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Abstract

Pumps operating as turbines (PATs) are a way of improving efficiency in water systems. In these sys-
tems, pressure-reducing valves are typically used to regulate the pressure for the water consumers, by
dissipating the excess of energy. The PAT is a better alternative to these valves, allowing the recovery of
this excess of energy. This solution is especially useful in isolated areas without access to the electrical
grid.

In this dissertation it is intended to develop a field-oriented control algorithm that allows control of
electrical and mechanical quantities of the generation system and maximizes its efficiency. This al-
gorithm was first developed to control the induction machine speed in stand-alone operation and then
changed to control the generator’s electromagnetic torque and its shaft's mechanical power. Finally,
coupling the PAT to the induction generator, several tests were performed to validate the control algo-
rithms. Since the subject of interest is off-grid operation, it is intended to replace the capacitor banks
used in previous works to excite the machine for a three-phase inverter fed by a battery. The maximum

efficiency of the generating unit obtained in simulation was 49, 8 % under control conditions.
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Turbine






Resumo

As bombas operando como turbinas (PATs) sdo uma forma de melhorar a eficiéncia dos sistemas
de agua. Nestes sistemas, valvulas redutoras de pressdo sao normalmente utilizadas para regular
a pressao para os consumidores, dissipando o excesso de energia. A PAT € uma melhor alternativa a
essas valvulas, permitindo a recuperacéo deste excesso de energia. Esta solugdo é especialmente util
em areas isoladas sem acesso a rede elétrica.

Nesta dissertacao pretende-se desenvolver um algoritmo de controlo por campo orientado que per-
mita o controlo das grandezas elétricas e mecanicas do sistema de geragao e maximize a sua eficiéncia.
Este algoritmo foi primeiramente desenvolvido para controlar a velocidade da maquina de inducdo em
operacao auténoma e depois alterado para controlar o torque eletromagnético do gerador e a poténcia
mecanica no seu eixo. Por fim, acoplando a PAT ao gerador de indugao, diversos testes foram realiza-
dos para validar os algoritmos de controlo. Como o interesse é a operagao fora da rede, pretende-se
substituir os bancos de condensadores utilizados em trabalhos anteriores para excitar a maquina por
um inversor trifasico alimentado por uma bateria. A eficiéncia maxima da unidade geradora obtida em

simulacao foi de 49, 8 % sob condig¢des de controlo.

Palavras Chave

Bomba como turbina, Controlo por campo orientado, Eficiéncia energética, Gerador de indugao, Minimizagao

de perdas
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1.1 Motivation

With the increasing need to avoid depleting natural resources, water supply systems have shown the
potential to be used as electrical energy recovery systems. According to [1], it is possible to recover
up to 188 MW h/year for 910000 m3/year of water that is being wasted in Valencia, Spain. In addition
to the waste of water, the high required water pressures may also lead to water leakages and pipes
damage. Therefore, it is important to recover the energy wasted in water distribution systems. Currently,
a solution for that consists of installing pressure-reducing valves, reducing the water pressure and leak-
ages. However, these valves do not allow the energy recovery. By changing these valves for hydraulic
machines such as PATs (pumps as turbines), one can, at the same time, prevent such damage and
recover electrical energy by coupling it to a generator. This is an especially viable solution for low power
applications (< 10 kW) in rural and remote areas without access to an electrical grid but with natural

waterfalls or water courses,

This dissertation is conducted within the scope of the international project REDAWN (Reducing En-
ergy Dependency in Atlantic Area Water Networks), with the collaboration of Instituto Superior Técnico
(IST) and Universitat Politeécnica de Valéncia (UPV). This project aims to improve the energy efficiency of
water networks through the installation of micro-hydropower technology. Therefore, this work is intended
to contribute to this project by analyzing the generator’s electrical behavior coupled to a PAT in water

distribution systems.

1.2 Objectives

This dissertation intends to contribute to the study of pumps operating as turbines connected to induction
generators in off-grid operation by developing a field-oriented control algorithm that will allow control
of electrical and mechanical quantities of the generating unit. The works done so far on this subject
have used a capacitor bank to supply the necessary reactive power to excite the induction generator
since there is no electrical grid access. According to the induction machine operating point, methods
to estimate the required capacitance values have been developed and validated in previous works for a

range of water pressures and electrical load values.

This thesis studies how the induction generator performance changes under different loads while
being fed by a power inverter, instead of being self-excited by a capacitor bank (Figure 1.1). Using a
field-oriented-control strategy the torque, mechanical power and speed will be commanded to achieve
maximum efficiency by optimizing the machine flux to minimize losses. The present research will then

focus on the generator performance under such control conditions when coupled to a single PAT system.
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Figure 1.1: Complete generation system with inverter.

1.3 Dissertation structure

This thesis is divided into five chapters.

First, a revision of the state-of-the-art is done in the second chapter. This intends to provide back-
ground information on previous research regarding the pump operating as a turbine and the induction
generator in off-grid operation.

The third chapter is dedicated to using a previously developed induction machine model to develop
the field-oriented control algorithm that allows motor speed control. Speed control is the classical control
variable when operating an induction motor. However, the induction machine will be used in a generating
unit, where the torque and mechanical power of the system must be controlled.

In chapter four, the control algorithm will be changed to allow mechanical power or electromagnetic
torque control, with further tests to evaluate the algorithm performance. Moreover, in this chapter, a loss
minimization method for the steady-state operation will be applied. As seen, operating the machine at
rated flux is very inefficient at low loads and leads to very high losses. Since the most frequent operating
region is at partial load regime, it is of the utmost importance to maximize the generator efficiency for
these operation points.

In chapter five, the inclusion of the pump as a turbine in the system is analyzed. A PAT model is
described, and tests to evaluate the field-oriented control algorithm performance will be done for the
complete generating unit.

In the end, the inclusion of the magnetizing resistance in the machine model is analyzed in chapter
six. In the previous chapters, the model used did not include this parameter, which is relevant because it

introduces iron losses in the generator. The goal is to analyse its impact on the machine’s performance.
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PATs have demonstrated to be a feasible alternative to conventional turbines for energy recovery sys-
tems. Pumps are mass-produced, and there are fewer manufacturers of turbines. Thus, pumps oper-
ating in reverse mode can be a solution for generating and recovering energy that otherwise would just
be lost. For instance, a PAT technology was tested with a laboratory prototype for a case study of an
aqueduct in the city of Merano, Italy [2] [3], in which the authors concluded to be possible to obtain 76 %
of the maximum efficiency of the turbine working in both reverse and direct mode.

In water distribution systems, PATs can replace pressure-reducing valves (used to reduce water
pressure and leakages) to recover energy. This kind of energy recovery, complemented by energy
storage units, presents a well-known technology and offers a low-cost solution, easy installation, and
maintenance [4].

The study’s actual interest is the PAT’s and generator’s off-grid operation for low power applications
in rural and remote areas. Capelo [5], but also Williams et al. [6] have identified the induction generator
as the most appropriate electrical machine to take into account for energy recovery in water distribution
systems. In these situations, factors such as reliability, cost-effectiveness, robustness, and maintenance
costs have the same importance as performance and efficiency.

When the electrical grid is present, it supplies the necessary reactive power for the machine excita-
tion. Its absence means that the induction generator has to be excited by some other source. In previous
works, the behavior of the PAT-SEIG system was analyzed for a stand-alone application, with capacitor
bank to provide the SEIG excitation. These works focused on: a) the impact of the change of SEIG
electric parameters on the overall system’s efficiency; b) the electro-hydraulic transients on the system
due to sudden changes and c) on the behavior of series-connected PAT-SEIG systems.

The work done in [7] has established the required range of capacitance values to excite the generator
as a function of its load. Table 2.1 lists the rated values of the generator used in those tests, and the

generation system considered is illustrated in Figure 2.1.

Table 2.1: Nominal data of the induction machine.

Siemens Induction Motor 1LA7083-6AA10-Z A23

Frequency 50 Hz
Voltage 400 V
Current 1.6 A
Output power 550 W
Power factor 0.73
Speed 910 rpm
Pole pairs 3

Stator resistance 23,36
Rotor resistance 21,12 Q
Stator and rotor leakage inductance 0,06 H
Inertia 0.011 kg m?

The system’s principle of operation is that two different sources feed the generator: the prime mover



(PAT) that supplies the induction generator’s shaft with mechanical power and the capacitor bank that
supplies the stator with reactive power. For a decrease in the capacitance value, the excitation current
supplied to the SEIG will decrease. To supply the same load at rated current, the mechanical power
transferred to the shaft has to increase, which increases the rotational speed. On the other hand, if the
mechanical power transferred to the shaft decreases, meaning that the rotational speed decreases, the
reactive power transferred to the generator must increase so that the load can continue to be supplied

at rated current. Now, this is accomplished by increasing the capacitance value.

