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In order to use PATs in an off-grid application , it is necessary to use a specific type of generator that can self excite and
at the same time, it has to be economically sustainable for low power applications. In this case, a self-excited induction
generator (SEIG) was chosen due to its low cost and being on the market widely available with many range of power.
This type of machine can work either as a motor or a generator, however, without being connected to the grid, it is
necessary to have shunt capacitors, so it has enough reactive power to self-excite.
This work’s objective is to create a computational model, which can simulate the transient behaviour of both the SEIG
and PAT working together. This way, the model was validated using experimental data taken from the laboratory.
After having a validated model, this one was used to compute the system’s limits and its different configurations. It was
also used to see how the systems PAT and SEIG affect each other.
Keywords: Induction generator self-excited, Pump as turbine, Water distribution networks

1. Introduction

With global warming becoming a real threat, an effort
to improve renewable energy sources is being made, ei-
ther by improving a system’s efficiency or by harnessing
other sources of power. With this in mind, hydroelec-
tric energy generation (HPG) has been a developing field
of technology since it has a small environmental impact
and can be used in many scenarios. This thesis is part
of an international project called Reducing Energy De-
pendency in Atlantic area Water Networks (REDAWN),
which aims to foster the adoption of hydropower energy
recovery technology.

In HPG a turbine is commonly used, however, be-
cause the turbine has to be tailored to that specific case it
might end up being a costly solution. The solution pre-
sented is to use a pump as turbine (PAT) since they are
very common, hence widely available in many shapes
and sizes.

The aim of this work is to use PATs coupled with
induction machines to recover energy from water dis-
tributions systems (WDS) that, otherwise it would have
been lost. Nowadays, pressure reduction valves (PRVs)
are used in WDS [1],[5] and [4]. The idea is to have
a PAT mechanically coupled to a generator, where the
generator does not need to be connected to the electrical
grid, therefore, the generator has to self-excite.

The three-phase induction machine was chosen has
a generator since it is widely available, is simpler and
less expensive. In order for the generator to work off-
grid, it needs reactive power. In this case the reactive
power comes from a bank of capacitors in parallel with
the generator. This type of configuration is called self-
excited induction generator (SEIG).

2. SEIG modeling
The induction machine is made with a stator (stationary)
and a rotor (moving part). The stator is made of three-
phase coils and it has three pole pairs, p. The induc-
tion machine has a squirrel cage rotor,with aluminium
bars short-circuited at each end. When acting as a gen-
erator, a rotating magnetic field is created, inducing a
voltage in the stator coils. Induction machines are asyn-
chronous speed machines, operating below synchronous
speed when working as a motor and above synchronous
speed when operating as a generator.

2.1. dq reference frame
The process of self-excitation is a transient phenomenon
and it cannot be described by using the induction ma-
chine electrical equivalent circuit. For a better analysis,
the abc-dq0 transformation is used.

In the d-q model there are only two axes and both
of them can rotate synchronously or not with the rotor
and stator references. This means that, instead of using
the 3-phase sinusoidal components, the machine can be
characterised by two DC components, d and q. In this
case, the stationary reference frame was used, thus the
quantities will vary in time because the reference frame
does not rotate. However, instead of three-phase vari-
ables, now there are two-phase variables for the rotor
and other two for the stator. These new variables corre-
spond to the previous quantities in direct and quadrature
reference frame.

The matrix used to transform abc coordinates to
dq is given by the Park’s transformation in (1), where
λ = 2π/3 is the phase angle. The park transformation
must be applied to both the stator and rotor quantities.
When applying to the stator γ = θ, where θ is the an-
gle between the stator axis and the d-q reference frame.
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For the rotor, γ = β, where β is the angle between the
rotor axis and the reference d-q frame. Using a station-
ary reference, θ = 0 and β = −θr. Figure (1) serves to
illustrate the relation between the reference frames and
the angles for a arbitrary dq axis.
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Figure 1: dq axes superimposed onto a three-phase in-
duction motor.

By dividing the stator and rotor induction coeffi-
cients in the leakage and mutual inductances, (2a) and
(2b), the stator and rotor magnetic fluxes can be written
in d-q coordinates, as presented in (3a) to (3d).

Ls = λs + LM (2a)
Lr = λr + LM (2b)

Ψsd = Ls ∗ isd + Lm ∗ ird (3a)

Ψsq = Ls ∗ isq + Lm ∗ irq (3b)

Ψrd = Lr ∗ ird + Lm ∗ isd (3c)

Ψsq = Lr ∗ irq + Lm ∗ isq (3d)

Therefore, after the computation of the stator and
rotor fluxes, their currents can be computed as well (ap-
pendix). The voltages equations are obtained by us-
ing expression (4), which results from the application of

Faraday’s law in the three phase model and then, by us-
ing park’s transformation and some algebra, expression
(5) is obtained.

