547 

 548 

4 Conclusions 549 

The research establishes the influence of the capacitor values to SEIG on the overall system operation points, 550 

mainly, regarding the overall efficiency and non-normal conditions. From previous studies, the lack of accuracy 551 

of analytical models based on the equivalent electrical circuit of the SEIG was verified when considered fixed 552 
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electrical parameters and neglecting the iron Joule losses. This analysis demonstrated that it is crucial to develop 553 

an accuracy energy models when the pump working as turbines are installed in water systems and they are “off-554 

grid”. The improvement of the PAT systems efficiency is crucial to improve the energy recovery in water 555 

distribution systems. Currently, the energy studies shows the recoverable energy is 10% of the used energy in the 556 

water distribution consumption although this recovery is not installed yet. The developments of this research are 557 

of utmost importance, showing that the SEIG parameters have a high influence on the energy recovery efficiency 558 

and that the choice of the capacitor values must consider its variance.  These considerations must be considered in 559 

future researches, not only focusing the hydraulic machine. 560 

The new analysis showed the model accuracy greatly increased when the variation of the SEIG electrical 561 

parameters was considered as a function of the electrical frequency and applied a voltage when the iron Joule 562 

losses, Rm, were considered in the model.  To analyze it, a deep campaign of electrical and hydraulic tests was 563 

developed in order to compare and measure the error with the analytical model. From experimental tests, it was 564 

verified Rr, Rm, and Lm had a high oscillation for different speeds and loads. Both Rm and Lm parameters mainly 565 

depend on the magnetic flux (E/f (magnetization voltage/electrical frequency)). The impact of these variations in 566 

the analytical model results was verified, and therefore, the Lm and Rr parameters had a high impact in the model 567 

accuracy, while the variation of the remaining parameters is almost insignificant. Related to this analysis, the 568 

impact of choosing the wrong capacitor values can cause the overload of the SEIG or the non-excitation of it. This 569 

is crucial, since these values are significant when the flow and head in the water systems change as a consequence 570 

of the variability of the demand, and therefore, the PAT+SEIG system has to be adjusted to the rotational speed 571 

continuously, in order to maximize the recovered energy. 572 

The incorporation of the parameters variation in the analytical model increased its accuracy, reducing the error 573 

between analytical and experimental results from 50.8%, with fixed parameters, to 13.2% considering all 574 

parameters changing. This reduction enabled to get a better approximation of the capacitance required to self-575 

excite and maximize the SEIG output power, for each rotational speed and load, being possible, under optimal 576 

conditions, to increase the overall peak efficiency of the PAT-SEIG system from 26% to 40%. Note that this study 577 

was done for a low power SEIG with a low rated electrical efficiency of 68% which, along with the maximum 578 

PAT efficiency of around 60%, resulted in low overall efficiency of 40%. For higher power SEIG, the electrical 579 

efficiency is much higher. 580 

The development of this methodology has a great impact in the strategies of the efficiency improvement in the 581 

water systems since the method enabled to know the variability of the overall efficiency as a function of the 582 

rotational speed of the hydraulic machine. Therefore, considering the new future research lines in the improvement 583 

of the water-energy nexus, the incorporation of this methodology can be used in the real cases in order to know 584 

the effective efficiency when the machine operates in “off-grid”. Besides, the use of this methodology will allow 585 

water managers to choose the hydraulic machine as a function of the hydraulic characteristic and the electric 586 

machine (PAT + SEIG) that considers the available recovery points. This consideration is of utmost importance to 587 

choose the best hydraulic machine and the best inductor motor to maximize the overall efficiency since the inductor 588 

proposed by the manufacturer to be connected to the grid is not always the best to operate in “off-grid” 589 
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Annex 673 

 674 

A.1 Coefficients Di of equation (13) 675 

 676 

  2 2 2 2

6 m r s m L L sD X X R R X R X    

 

(A-1) 

 

 2 2 2 2

5 2 ( )m r s m L L sD X bX R R X R X     

 

(A-2) 

 

    

2 2 2 2 2 2 2 2 2

4

2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2

2

1
( ) ( 2 ) 2 ( 2 )

2

( ( ) ( )

2 ( ) (

)

)

r L s s L L L L s r r L s L r s m

L s r L r s m L L S S s s L r m

m r L r s L s s L m r L s s L m

D R R X R X X b R R R X R R X X R R R

R X X X R R R R R R X b R b R X X X

R X R X X R X R X X X R X R X R

   
           

  

     

    

    

 

(A-3) 

 

 

  

2 2 2 2 2

3

2 2 2 2 2 2 2 2 2 2 2 2

1
2 ( ) ( 2 ) 2 ( )

2

( ) ( 2 ) ( )

r s L L r s m r m L s r s s L

r L s s L m L r r s s r L r s L m m L s m r L s

D b X X R X R R X X X R X X X R X

X R X R X R R X R X R X R R R X X R R R X X R R

 
         

 

       

 

 

(A-4) 

 

   



   

2 2 2 2 2 2 2 2 2 2 2

2

2 2 2 2 2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2

2 2 2

( ) ( ) 2 2 ( )

( ) 2 ( ) ( )

( ) ( ) 2

(

r s r s m s r s r r s r m s r

s r r m s m r r r s m s m r r L

m s L m r r m r s m s r m s r

m m r r

D X X b R R X R X X X b X X b R X R X

X X b R R R X X b R R R R R X X b R R

R R X X X b R R R R X R X X R X

X R X b R

         


       

   



 








 2 2 2 2 22 ) ( )r s s r r LR R R X b R R  


 

 

(A-5) 

 

 



2 2 2 2 2

1

2

2( ) (2 2 ) 4 2

2 ( )

m L m r s L r m L r m L r s L r m m

r s m L s

D R R b X X R R R X R X X R X R R R X R

R R X R R

       
 

 

 

 

(A-6) 

 

 2 2

0

2 2( ) ( )m L s L s m r rR R R R R X X b RD     (A-7) 

 677 

A.2 Coefficients Ai and Bi of equation (14) 678 
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