P
»
Q,
® Load
loc

Capacitor bank
Figure 2.1: Complete generation system with self-excited induction generator.
This work considered that all generator parameters were constant for every operating point. Figure

2.2 shows the generating unit global efficiency obtained under this assumption. The maximum efficiency

obtained was 26 % for a speed of 1200 rpm and a water flow of 4.7 s 1.
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Figure 2.2: Global efficiency as function of flow rate, for different rotational speeds (all generator parameters fixed)
obtain in [7].



Optimization of the PAT-SEIG system efficiency when operating under different loads and speeds was
studied in [8]. For this purpose, a methodology for tuning the induction machine parameters and thus
compute the best capacitance values for different operating points was developed. In this research, it
was found that the parameter with the strongest influence in the machine performance is the magnetizing
inductance L,,. Specifically, it was verified that the generator's model was more accurate when all
electrical parameters of the machine were considered fixed except for L,,,. Tests were made to find how
L., changes with the magnetization level E/f. The results obtained are present in Figure 2.3. As for
the required capacitance values for the machine excitation, they are present in Figure 2.4 The results

obtained in the previous work [7] were included the comparison.

0.65 . —
| —-20 Hz |
] NE- o T ; -5-30 Hz |
0.6 e e ! 40 Hz |
& L | -= 50 He{
0.55 - S S T S S i kT S —
hd :“'&
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—l ﬂ.S i ox,
DAS EFErr e e e e e TR
0.4 : i -
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Figure 2.3: Experimental results for the variation of L,, as function of the E/f ratio from [8].
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Figure 2.4: Capacitance per phase required for each induction generator rotor speed, for different resistive loads,

obtained using the model with only L,, variable [8]. In dotted lines are the results for the analytical
model (considering R..) with all fixed parameters [7].



The evolution of the PAT, generator, and overall efficiencies for various loads while considering a
variable L., are present in Figure 2.5. The overall system efficiency increased from the top 26 % obtained

in [7] to a new maximum of 40 %, showing an improvement of 53 %.
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Figure 2.5: Evolution of the SEIG, PAT and overall system efficiencies for different rotor speeds and for the resistive
load of RL = [120 (a) 200 (b) 300 (c) 400 (d) 500 (e)] 2. Comparison between overall efficiencies in
(f)- [8]

The work done in [9] takes on this research. It aimed to assess the reliability of associating multiple
groups of PATs, each connected to a generator and a capacitor bank, to increase the amount of energy
recovered. These PAT associations are relevant because it is more cost-effective to invest in several low
power pumps than in a single high power pump.

This latest work starts by building a dynamic induction machine model in a rotating magnetic field
frame, validating it for the generator’s stand-alone operation, both steady-state and transient regimes.
The transient response validation was achieved with two different analyses: the first was the dynamic
effect of variation in capacitance value; the second was the dynamic effect of variation in load.

Figure 2.6 shows the experimental set-up used in experimental tests. In the tests performed to
evaluate the transient response of the induction machine’s self-excitation process, a constant resistive
load of Ry = 600 2 was used. Figure 2.7 shows stator voltage build-up process while connecting the

capacitor bank.
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Figure 2.6: Experimental set-up for the measurement of the stator voltage during the transient where the capacitor
bank or load were switched between connected and disconnected to the generator. (a) SEIG and DC
motor, (b) Capacitor bank, resistive load, power logger and auxiliary measurement equipment, and (c)
the electrical diagram of the experimental set-up. [9]

Considering residual magnetism in the rotor, a small voltage starts to be induced at the stator termi-
nals. The capacitors will then be charged, allowing current to flow into the induction machine to produce
a stronger magnetic flux. As a consequence, higher voltage is generated at the stator terminals, and so
on. This voltage rises gradually until the reactive power produced by the capacitors meet the reactive
power required by the induction generator. The most important conclusion regarding changes in the
capacitance value is that, when this value decreases, frequency and stator peak voltage increases, as
shown in Figure 2.7. As illustrated in Figure 2.4, the minimum capacitance value that can excite the
induction machine is related to mechanical speed. As the mechanical angular speed increases, the
minimum capacitance value decreases. As speed increases, so does the rotor and stator frequency,
increasing the peak voltage.

Table 2.2 confirms the results presented in Figure 2.7. As the capacitance value increases, the
mechanical speed decreases, and so do the stator voltages’ frequency and magnitude. The model
was validated through the experimental work since errors between experimental and model results vary
between 1 % and 4 %.

In the load variation tests, keeping the capacitance value constant, two cases were studied: one with
Rp = 60092 and another with R;, = 3002. The results obtained for stator voltage are represented in
Figure 2.8. The two cases started from the same conditions: machine operating at no-load, being fed by
certain reactive power and mechanical power. When the load Ry, = 600 €2 was connected, the machine

could supply it. As the load Ry = 300 Q was connected, it demanded more power than the generator
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Figure 2.7: Terminal voltage of the SEIG while connecting the capacitor bank (switch on) for R, = 600 2 and a
phase capacitor of: (a) C' = 50 WyF; (b) C = 70 uF.
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Table 2.2: Comparison of the steady state results between the experimental and simulated tests presented in Figure
2.7.

Experimental Model Relative error

N [rpm] 750 758 -1%
C=50uF fs[Hz] 35.2 35 0.7
Vs [V] 144 145 -0.8%
N [rpm] 660 666 -0.9%
C=70uF fs[Hz] 30.8 30.3 1.5%
Vs [V] 125 123 1.7%

could produce. Note that a smaller resistive value means a higher consumed current by the load. Since
the reactive power supplied by the capacitor and the mechanical power supplied by the DC motor did not
increase, the generator could not meet the demand and the system stabilized with lower active power.

The results present in Table 2.3 show that, for the load of Ry, = 300 €, final values of V, and I,
obtained in the experimental tests are smaller than the ones obtained in the simulations, which resulted
in lower active power supplied to the load. Besides this, it can also be seen in the experimental results
that when the load increased slightly (the case of Ry = 600 2), the speed decreased, but when the load
increased significantly (the case of Ry = 300 ) speed increased.

This being said, it appears that the behavior of the speed is different between the experiment and
the simulation for Ry, = 300 2. However, when analyzing the course of the speed in the simulation,
speed was seen to increase to 852 rpm due to the decrease of active power produced by the SEIG, even
though it did not reach its initial value of 856 rpm. This behavior shows a deviation from the minimum
capacitance curves required to excite the machine as a speed function. For instance, for a load of

Ry, = 250 ) the speed obtained in simulations was already higher than its initial value.

Table 2.3: Comparison of the steady state results between the experimental and simulated tests presented in Figure

2.8.
Experimental Model Relative error
Initial Final Initial Final Initial  Final
[rpm] 839 834 847 834 -1.0 0.0
Ry, =600 Q] fs[Hz] 41.0 400 4.0 394 00% 14%
Vs [V] 180 141 179 141 06% 0.1%
I [A] 1.6 1.2 1.6 1.2 23% -23%
E/f VHz™l] 44 3.5 4.4 3.6 06% -13%
N [rpm] 848 863 856 852 -1.0% 1.2%
R, =3001[Q] fs[Hz 412 403 413 392 -04% 27%
Vs [V] 181 90 183 107 -14% -184%
I [A] 1.6 0.8 1.6 0.9 -1.0% -164%

E/f [VHz™!] 44 2.2 4.4 2.7 11% -21.7%

After validating the induction machine model, the PAT model was developed and tested as well. This
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model is illustrated in Figure 2.9. The major conclusion from these tests was that hydraulic power and
global efficiency increase with the pressure.

In the end, the behavior of groups of two PATs was evaluated. When the two generating units are
connected in series, the two turbines’ water flow rate must be the same, i.e., Q1 = Q.. Besides, the
pressure drop associated with each of the PATs has to be equal to the total pressure imposed on the
system: P,ai = P + P». Two major tests were performed to analyze the PATs group’s behavior:
decreasing and increasing either the load value or the capacitance value in one of the PAT and see how
it affects the other PAT.

Efficiency of the PAT
P p | H|-
—AH =— .“-',,.."'. 1
rg T I Npar
N u
Hyg L
0= T
YW p H mec
(”r"f:l Thya = ;;yd = % = Toee = Thyd Mpar ——
/3 L
N—— H aln N
N

Figure 2.9: Complete model of the PAT developed in [9].

When decreasing either the load value of PAT2 R. or the capacitance value C,, PAT2 speed N-
increased and therefore flow rate Q> decreased. As the PATs are connected in series, Q1 = ()2, flow rate
of PAT1 @, will also decrease, and so will its head drop H;. Since the total pressure P;.; is constant,
H, will be seen to increase. The increase of speed and head in PAT2 will result in the same hydraulic
power transferred to PAT2 and the same power being consumed by its load. An increase of Hs and a
decrease of Q2 will cancel out, and hydraulic power remains the same. Figure 2.10 shows speed, stator
current, and stator active power for the group PAT2+SEIG2 for a decrease in the load Rj..