Uabc = R× Isabc +
d

dt
Ψabc (4)

Udq0 = R× Idq0 +
dΨdq0

dt
+ [P (λ)]

d [P (λ)]−1

dt
[Ψdq0]

(5)
The voltage equations on the stator are obtained us-

ing P (λ = θ) = P (θ = 0), eq. (6) .

vds = Rsids +
d

dt
Ψds (6a)

vqs = Rsiqs +
d

dt
Ψqs (6b)

The voltage equations on the stator are obtained us-
ing P (λ = θ) = P (β = −θr), eq.

vdr = 0 = Rridr +
d

dt
Ψdr +−ωrΨqr (7)

vqr = 0 = Rriqr +
d

dt
Ψqr + ωrΨdr (8)

Finally, the electromagnetic torque at themachine’s
axis is obtained by using the magnetic energy principle.
The torque is given by the derivative of the energy in
respect to the angle. After some algebra it’s possible to
obtain expression (9), which was taken from [3].

Tele =
3

2

p

2
(Ψdsiqs −Ψqsids) (9)

2.2. Magnetization inductance
The magnetic inductance changes according to the mag-
netic flux, which is proportional to the voltage divided
by the electrical frequency, U/f. With experimental data
from the laboratory, the curve of the magnetic induc-
tance was taken and can be seen in figure (2).

Figure 2: Magnetic inductance variation with the mag-
netic flux, taken from [2].
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2.3. Capacitors and electric load
The capacitors are responsible for providing the neces-
sary reactive power to the induction machine, which is
given by the expression (10). To introduce the capacitors
in the simulation model expression (11) was included.

Q = ω × C × U2 (10)

U(s) =
I(s)

C × s
(11)

The electrical load is in parallel with the capacitors
and the induction generator, and it can have or not an
inductive component. The load is governed by equation
(12). When the induction machine excites and a volt-
age appears at its terminals, which is also applied to the
electrical load. The current created by the voltage ap-
plied to the load is then subtracted to the current in the
capacitors.

ILoad(s) =
U(s)

R+ s× L
(12)

3. PAT model
PATs are reaction water turbine, which behave in a sim-
ilar manner to that of a Francis turbine. However, PATs
do have a lower efficiency than turbines and no control.
The approach was to develop an hydraulic model for the
PAT based on the experimental curves, which were taken
for different speeds and hydraulic power. To define the
PAT, experimental tests were done to obtain the Head Vs
Flow, fig. (3) as well the efficiency Vs Head Vs Speed,
fig. (4). It was assumed that, the PAT differential pres-
sure is kept constant, hence only the flow and efficiency
change during simulation.

Figure 3: Flow-Head curves of the PAT for different ro-
tational speeds

Figure 4: PAT efficiency 3D

The head of the PAT is computed using equa-
tion (13), where ρ is the water density (1000kg /m3)
and g is the the standard acceleration due to gravity
(9.81m/s−2).

H =
P

ρ× g
(13)

With both, the flow, Q, and the head, H, and the ro-
tational speed, Nr, at the pump is then possible to com-
pute the hydraulic power, Ph, and hydraulic torque, Th,
using formulas (14) and (15) respectively.

Ph = P ×Q (14)

Th =
Ph × 60

Nr × 2× π
(15)

4. Experimental setup and Validation
During this work, one model for the PAT was made and
other for the SEIG. Both models were validated compar-
ing with experimental data. The SEIG model was vali-
dated first using a DC motor as the prime mover.

4.1. DC+SEIG
A DC motor was used to validate the SEIG model be-
cause it is a simple and well understood electrical ma-
chine. The equivalent electric circuit can be seen in fig-
ure (5). This DCmachine has a separated excitation field
circuit and is governed by three main equations (16).
The EMF (”e” in Fig. 6) is the product of the angular
speed (rotor), ωr with a constant, kϕ, which is propor-
tional to the constant magnetic field created by the ex-
citation circuit. Tele is the electromagnetic torque, J , is
the inertia coefficient, TL, is the load torque and βωr is
the mechanical torque caused by its rotation, being β0

the viscosity coefficient.

Figure 5: DC machine equivalent electric circuit with
separated excitation field.

Ua = Raia + La
dia
dt

+KΦωr (16a)

Tele = IaKΦ (16b)
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J
dω

dt
= Tel − TL − β0ωr (16c)

All the parameters of the induction machine and the
DC machine were measured in the laboratory. The ro-
tational losses and inertia were computed using experi-
mental data. In figure (6), the experimental setup is rep-
resented.

Figure 6: Representation of the overall System setup of
DC+SEIG.

To validate the system’s model, both the transient
state and steady-state were compared. For transient
analysis changes on the electrical load and on the capac-
itance values were considered in order to analyse its im-
pact on the SEIG excitation and halting. changes in the
electrical load, changes in the capacitance and exciting
and halting the SEIG. The excitation and electric load
tests can be seen in figure (7(a)) and (7(b)) respectively.
It is possible to see from the transient situations, that the
steady-state values in the simulation are in accordance
with the experimental ones, with a error margin of 5%.

4.2. PAT+SEIG
With the SEIG validated, the PAT had also to be vali-
dated with experimental tests. Important to notice that,
the pipes and hydraulic auxiliary systems were not taken
into account in the model. In the laboratory, the mea-
surements take more time to stabilise and are more sus-
ceptible to errors because some equipment needs human
intervention and pressure in the water tank changes in
time.

The experimental setup was assembled in the labo-
ratory and its circuit is represented in figure (8). The
SEIG was kept with the same setup as in figure (6).
Several experimental tests were done to compare with
the simulations. Different ranges of capacitance, elec-
tric load, pressure and speed were used during the test.
The simulations presented mean errors between 5.1%
and 8.5% for different quantities, being the active power
the one that presented the biggest mean error. The max-
imum error values did not pass the 20% in all quantities
measured, except for the apparent power, which repre-
sents both the active and reactive power. Table in annex.

(a) System voltage build-up

(b) Connecting a resistance of 300 Ω at 848 RPM.

Figure 7: Comparison between simulations and experi-
mental tests with a DC motor.

Figure 8: Representation of the hydraulic system in ex-
perimental setup

Transient tests were also done in the laboratory to
compare to the simulations. In figure (9) and (10) is pos-
sible to see the system start-up with and without electric
load. It is possible to assert that the transitory regime
with load is more oscillatory than without load. It means
having a loadwhen the system starts, makes it more keen
to fail, either by not starting at all or by not stabilising.
In the start-up there is more error during the transient
regime, not only because of the SEIG model, but also
because of neglecting some hydraulic equipment (ex.
pipes). The test with load has a voltage error of 7%,
while the one without load has an error of 3%.

Transient tests while changing the electric load and
capacitance were also made, and they are represented
in figures (11) and (12) respectively. The variations
were introduced in the system after this had stabilised
in steady-state. The voltage error of the resistance and
capacitance variation were respectively 8% and 12%.

The data from the transient tests is in the appendix.
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Figure 9: Experimental Data and simulation of system
exciting without Electric load.

Figure 10: Experimental Data and simulation of system
exciting with Electric load.

Figure 11: Experimental Data and simulation of an elec-
tric resistance change in the system.

Figure 12: Experimental Data and simulation of a ca-
pacitance change in the system.

Comparing all the transient tests, the simulations show
an acceptable error and predict the system’s behaviour
correctly. However, the electric frequency seems to be
misaligned in all simulations. A deeper analysis at the
frequency of the resistance variation, fig.(13) shows that,
there is an inherited error since the beginning of the sim-
ulation. The error before and after the variation is the
same and has the value of 7%. On the other hand, the
rotational speed error is only 1%, which means the in-
duction machine has bigger slip, s, in the simulation than
in the experimental setup. This might be due to errors in
the parameters of the SEIG, PAT and also by neglecting
the pipes and other hydraulic external systems. The fre-
quency error is in an acceptable value, however it might
become a problem in the future if exact control of the
frequency is needed.

Figure 13: Computed frequency of both experimental
and simulation data for a resistance variation.

To better understand the frequency behaviour, a
simulation was done, which aimed to have the same fre-
quency value as the experimental setup before the resis-
tance variation, and thus removing the initial error asso-
ciated. In figure (14) the simulation parameter, pressure,
was increased to have the same initial frequency value as
the experiment. The test shows that, although the curve
shape has a different damping regime, both the simula-
tion and the experiment tend to same value.

Figure 14: Computed frequency of both experimental
and simulation data for a resistance variation with no
starting error.