Regarding the PAT1+SEIG1 group, the perturbation imposed on PAT2 will lower head, flow rate, and
speed and consequently lower hydraulic power for PAT1, so its load will be consuming less active power.
The opposite logic can be applied when the load value of PAT2 increases or the capacitance value C,
increases. This brings upon an interesting conclusion: even though the load was changed in the second
group, PAT2+SEIG2, the biggest impact is felt in the first group, PAT1+SEIG1.

Regarding the parallel connection, there is only one constraint in the parallel connection: P, and
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P, must equal the pressure imposed to the complete generating system, P,,;.;. Flow rates @, and Q-
change individually. This way, a change in one PAT’s flow rate does not affect the other PAT, so the two
subsystems are independent. A variation in the capacitance value C; or in the resistive load Ry, on the
group PAT2+SEIG2 does not affect the other group, PAT1+SEIG1.

Following the previous works, in this thesis is intended to study the generating unit behaviour when
speed, torque or mechanical power are being controlled and the generator is being fed by an inverter

instead of being self-excited by a capacitor bank.
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3.1 Introduction

Induction machines can be controlled in several ways. Usually, the most interesting control variables
are speed, torque and flux. Scalar and vector controls are two different methods of controlling such
variables.

Scalar control method is based on varying two quantities simultaneously: voltage and frequency.
Speed can be controlled by varying frequency f, but this results in a change of impedances, which in
turn results in a change of the current. Changing the current will change the torque produced by the
machine. On the other hand, changing the voltage E can lead to saturation of the machine iron core.
To avoid this problems, it is necessary to vary both voltage and frequency at the same time, so that
the disadvantages of changing frequency and voltage can be compensated. Indeed, with a constant E/f
ratio, a constant stator flux is maintained. Scalar control is a cheap method, but is not satisfactory for
the control of drives with dynamic behaviour, since it provides slow transient responses.

The induction machine used in this thesis will be operating as a generator connected to a prime
mover, in this case a pump operating as a turbine, which has a very dynamic behaviour. That being
said, the main goal of this chapter is to develop a speed control scheme of an induction machine built
around a field-oriented torque control system, which one of the vector control methods, and simulate it
for the machine stand-alone operation, i.e, not connected to the PAT.

The first step is to develop the induction machine model. Differential equations characterize this
model with time-varying inductances, which are dependent on the rotor position with respect to the
stator reference axis. This leads to a complex set of equations to fully describe the induction machine
in the usual stationary abc reference frame. To simplify the model, a rotating dq0 reference frame will
be adopted. To change from the abc frame to the dq0 frame (d-direct, g-quadrature, 0 homopolar),
the Park transformation is used. Considering a three-phase balanced system, the resultant homopolar
quantities will be null, thus reducing the system from three (dq0) to two quantities (dq). Applying the Park
transformation will then reduce three AC sinusoidal quantities in the abc frame into two DC quantities in
the dq frame.

In this field-oriented control scheme it is possible to uncouple the field components: the direct-axis
component of the stator current i45 functions as the field current in a DC machine, setting the rotor
direct-axis flux A4, and torque is then determined by the quadrature-axis stator current i, just as the
torque is determined by the armature current in a DC motor. The deduction of the induction machine
model in the dq reference frame has been made previously in [9].

In the end, an inverter will be used to impose the three-phase voltages to the induction machine and

the algorithm used to modulate that inverter.
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3.2 Induction machine dg model

The reference frame used to deduce the induction machine equations is present in Figure 3.1.

y d axis

Rotor phase-a
_» axis

Stator
phase-a axis

e N
ey

.
Pt

B |35 vqs S

~q axis

Figure 3.1: Synchronously rotating dq reference frame overlapped onto the three-phase reference frame of an
induction machine.

From Figure 3.1 one can obtain the following equations

Os =0, + Ope (3.1)
gme = empoéesa (32)

where 6 is the electrical angle between stator and d frame axis, 6, is the electrical angle between
rotor and d frame axis, 0,,,. is the electrical angle between stator and rotor, which is given by the me-

chanical angle 6,,, multiplied by the number of pole pairs of the machine.

3.2.1 \Voltages equations

Considering vqs, vgs, fds, iqs» Ads @Nd Ays are the d and g stator voltages, currents and linkage fluxes,
Vdrs Vgr, Ldrs tqrs Adr @Nd Ay, the rotor’s voltages, currents and linkage fluxes and w, and w, the electrical
frequency of the stator and rotor related to the d-axis. The Faraday’s law applied to the induction

machine in this reference frame results in
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d
Vas = Rslgs + %Ads - ws>\qs (33)

d
Vgs = Rsiqs + %)\qs + ws>\ds (34)
. d
Var = Ryigr + %)\dr — U)T)\qr =0 (35)
. d
Vgr = Ryigr + %)\qr +wpAgr =0 (3.6)

Rotor voltages in the dq reference frame vy, and vy, are null because the induction machine being

used is of the squirrel-cage type.

3.2.2 Flux equations

The relation between the stator and rotor fluxes with the currents are described bellow:

Ads = Lsias + Lintar (3.7)
Ags = Laigs + Linigr (3.8)
Adr = Lyigr + Linias (3.9)
Agr = Lyigr + Lunigs (3.10)

The inductances L, and L, are given by

Ls = Lm + los (311)

Lr = Lm + lm"a (312)

where [, and [, represent the stator and rotor leakage inductances, respectively, and are assumed
to be constant. As shown in [8], the magnetizing inductance of the machine L,, is the parameter that
influences the induction machine dynamics the most. For the machine being used in this work (Table

2.1) it was verified that L,,, changes according to the following equation

21



E\?® E\? E
Lo, _0.0025<f) 0.041<f> +0.12<f> +0.53 [H], (3.13)

where E represents the magnetization voltage and f the electrical frequency. Assuming sinusoidal

quantities, the magnetization level E/f is approximately given by

FE 271'/\]\4
s (3.14)
fov2
and the mutual flux \»; given by
M =/ s — Laian)? + (Aga — Luigs)*. (3.15)
3.2.3 Active power, reactive power and mechanical coupling equations
The stator active power is given by
3 . ;
Ps = §(Udszd5 + quZqS) (31 6)
and the stator reactive power is given by
3 . )
Qs = 7(quzds - ’Udszqs) (317)

2

To finalize the model, one needs to have an equation that relates the torque produced by the induction

motor T, with its shaft speed of rotation w,,. This mechanical coupling equation is given by

dwy,

J
dt

=T —TL — Tiosses, (318)

where J represents the moment of inertia of the shaft, T the external load torque applied to the
shaft and Tj,sses the friction inherent to the shaft rotation. For this application, the losses torque was

measured experimentally, being proportional to the speed of the induction machine, defined as

Tiosses = 0.001wy, [N m] (319)

3.3 Ideal case of operation

In this section, the field-oriented control algorithm for speed control of the induction machine is devel-
oped. The initial approach is the ideal case of operation, where the voltages to be applied to the machine

are the output of Pl controllers. Figure 3.2 contains a schematic of the complete FOC control algorithm.
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3.3.1 Field-Oriented Control algorithm

The field-oriented control algorithm applied to the induction machine allows control of its speed of rota-
tion. The algorithm must be able to, given an input reference speed, estimate the rotating magnetic field
and produce the reference voltages that will be applied to the machine’s stator to achieve the desired
speed.

Aligning the direct axis of the reference frame with the rotor flux gives

Agr = 0. (3.20)

In steady-state, where the derivatives are null, solving Eq.(3.6) one gets

Tgr
.= —R, 21
w R g (3.21)
Solving Eq.(3.10) for i, gives
L
lgr = —#qu (3.22)

Substituting this result in Eq.(3.21) and applying it to Eq.(3.1) gives

Ws = We + &Zﬁ (323)
Integrating ws one obtains the estimation of the electrical position of the rotating magnetic field con-
cerning the stator geometry position, that is 6, that will be used to convert the dg quantities into the

three phase abc quantities

6, — /w dt = / <wme + R”,ZS) dt. (3.24)
L, i},

The measured currents iqs and i,; were replaced by their reference values i, and i;, because the
currents will be controlled by Pl (proportional-integral) controllers, so they are the same in steady-state.

Maintaining A\, = 0, solving Eq. (3.5) for i4, gives in steady-state

iar =0, (3.25)
which, substituting in Eq.(3.9) gives
ihe = 2(". (3.26)

This quantity represents the reference stator current in the direct axis. The reference rotor flux X%, ,
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which is the total rotor flux, can be chosen arbitrarily. Knowing the machine nominal single-phase voltage

V,, and nominal frequency f,,, one can start by using the nominal flux given by

V2V,

A~ .
dr 27Tfn

(3.27)

To calculate the reference quadrature current, one will use the electromagnetic torque formula

_3pLm, .
Te - EETTAdTZQS7 (328)

that can be written as

22L, T;

-k

9 T 3 T Ay

(3.29)

The only variable missing to calculate this current is the reference motor torque 7. In the first
approach, the algorithm will be controlling speed. Therefore, T will be defined as the output of a Pl
controller, whose input will be the difference between the reference motor speed w,,,., and the actual
speed of rotation w,,.

To complete the algorithm, stator voltages in the dq reference frame will be defined as the outputs
of Pl controllers that control the machine stator currents. Their input will be the difference between the
reference currents iy, and i;; and iqs and i, that are obtained from the measured currents. Using the
estimated angle 6, obtained in (3.24), one can compute the three-phase voltages in the abc reference
frame that will be applied to the induction machine through the power-invariant inverse Park transforma-

tion.

3.3.2 Numerical results of the FOC algorithm

In this section the numerical results obtained in the computational simulations are presented. The soft-
ware used for performing the tests was MATLAB®/ Simulink. The nominal data of the induction machine
used to test the algorithm is presented in Table 2.1. The algorithm will be tested for the machine running
at no load (no external torque 77, applied).
The first step is to tune the PI controllers’ proportional gains P and integral gains |, whose transfer
function is given by
I
C(s)=P+ S (3.30)
To do that, the reference speed was assumed to be a step waveform with magnitude equal to the

nominal speed (910 rpm) and the rotor flux equal to the rated flux
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Figure 3.2: Ideal case of operation: Field-Oriented control algorithm for speed control.
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For this specific machine, a satisfactory convergence time is in the order of tenth of a second at no
load, since it has a very small inertia.

Tuning the gains was made by trial-error process. One can start by setting all proportional gains equal
to 1 and integral gains equal to 100. It can be seen (Figure 3.3) that the machine speed converges at
a very slow pace, as it takes more than 1 second to achieve the desired speed, which means that the
proportional gains are still too low. There are also oscillations in the convergence region, meaning that
the integral gains are also small.

Increasing the gains to P = 10 and | = 1000 led to the results present in Figure 3.4. As shown, the
speed of convergence is now satisfactory (0.4 s), but the motor speed still oscillates around the reference
value. This means that the Pl controller responsible for the reference torque T is now tuned, but the
P1 controllers that control currents and set the voltages are not. That being said, looking at the currents
in the dqg reference frame is a good way to know if the current controllers are behaving correctly (Figure
3.5).
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Figure 3.4: Ideal case of speed control: speed for P = 10, | = 1000.
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Figure 3.5: Ideal case of speed control: i (left) and iq4s (right) current for P = 10, | = 1000.

Observing Figure 3.5, one concludes that the currents are not following the reference ones. To tune
the two PI controllers that produce the reference stator voltages, it will be set P = 1000 and | = 10000,
leaving the proportional and integral gains of the torque controller untouched (P = 10, | = 1000). The
final results are satisfactory (Figures 3.6, 3.7 and 3.8). Indeed, the convergence speed was maintained,
as the torque controller was already tuned, but the oscillations were removed and the currents are now
following the reference ones (Figure 3.7). There is a sudden change in the magnetizing current i4; when
convergence is achieved that can be explained by the evolution of the magnetizing inductance present
in Figure 3.8. As shown, L,, is at its maximum value, which will result in a lower i4, current.

Figure 3.9 illustrates the evolution of the stator current and voltage at the motor terminals. It can
be seen that, while the reference speed is not achieved, current has a higher peak value and voltage a
lower peak value. As speed increases, current peak drops and voltage stabilizes. This concludes the Pl

controllers tuning.
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Figure 3.6: Ideal case of speed control: motor speed for P = 10, | = 1000 (torque controller), P = 1000, | = 10000
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Figure 3.7: Ideal case of speed control: iy (left) and ig4s (right) currents for P = 10, | = 1000 (torque controller), P =
1000, | = 10000 (current controllers).
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(torque controller), P = 1000, | = 10000 (current controllers).
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Figure 3.9: Ideal case of speed control: stator current (left) and single-phase voltage (right) for P = 10, | = 1000
(torque controller), P = 1000, | = 10000 (current controllers).

3.4 Inverter-case

In this section, it is analysed the inclusion of a voltage converter to drive the induction machine. Pre-
viously, the reference voltages were generated by two PI controllers, converted from the dq reference
frame to three abc voltages and applied directly to the machine (see Figure 3.2). This case is ideal
since the controllers can provide perfectly sinusoidal voltages, although they have been limited to the
machine’s nominal voltage. Thus, it is now of major interest to test how the results are affected if the
voltages are produced by a three-phase inverter fed by a battery, i.e., including the harmonic content
generated by the inverter. In generator mode, the battery that feeds the inverter is the induction machine

load.

The reference voltages v}, and v;, will now be used to generate the gate signals that drive the
inverter switches through the SVPWM modulation method (Space Vector Pulse Width Modulation). The
two quantities that characterize voltage and are used to generate the gate signals are magnitude and
angle. To obtain them, the first step is to convert these voltages into the « — S reference frame. The

power invariant transformation from the abc reference frame to the a — 3 reference frame is given by

(2] 2 2
=4/=2 v (3.32)
vg 3o § ;
Magnitude of the reference voltage is given by
Vabepear = \/ V2 + V3 (3.33)
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and the voltage angle can be calculated as

Vo

« = arctan (Uﬁ> (3.34)

With SVPWM method [10], the magnitude of the fundamental component of the inverter output volt-

age is given by

_ 2Vpc

peak

Vo (3.35)

s

In the linear region, the modulation index can be expressed as

Vo, VRS (3.36)

T Ve T 2Vpe

peak

The complete scheme illustrating the inverter inclusion is present in Figure 3.10. The inverter used
in simulations was a IGBT three-leg inverter, fed by a DC voltage source of Vpe = 600 V. The inverter
data is present in Table 3.1. The switching frequency used in the generation of the gate signals was f;

= 1.5 kHz.

Table 3.1: Nominal data of the IGBT inverter used to fed the machine.

Snubber resistance 10 kQ2
Snubber capacitance o
Internal resistance 1 mQ
IGBT forward voltage 1.2V
Diode forward voltage 1.2V
DC link capacitance 2 mF

Evolution of the machine speed is shown in Figure 3.11. Comparing the results with the ones present
in Figure 3.6 it can be concluded that using the inverter to feed the machine does not affect speed.

Figure 3.13 shows the evolution of rotor flux Ay and magnetizing inductance L,,. Comparing the
results with the previous ones (Figure 3.8), the flux rises faster to the reference value when the inverter
is driving the machine. This is because of the harmonic content of the voltage (Figure 3.12), increasing
its total RMS value, which increases the magnetizing flux of the machine. The harmonics’ effect in the
voltage is also seen in the magnetizing inductance shape, with oscillations in the convergence region.
Current is not distorted because the machine behaves like a passive RL filter.

Figure 3.14 shows the evolution of the stator currents i4, and i,,. Comparing the results obtained
with the ones present in Figure 3.7, one concludes that they are similar to whether the motor is fed by

the ideal voltages or by the inverter, which validates the inverter model and the modulation method used.
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Figure 3.10: Field-Oriented control scheme for speed control with inverter.
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Figure 3.11: Inverter-based case speed control: machine speed for operation at no load (no external torque 77,
applied).

31



500

1 [A]
vV _[V]

-500
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5

Time (seconds) Time (seconds)

Figure 3.12: Inverter-based case speed control: stator current (left) and single-phase stator voltage (right).
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Figure 3.13: Inverter-based case speed control: A4 (left) and L., (right) for P = 10, | = 1000 (torque controller), P
=1000, | = 10000 (current controllers).
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troller), P = 1000, | = 10000 (current controllers).
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4.1 Introduction

So far, the case that has been studied is the one in which the speed of rotation of the machine is
controlled. Once this study’s major interest is to use the induction machine in a generating unit, it is
now intended to study what other quantities can be controlled. This chapter will address two ways of
controlling the induction generator: electromagnetic torque control and mechanical power control. These

quantities are related as follows

Prec =T wy, (4.1)

To perform the numerical study, it will be assumed that the machine is running at a constant speed
equal to its nominal one (910 rpm) and rotor flux is equal to the rated flux (1,04 Wb). Since speed is
assumed to be constant, torque or mechanical power control are equivalent, i.e., one can know torque
when imposing a mechanical power reference value and vice-versa. In chapter 5, the PAT is included
in the model and control of torque and mechanical power will no longer be equivalent because speed is
not known beforehand.

Initially, this study will be carried out based on the ideal case of operation, where the voltages to be
applied to the machine are the output of the current Pl controllers without any electronic power converter.
When powered by the controlled inverter, the induction machine’s behavior will be analyzed, as done in

the previous chapter.

4.2 Ideal case of operation

As shown in Figure 3.2, the reference torque used to calculate the reference current i;, was obtained
from the rotor and reference speeds. When performing torque control, the reference torque value will
now be constant and enforced. Note that the imposed values will be negative, meaning that the machine
will be operating in generator mode, as intended. According to the data present in Table 2.1, the nominal
machine torque can be calculated as
T,=tn o 05 sNm (42)

60

In this situation, the torque PI torque will not be used since the torque value is the reference signal.
Thus, the only Pl controllers that will be tested are the currents i, and i45 controllers.

The complete scheme used for electromagnetic torque control is shown in Figure 4.1.

To control the mechanical power on the machine shaft, the torque Pl controller’s input, whose output

will be the reference torque, will be the difference between the reference power and the power on the
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shaft. If the power at a given moment is less than the reference power, the difference will be positive,
which will increase torque. As the speed of rotation is constant, this translates into an increase of
mechanical power, as can be concluded through Eq.(4.1). The complete scheme used for mechanical

power control is present in Figure 4.2.

w 1 T
- Tf(Te - TL - Tlosses )dt . L
Tlosses
Induction machine abc « dq0
Uabc*

Uqg*

- Pl Controller
+
¥ "

T, '
f & ;, 22L, T S P +Rri@5 d
rererence torque SPLm Aa* l . fwmi L_,-E
qS
wm Ids*
Agr*
Adr"' — Ld
m

. A\ Vgs*
Lis
+
U Pl Controller [—————

Figure 4.1: Field-Oriented control scheme for the ideal case of torque control.
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Figure 4.2: Field-Oriented control scheme for the ideal case of mechanical power control.



4.2.1 Electromagnetic torque control

The final gains obtained for electromagnetic torque control are P = 100 and | = 100000. A first test was
performed for the nominal torque (5,8 N m) and the results are shown in Figure 4.3. By observing Figure
4.3 it can be seen that the desired torque is achieved within 0.2 s, which is a satisfactory convergence
time for this machine as seen previously in speed control.

Figure 4.4 shows the currents evolution. As shown, the reference currents are followed, although
there is a peak in iy current. Since one is imposing torque, which is commanded by i,s, a sudden
change in its value will result in abrupt changes in this current, although it has been limited to the rated
current.

Figure 4.5 depicts single-phase stator voltage and current. Comparing the results with the ones
present in Figure 3.9, it is shown that steady-state regime of voltage and current is achieved faster than
in speed control. This happens because speed is imposed at start when performing torque control.
Finally, as a way of systematizing the results, the generator efficiency, stator active power and reactive
power were computed for different values of the reference electromagnetic torque. The results are
present in Figures 4.6 and 4.7. For this tests, the nominal rotor flux was used as the reference flux
to calculate the reference i, current. The maximum generator efficiency obtained was 60,2 % for an

electromagnetic torque of —4,51 N m. The efficiency of the machine in generator mode is given by

P,
Ngen = P

mec

(4.3)

Te
\ = roference Te

N
B -~

0 0.05 0.1 0.15 0.2 0.
Time (seconds)

o]
N

Figure 4.3: Ideal torque control: torque for P = 100, | = 100000 (current controllers).

Figure 4.7 shows that, for very low values of torque, the machine is operating in motor mode (con-
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Figure 4.4: Ideal torque control: i, (left) and i4s (right) currents for P = 100, | = 100000 (current controllers) for
operation at rated torque.
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Figure 4.5: Ideal torque control: stator current (left) and single-phase voltage (right) for operation at rated torque.
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Figure 4.6: Ideal torque control: generator efficiency as function of the absolute value of electromagnetic torque.
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Figure 4.7: Ideal torque control: stator active power (left) and reactive power / magnetizing inductance (right) as
function of the absolute value of electromagnetic torque.

suming active power) because stator active power is positive. In motor mode efficiency is not defined as
in Eq.(4.3) and is instead given by P,,../Ps. That is the reason why efficiency is shown to be zero for
very low torques in Figure 4.6. There are two reasons why the machine may be operating in the motor
mode for these values: the fact that the stator resistance is very high, which will result in high dissipated
power due to the magnetization current, and the fact that the rotor flux is kept constant and equal to its
nominal value for the entire range of operation. Low torques mean that the machine is operating in a
partial load regime. Therefore, using rated flux to generate the magnetizing current i45 will cause the
machine’s efficiency not to be the best possible.

Regarding reactive power, as shown in Figure 4.7, it is positive whether the machine is operating
in motor mode or generator mode. This is because the induction machine needs to be magnetized
regardless of its operating point, resulting in reactive power consumption.

There is a point of operation where consumed reactive power is minimum. This has to do with the
magnetizing inductance value. Once rotor flux A4 is kept constant and equal to the rated value, the
field-generating current i 4, will be smaller when L,, is higher, which in turn will result in lower reactive

power consumed.

4.2.2 Mechanical power control

As done for torque control, a first test will be done for the nominal mechanical power of the machine
(550 W). The torque controller values obtained in speed control (P = 10, | = 1000) will be maintained and
the new values for the current controllers (P = 1000, | = 100000), obtained for the ideal torque control
scenario in the previous section, will be used. Figure 4.8 shows the evolution of mechanical power and

Figure 4.9 show i4s and i, currents.
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Figure 4.8: Ideal mechanical power control: mechanical power for P = 10, | = 1000 (torque controller) and P = 100,
I = 100000 (current controllers) for operation at rated power.
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Figure 4.9: Ideal mechanical power control: i4s (left) and iqs (right) currents for P = 10, | = 1000 (torque controller)
and P = 100, | = 100000 (current controllers) for operation at rated power.
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As stated previously, since speed of rotation is kept constant, the torque and mechanical power
control results must be equivalent. Comparing the results obtained for efficiency (Figure 4.10), active
and reactive power (Figure 4.11) with the ones obtained for electromagnetic torque control it is concluded
that this is in fact true. Maximum efficiency obtained was 60 % for a mechanical power of —429 W or a

torque of —4,5 N m.
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Figure 4.10: Ideal mechanical power control: generator efficiency as function of the absolute value of mechanical
power.
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Figure 4.11: Ideal mechanical power control: stator active power (left) and reactive power / magnetizing inductance
(right) as function of module of mechanical power.
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4.3 Inverter based case

The inverter based case, as done in chapter three for speed control, is used to validate the ideal case
of operation. Tests were performed for the nominal values of the machine (5,78 Nm and 550 W). Figure
4.12 shows electromagnetic torque evolution and stator currents are depicted in Figure 4.13. Compar-
ing the results with the ones obtained for the ideal case of operation, present in Figures 4.3 and 4.4,
respectively, one sees that speed of convergence is the same, although when the inverter is feeding the

machine quantities show oscillations because voltage has harmonics, as shown in Figure 4.14.

0 MW
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E -2
z
Fu -4
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Figure 4.12: Inverter based case torque control: torque for P = 100, | = 100000 (current controllers).
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Figure 4.13: Inverter based case torque control: i4s (left) and iqs (right) currents for P = 100, | = 100000 (current
controllers).

Figure 4.14 shows current and voltage evolution. As expected, current maintains a perfectly sinu-

soidal waveform, but voltage does not, as was seen in speed control (Figure 3.12). Figure 4.15 illustrates
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Figure 4.14: Inverter based case torque control: stator current (left) and single-phase voltage (right) for operation
at rated torque.

mechanical power evolution and Figure 4.16 contains stator currents. Oscillations in the convergence

region are present once more, but shape is the same as in Figures 4.8 and 4.9.
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Figure 4.15: Inverter based case mechanical power control: mechanical power for P = 1000, | = 100000 (current
controllers).
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Figure 4.16: Inverter based case mechanical power control: i, (left) and iq4s (right) currents for P = 10, | = 1000
(torque controller) and P = 100, | = 100000 (current controllers).

4.4 Loss minimization in steady-state

Operating the machine at rated flux will be far from optimal in a variety of situations. Most of the time, the
machine will operate in partial-load regime and run below its rated efficiency. To bypass this problem,
the field-generating current and consequently the generated magnetic field needs to be reduced to an
optimal level, allowing the same torque to be obtained with a lower stator current, resulting in lower
ohmic and iron losses in the machine. In this section, the objective is to use a method to minimize the

induction machine ohmic losses in steady-state operation.

From [11], the model of the machine losses, consisting of the ohmic losses in the stator and the rotor,
neglecting iron losses, is as follows
3 2

Pioss = 5 <Rs + R?"l/g> (135 + ng) - 3R7~L7%/\drzds

3R,

SEL 4.4
+2L%)\d (4.4)

Iron losses have been neglected since the model used so far does not take the magnetizing resis-

tance into account. Later, the influence of this parameter will be analyzed.

From section 3.3.1, the relation between the reference field-generating current ¢;, and the reference

rotor flux A}, is

*
* _)\dr
ZdS_L

m

(4.5)

and the relation between the reference torque generating current i;; and the reference electromag-

netic torque 77 is
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From the model (4.4), by substituting the currents (4.5) and (4.6), the optimal steady-state flux can
be found by solving

8131058
N,

—0. (4.7)

The optimal reference flux depends on torque and machine parameters and is given by

[oT* (R,L2 + R.L2 \
N o= [ 2lte (st T Artm 4.8
dropt 3 P ( Rs ) ( )

The value of the flux to be applied to the machine will be limited to the rated value (1,04 Wb). Using
the optimized flux, one can compute the necessary iy, current to produce the desired reference torque
T with the lowest possible copper losses in steady-state.

To verify the loss optimization method, tests were made for torque control. As seen, torque and
mechanical power control are equivalent for a constant speed. The ideal case of operation was consid-
ered. The tests consist of simulating the machine’s behaviour for a variety of torque reference values

and computing its efficiency, assuming that the machine is running at its rated speed (910 rpm).
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Figure 4.17: Induction machine efficiency as function of the module of electromagnetic torque for operation at rated

speed (910 rpm).

Figure 4.17 shows that for low values of torque, the generator’s efficiency is zero when the rated flux
is used to calculate the field-generating current, as seen previously. This is because of the high stator

and rotor resistances of the induction machine.

The results obtained for the operation at optimal flux are substantially better. Efficiency is now closer
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to 60% throughout the entire range of reference values. The improvement of efficiency for lower torque
values is notorious because now the machine is always operating in generator mode, meaning that
it is supplying active power on the stator. For values closer to the nominal point of operation, one
can conclude that the results are the same for operation at rated flux and optimal flux. Indeed, for
higher values of torque, given that the speed of rotation is assumed to be constant, the optimal flux is
approximately equal to the rated flux because it is proportional to the square root of the torque, as seen

in Eq. (4.8). Figure 4.18 shows the evolution of optimal flux for different values of torque.
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Figure 4.18: Rotor flux as function of the module of electromagnetic torque for operation at rated speed (910 rpm).
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Figure 4.19: Power losses as function of the module of the electromagnetic torque for operation at rated speed
(910 rpm).

Figure 4.19 confirms what has been concluded until this point. For low values of torque and mechan-

ical power, losses are smaller than when using rated flux. For operation points near the nominal point,
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the usage of optimal flux or rated flux will produce the same results simply because the closer one gets
to the nominal point, the closer optimal flux and rated flux become.

A major conclusion from this loss optimization algorithm is that it is especially useful when the ma-
chine operates in a partial load regime. As shown in these situations, using the rated flux as a reference
to produce the field-generating current iy, is a very poor choice that leads to extremely inefficient use
of the machine. Lowering the field-generating current and consuming reactive power is a good way to

improve its performance.
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5.1 Introduction

In this chapter, the inclusion of the pump as a turbine (PAT) in the system is studied. Its model has
been completely developed in [9], so only the final equations will be presented here. When coupling the
turbine to the induction generator, there are new variable quantities: water pressure and flow rate. In a
real application, they are not constant and may experience sudden changes.

To understand how a change in pressure affects the system, simulations were performed for three
turbine water pressures: 80%, 100% (or nominal pressure of 72100 Pa), and 120%. The simulations were
performed using the ideal voltage case of operation (Figure 3.2 for speed control, Figure 4.1 for torque
control and Figure 4.2 for mechanical power control). In these simulations, various mechanical power,
torque, and speed reference values were used, as well as the loss optimization method for steady-
state operation. As seen in the previous chapters, supplying the generator through a power inverter
has produced the same results as those obtained for the ideal operation case. Besides this, using the
ideal case of operation proved to be better in terms of processing time. The results obtained are for

steady-state operation.

5.2 Model of the PAT

The PAT model has two inputs: water pressure P and the shaft speed of rotation N,.. The output that will
impact the entire PAT-1G system is the mechanical torque produced by the PAT.
The first quantity being calculated is the head drop H, which is given by
H= £ (5.1)
Py
where p is the water density in kgm~3 and ¢ the the gravitational constant in ms=2. Pressure P is
in Pa and H in m.w.c. The second quantity is flow rate Q (m3s~!), which can be calculated through the
PAT Q-H curves. These curves were experimentally determined in [5]. The curves were interpolated by

a second-order polynomial, since it is a typical type of curve for a PAT, given by

H=a?A+aBQ + CQ?, (5.2)

N’V‘
Nyey”

speed N,.; were also obtained with experimental data and are: A = 3,6644; B = 94,45; C = 314560

where A, B and C are the polynomial coefficients and o« = The coefficients and the reference

and N,.; = 1050 rpm. These data can be used to predict the corresponding characteristics for other
geometrically similar pumps under different operating points by applying the similarity laws.

From equation (5.2) one can compute the water flow
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—aB ++/(aB)? —4C(a?A — H)

o (5.3)

Q=

The next step is to obtain the PAT efficiency. As done for flow rate Q with the Q-H curves, the
efficiency curve as a function of rotational speed and the head drop was obtained experimentally. Inter-

polation of the experimental data resulted in the curve present in Figure 5.1.
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Figure 5.1: Efficiency curve of the PAT.

To complete the model, hydraulic power, hydraulic torque and mechanical torque have to be com-
puted. The hydraulic power transferred to the shaft is given by
Prya = QP = pgQH (5.4)

Hydraulic torque can be calculated as

P H 2
Thya = —4 = r9Q . wy, = N, =X (5.5)
Wi Wi, 60

where w,, is the mechanical speed of rotation (in rad s~!), and the output mechanical torque on the

pump shaft is given by

QH

m

TmeCPAT = ThyanAT = P9 nrPAT (56)
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The mechanical coupling equation of the system is

dw,
JW - TmeCPAT + Te = Tiosses (57)

Note that T,

mecpAT

is a positive value and T, is a negative value because the induction machine is
operating in generator mode. In steady-state, the PAT model must return the electromagnetic torque
produced by the induction machine apart from losses.

The complete generating system model is present in Figure 5.2.

water pressure P

Te d TmECpAT i
wm
Induction machine with FOC — = Tmecpsy + Te = Tiosses PAT

| - |

Figure 5.2: Complete generating system.

The generating unit efficiencies are as follows

Pmec PS

Proa’ Ngen = 5 Mglobal = NP AT gen (5.8)
Y mec

5.3 Numerical results of the control methods

5.3.1 Speed control

In [9], it was concluded that the machine did not maintain its frequency constant throughout the exper-
iments. Speed control will allow control of the electrical frequency of all quantities. This type of control
was firstly introduced in chapter three when developing the field-oriented control algorithm. It is now
intended to see how the speed control algorithm performs when the PAT is coupled to the generator.

Figure 5.3 shows the PAT-generating unit global efficiency obtained as a function of the group speed
when steady-state operation was reached. For a pressure of 80 % of the nominal one, maximum effi-
ciency was 47 % for a speed of 1365 rpm. For the nominal pressure (72100 Pa), maximum efficiency was
49,7 % for a speed of 1505 rpm, and for 120 % of the nominal pressure, maximum efficiency was 49,8 %
for a speed of 1715 rpm.

By observing Figure 5.3, the first conclusion is that the higher the pressure the higher the speed

53



500 —P - 80% 60
=P - 100%
400 I P-120%) 3 ﬁ<"—
— )
— =40
2 300 . - /
—_— \ 2
E'qoo \ N aE /
& ¥
o \ \ 2 20 P -80% -
100 = P - 100%
\ \ P-120%
0 0 |
500 1000 1500 2000 500 1000 1500 2000
Nr [rpm] Nr [rpm]

Figure 5.3: Speed control: hydraulic power (left) and global efficiency (right) as function of speed for operation at
different water pressures.

needs to be to obtain the same efficiency. For instance, for a speed of 1000 rpom and pressure of 80 %
efficiency is 33 %, but for the same speed with a pressure of 120 % the efficiency is not defined. By
observing the results present in Figure 5.4 one concludes that the generator efficiency is pretty much
the same for every pressure, but the PAT efficiency is not. That shows that PAT behaviour has the highest
influence in global efficiency. Indeed, the generator has been optimized to perform at its best possible
efficiency by decreasing the rotor flux to the optimal level, which minimizes losses despite the operating

point.

On the other hand, the PAT operation point is completely defined by speed and pressure (that is
constant), and there is no control of other hydraulic variables. The flow rate depends only on speed as
seen in Eq. (5.3), as the head drop is a constant value that only depends on water pressure, which is
assumed to be constant in each of the tests. Therefore, hydraulic power is also dependent on speed, as
it is directly proportional to flow rate as shown in Eq. (5.4). Finally, PAT efficiency is a function of head

drop and rotational speed. With a constant head drop, speed defines the operating point (Figure 5.1).

Figure 5.5 shows active power delivered in the generator stator and mechanical power in its shaft
(in absolute values). As expected, the higher the pressure, the higher the maximum delivered power
will be. Note that there is a peak where the output power is greatest and then starts decreasing. To
understand why this happens, one can start by looking at the evolution of flow rate with speed present
in Figure 5.7. As shown, the flow rate decreases as speed increases. Therefore, increasing speed will
result in lower hydraulic power, but not in lower efficiencies as seen in Figures 5.3 and 5.4. That is why
as speed increases, mechanical power and active power increase in the first stage (efficiencies increase
at a faster rate than the rate of decrease of hydraulic power), but then start to decrease as efficiency

stabilizes.

Figure 5.6 shows the evolution of electromagnetic torque. As expected, torque evolution has the
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Figure 5.7: PAT flow rate as function of speed for different water pressures.

Table 5.1: Maximum active and mechanical powers obtained for speed control of the generating unit.

Pressure (p.u) Max. Ps [W]  Max. Ppec [W] Ngen [%0]  npar [%] Tlglobal [%] N, [rpm] QI 571]

80 % -90,35 -127,33 70,95 62,15 441 1190 3,55
100 % -127,39 -170,4 74,76 61,7 46,13 1365 3,83
120 % -161,73 -208,27 77,66 60,4 46,9 1540 3,99
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5.3.2 Mechanical power control

The results present in Figure 5.5 show that the maximum mechanical power on the shaft is lower than
the induction machine nominal power of 550 W. This way, there is no need to test reference mechanical
power values closer to the generator’s nominal point of operation.

The results obtained for the speed of rotation and flow rate of the PAT are present in Figure 5.9. By
observing Figure 5.9 it can be concluded that lower pressures lead to lower speeds as expected, but to
higher flow rates of the PAT for the same mechanical power on its shaft. This result is following what was
seen when performing speed control. However, hydraulic power does not seem to depend on pressure
(Figure 5.10), although equation (5.4) shows that hydraulic power and pressure are directly related. The
only explanation for it is that the flow rate decreases as pressure increases for the same amount of
mechanical power, which is exactly what is happening (Figure 5.9).

Generator and PAT efficiencies are depicted in Figure 5.11. Higher pressures result in higher gen-
erator efficiency since speed is higher, resulting in lower optimal rotor flux and losses. PAT efficiency
results from the combination of head drop and speed, as seen in Figure 5.1.

Finally, stator active power is represented in Figure 5.12. It can be seen that it is kept constant
independently of pressure. This makes sense since one controls mechanical power and the generator

efficiency has variations smaller than 3% for the entire range of operation. This being said, it can be
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concluded that mechanical power control allows one to supply the load with constant active power, even
though water pressure changes.
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Figure 5.11: Mechanical power control: generator efficiency (left) and PAT efficiency (right) as function of absolute
value of mechanical power.
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Figure 5.12: Mechanical power control: stator active power as function of absolute value of mechanical power.
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5.3.3 Electromagnetic torque control

The same tests done for mechanical power control were performed for various reference values of
electromagnetic torque. Figure 5.6 shows that torque has the same evolution as mechanical power. In
fact, the maximum controllable torque is close to —1 N m, which is very small compared to the generator
nominal torque of —5,78 N m.

Figure 5.13 shows group speed as function of torque. Once again, as the generator’s nominal point
of operation is not reached, there is no need to use torque values close to the nominal one. Figure
5.14 represents hydraulic power and global efficiency of the generating unit. Hydraulic power increases
as torque increases, since a higher torque means higher mechanical power and therefore a higher
hydraulic power because efficiencies do not change drastically throughout the entire range of torque

values. Figure 5.15 shows the generator and PAT efficiencies.
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Figure 5.13: Torque control: speed (left) and flow rate (right) as function of of absolute value of electromagnetic
torque.

When controlling electromagnetic torque, one cannot supply the load at constant active power, which
was possible when controlling mechanical power. Depending on the pressure, the same torque value
will result in a different mechanical power on the shaft (different speed) and consequently a different

active power on the generator stator, as seen in Figure 5.16.
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5.3.4 Conclusion

The shape of the power curves present in Figure 5.5 and of torque in Figure 5.6, obtained for speed
control, show that mechanical power and torque control are not the most reliable way of controlling the
system. For instance, by observing Figure 5.12 one sees that, for operation at 80% of rated water, the
maximum controllable mechanical power was —120 W (blue line), whereas by looking at Figure 5.5 the
maximum mechanical power obtained pressure was —135 W (blue dashed line). In mechanical power
control, it was observed that if the reference value kept increasing above —120 W the system started
to become unstable and could no longer be controlled because the closer one gets to the maximum
possible value, the closer the two possible points of operation are, i.e., their corresponding speeds are

less far apart, as illustrated in Figure 5.5.

Speed control of the generating unit was useful because it showed that the other types of control -
mechanical power and torque - are not reliable if they don’t consider the group’s rotational speed. As
seen, there are two possible points of operation for the system for the same value of power or torque.
Therefore, without a reference speed, they can’t be distinguished. The results obtained for mechanical
power control and torque control (Figures 5.9 and 5.13, respectively) showed that the system ended
up operating in the highest speed points rather than in the lower speed points, which is the region with

highest global efficiency. This is a good outcome, since in a real application it would be wise to choose
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the point of operation where the generating unit efficiency is higher.

The most important conclusion regarding mechanical power control is that it allows one to supply
the load with constant active power, even though water pressure changes. In torque control, this is not
possible, as shown in Figure 5.16. In terms of efficiency, this two types of control will put the system
operating at a pretty much constant efficiency for the entire range of reference values, as shown in
Figure 5.10 and 5.14.

When performing speed control, the PAT will have very different operation points, so its efficiency
(and consequently global efficiency) will assume a wider range of values (Figure 5.4) than in mechanical
power and torque control (Figures 5.11 and 5.15, respectively). The generator efficiency has been
optimized by applying the loss minimization method to reduce rotor flux, so it does not have much

influence in the generating unit global efficiency regardless of the control type used.
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6.1 Introduction

In this chapter, the inclusion of the magnetizing resistance in the induction machine model is studied.
This resistance will introduce further losses in the generator (iron losses), so the expected result is a
decrease of efficiency. Firstly, this parameter is described and the field-oriented control algorithm with
the loss minimization method is rearranged. Then, tests for electromagnetic torque and mechanical
power controls are performed, being compared to those obtained in chapter four for the stand-alone

generator operation. In the end, speed control of the generating unit was performed.

6.2 Induction machine model

The introduction of the magnetizing resistance R,,, changes the fluxes equations a shown in [12]. They

are as follows

)\ds = Lsids + Lmidr -

)\qs = Lsiqs + Lmiqr -

)\dr = Lrid'r + Lmids - 5

Ly, (dAgs
Agr = Lyigr + Limigs = ( el wsAdS) (6.4)

The voltages equations are the same (Egs.(3.3) to (3.6)). This change in the flux equations mean
that the field-oriented control algorithm has to be re-deduced. The principle behind the deduction is still
the same though (A, = 0). From Eq.(3.5), in steady-state, making A, = 0, one directly obtains

igr =0 (6.5)

Substituting this result in Eq. (6.3) one gets in steady-state

Ly,
Adr = Lynigs + 7’&)5)\(]5 (66)
Ry,
Solving Eq.(6.4) for iy, gives
1 (L )
iqr = —L— <Rws>\d5 — Lmlds) . (67)
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Solving Eq.(3.6) results in

__p lar
w, = —R, N (6.8)

Substituting Egs.(6.6) and (6.7) in Eq.(6.8) and applying the result to Eq.(3.1) gives

R'r‘ ws/\ds - Rmiqs

fr ws/\qs + Rmids ’ (69)

Ws = Wme —

Integrating w, one obtains the estimation of the electrical position of the rotating magnetic field con-
cerning the stator geometry position, that is 6, that will be used to convert the dg quantities into the

three phase abc quantities
R, w )\d — R
9, = L dt = e — T —80ds T Ttmlgs ) gy )
/w / (w LT wsAqs + Rmids> (6 10)

To calculate ws one also needs to define the reference stator currents in the dg reference frame.

Knowing that i4. = 0, substituting in Eq.(6.3) gives the reference direct axis stator current

. 1 ws)\qs

b= — Ay — —2L ). A1

= 7 (- ) (6.11)
To calculate the reference quadrature stator current, one will use the electromagnetic torque formula

3pLm,y . .
T, = §§L7T)\dr(lqs - ZqSFe)v (6.12)

that can be written as

L 22L, T
qu = gng )\ZT lgspe-

(6.13)

Current i, is the current that flows through the magnetizing resistance and, in steady-state, is

given by

igap, = Lt }fslqs (6.14)

The magnetizing resistance will be calculated based on experimental data obtained previously in [8].
The curves of the R,/ f ratio and the flux image E/ f obtained in this work are present in Figure 6.1. As
done for the magnetizing inductance L,,, to obtain an expression to calculate R,,, these curves were
interpolated using a second-order polynomial. The curve for 50 Hz was used since it is the machine’s

nominal frequency. The result obtained was

R E\’ B\ _
7 = 2'5635<f> +20.7288(f) 7.845 (6.15)
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To obtain the value of R, the last step is to multiply the ratio R,,/f by the frequency f, given by

Ws

f=3 (6.16)
50 | | | | ——
: | | e | [e20Hz
1)) S T e =T |-30HzL
- | | o-? w40 Hz
)] S L s ot =¥ | w50 Hz
| i %60 Hz
= | Al | |
EQO‘ """""" e o it o e s S s s
10p— S E— i s i o i e s ok e e
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Figure 6.1: Evolution of R,/ f ratio as function of E/f from [8].

6.3 Loss minimization method

When including the magnetizing resistance R,, in the machine model, the power losses expression as

present in [11] becomes

3 L2 . , Ln. .  3/(R, L?,
Boss = 5 (Rs + RTL%) (21215 + Z38) - 3R7’L7%)\drlds + 5 (L% + p2w72n L%RnL))\zr (61 7)
The optimal steady-state flux can be found by solving
8P 0S8Ss
5 Ald =0 (6.18)

which gives

, [2T: ( R+ RI \}
)\dropt = 3< 5 4 pPw? > (619)
P \R,L2 + L}, ==

Figure 6.2 shows how optimal flux changes when the magnetizing resistance is included in the model.
It can be concluded that the inclusion of R,, decreases optimal flux. This makes sense since R,,

introduces more losses in the generator, so the algorithm will reduce the flux to minimize those extra
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losses. As will be seen ahead, using nominal flux resulted in a very poor performance.
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Figure 6.2: Optimal flux as function of absolute value of torque - comparison between results with and without
magnetizing resistance for stand-alone operation.

6.4 Electromagnetic torque, mechanical power and speed control

As done in chapter four, simulations for various reference values of the two control variables (torque and
mechanical power) were performed, assuming constant speed of rotation equal to the rated speed (910
rpm). Figures 6.3 and 6.4 show the machine efficiency as function of the referred variables. The results
present in Figures 4.6 and 4.10 were included to compare the results obtained with the magnetizing
resistance. As expected, efficiency drops overall when including this parameter in the model. The
maximum efficiency obtained now was 48 % for an electromagnetic torque of —4 N m and a mechanical
power of —384 W, whereas before this value was 60,2 %, showing a decrease of 20 % when using
optimal flux. Nominal flux proved to be an extremely poor choice, since the machine cannot operate in
generator mode for almost the entire range of reference values.

The results present in Figures 6.5 and 6.6 show how power losses change as a function of torque
and mechanical power, respectively. Comparing the results with the ones obtained in chapter four one
concludes that the power losses increase when taking R,, into account, as expected. Using nominal

flux results in a very poor performance as seen previously, and that conclusion is even more obvious
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when R,, is present in the model. The difference is most notorious in partial load regimes, which is to
say for lower torque and mechanical power values, where the inclusion of R,, has proven to increase
losses very significantly. The reason is that the machine will operate as a motor instead of a generator
for a much wider range of reference values when R, is considered. In fact, by looking at the efficiencies
present in Figures 6.3 and 6.4 one can see that, for nominal flux usage, efficiency is zero for a much
wider range of torque and power values. The sudden drop in power losses seen for nominal flux usage
(yellow line) happens because the machine starts operate as generator at that exact point. Until this
point, mechanical power on the shaft was not high enough to compensate the losses (at rated speed).
On the other hand, the use of the loss minimization method provided good results once more. With
this method, even though losses are higher than when neglecting the magnetizing resistance, the in-
crease is not as significant as when the nominal flux is used (50W on average of extra losses in this

case).
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Figure 6.5: Ideal torque control: power losses as function of absolute value of torque - comparison between results
with and without magnetizing resistance for stand-alone operation.

Finally, speed control was performed. Global efficiencies evolution as a function of speed are shown
in Figure 6.7. The results present in Figure 5.3 were included for comparison. Table 6.1 contains the
differences between the top efficiencies obtained for both scenarios.
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Table 6.1: Top efficiencies obtained for both scenarios - with and without iron losses - and respective deviation
when performing speed control of the generating unit.

Scenario Top efficiency without R, [%] | Top efficiency with R,, [%)] | Difference [%]
Pressure = 80% | 47,2 32,8 30,5
Pressure = 100% | 49,7 36,4 26,8
Pressure = 120% | 49,8 37,5 24,7

60 [

50F

I
=

//’7 >

/| .
= Without Rm - 100%

// without R - 120%

Fd
// , — -withR_ - 80%
/ / m
. — -withR_-100%

‘\l

——without R_ - 80%

Efficiency [%]
['9]
[=)

[\
(=)

ANEY
\
\
\
N

N

10
} 7. / withR_ - 120%
ol L A N N A R
600 800 1000 1200 1400 1600 1800 2000
Nr [rpm]

Figure 6.7: Speed control of the generating unit: comparison between global efficiencies obtained with and without
iron losses.
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7.1 Conclusions

As proposed, the field-oriented control algorithm was developed and tested for both the stand-alone
generator operation and coupled to the PAT in steady-state regime. For the stand-alone operation, the
control algorithm was initially designed for speed control, both when considering ideal voltages and

when an inverter is supplying the induction machine.

The algorithm was then changed to allow electromagnetic torque and mechanical power control and
tested for both cases. In these simulations, it was concluded that the generator efficiency was especially
low in the partial-load regime, as the rated flux was imposed. Following these results, a method for
optimizing the machine flux in steady-state operation was applied. It was seen that optimal flux, which is
the one that minimizes losses, changes for each value of electromagnetic torque. When the machine is
operating with optimal flux, the results showed a very significant improvement in the partial-load regime,
with the generator efficiency being nearly constant and approximately equal to 60 % for all points of

operation of the machine at rated speed (910 rpm).

Then, the PAT was coupled to the generator with the field-oriented control algorithm and the loss
minimization method. Further tests were performed to evaluate the generating unit behaviour under
control conditions. Speed control results were most revealing. They showed that the machine will have
different operating points in terms of speed but will be supplying the load on the generator stator with
the same active power. This means that a single control variable is not enough to impose the operating
system point when performing either electromagnetic torque or mechanical power control, since there
are two possible points of operation. It was seen that when imposing only torque or mechanical power,
the system ended up operating in the higher speed points rather than the lower speed points of operation.
Besides, when trying to impose torque and mechanical power values close to the maximum obtained for
speed control, the system started to become unstable. As one gets closer to those maximum values,
the two possible operating points get nearer, meaning that they are very similar, so the system cannot
know the desired operating point. Fortunately, it operated at a higher global efficiency points. However,
since these points have higher corresponding speeds, it may not be of interest for the system to operate
in this region. It is also important to mention that the generator operated always in partial-load regime

when coupled to the PAT, as its nominal point of operation was never reached.

In the end, the magnetizing resistance was included in the induction machine model to evaluate
stand-alone operation efficiency and global efficiency when coupled to the PAT. The results showed that
efficiency decreased around 20% in stand-alone operation and 25 — 30% coupled to the PAT when iron
losses were considered. The influence of R,, is high because the study was done for a low power

induction machine. This influence becomes smaller for higher power machines.
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7.2 System limitations and future work

As mentioned earlier, electromagnetic torque and mechanical power of the generating unit are not the
most reliable way of control since there is redundancy in speed. Therefore, it is suggested to implement
such control schemes considering the group speed of rotation instead of only torque or power. The
generator has been optimized to obtain the best possible efficiency at all operation points by controlling
its rotor flux. However, the PAT has been coupled to the generator and no control and/or optimization of
hydraulic variables has been done. Besides this, the pump as a turbine being used so far in the studies
is a low power PAT. As seen, the generator's nominal point of operation was never reached under any
control method, so a higher power PAT may be suitable. These are pertinent topics to be studied in the
future.

The transient regime has also not been studied in this thesis. When inputs change, the control
algorithm’s behaviour is very important to understand its reliability, especially in real applications.

At last, multiple PAT connections were not analyzed. Work on this subject has already been done
in [9] though. This way, implementing the control algorithms developed in this thesis to associations of
PATs instead of a single PAT and see how perturbations in one of the systems affect the other is also a

subject of interest.
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