5. Results
The number of different physics and devices present on
this problem create a complex and highly dependent sys-
tem. Indirectly or directly, one small change in one sub-
system can affect significantly the other, and lead to a
cascade of events. Moreover, each subsystems has its
own stable operation zone, which, if the device fall out-
side this zone, might implicate an destabilisation of the
overall system. In a real scenario, as in the experimental
setup present in the hydraulic laboratory, the hydraulic
system has limited hydraulic power to provide, not only
because is a closed loop but also because of the vessel’s
pressure capacity, the power of the recirculating pumps
and, of course, the pipes and buffer limits.

In a real practical case, different types of scenarios
and variations may occur due to external factors, influ-
encing the system performance. By simulating the be-
haviour of this variations is possible to know how the
system will react and how to mitigate risks.

5.1. System halting
The SEIG requires a minimum of reactive power in or-
der to work and to generate the electric voltages. If the
reactive power reaches a limit, the SEIG will either halt
completely or stay in an oscillatory regime. Halting the
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system can have consequences not only on the equip-
ment connected to the SEIG, but can also affect the hy-
draulic system in a harmful way (suddenly the PAT has
no load). In figure (15),the SEIG stays in an oscillatory
regime because it has enough reactive power to start but
not to maintain the electric load being asked. This last
case can lead to cavition, which then leads to premature
wear down of the PAT.

Figure 15: Phase voltage when induction generator halts
and stays in a oscillatory regime.

5.2. Capacitance variation
In these simulations, the PAT+SEIG system was started
with a specific pressure, a resistive load and capacitance
until reaching its steady-state conditions. The capaci-
tance was then changed to other value. In some simula-
tions, the system can only reach certain values because
for that working point (electric load, speed, etc.), the sys-
tem does not have enough reactive power.

The active power and voltage stay almost constant
when a capacitance variation is introduced, thus they
will not be shown in this section. Two sets of simulations
were done, one with the SEIG starting at a low current
(+- 0.7A) and another with the SEIG starting at nominal
current (+- 1.6A). In both simulation the starting capac-
itance value was the same (35 uF).

In figure (16) the current variation is shown. For
positive capacitor variations, at low currents, the SEIG’s
current will stay constant, while with higher currents it
changes with the change of capacitor. Is possible to see
that, for negative capacitor variations, the current varia-
tion is higher when the system starts with lower current.
Furthermore, with a higher starting current, the SEIG
can reach a capacitance variation of -50%, while the low
current starting point can only reach -40%. Having a
greater current means the SEIG also has more reactive
power, hence it will be more stable.

In figure (17), the rotor speed variation is shown.
The speed increases with negative capacitance variation
because the system will have less load (less current).
The PAT keeps giving the same amount of mechanical
power and according to equation (16c), the derivative
will be positive leading to an increase in speed, until
stabilisation is reached. The same happens when the ca-
pacitance increases (higher electrical load). For positive
variation capacitance, the speed will decrease more with
lower starting currents.

If the reactive power, changes with the capacitance,

Figure 16: Capacitance variation Vs Current variation.

Figure 17: Rotor speed variation for different levels of
current.

according to the equation (10), the voltage should also be
affected. This does not happen because the voltage also
depends on the magnetic flux eq. (4), which means the
flux decreases in this case, keeping the voltage almost
constant.

5.3. Resistance variation
The same conditions as before were applied to these sim-
ulations. In this case, after the steady-state, the electri-
cal load (resistance) was changed. The active power is
the power lost in the resistance, which is given by equa-
tion (17). For a constant voltage, the power increases as
the resistance decreases, however, in this complex sys-
tem, more variables play an important role in the work-
ing point and, so, decreasing the resistance may not be
associated to increasing the power load.

P = 3
Us

R
(17)

As it can be seen in the figure (18), contrary to the
capacitance simulations, the voltage is affected by vari-
ations in the electrical load. Changing the electrical load
also affects the reactive power in the SEIG and thus the
voltage is also affected. The resistance has a more sig-
nificant effect on the voltage, when the SEIG is working
at a lower current because of the reactive power. From
the figure, is possible to assert that, the more reactive
power (current) the SEIG has, the less the voltage will
be affected.

In figure (19), the rotational speed variation is al-
most the same for low current and nominal current.
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Figure 18: Resistance variation Vs Voltage variation.

When comparing to the capacitance variation is possible
to see that, the speed is affected much more by the ca-
pacitance, specially while decreasing the reactive power
(decreasing resistance).

Figure 19: Resistance variation Vs Speed variation.

5.4. Pressure variation
In a real case scenario, the system can have a sudden
change in pressure. If the pressure drops, the PAT de-
livers less power to the SEIG, which in turn may not
have enough reactive power to continue operating. On
the other hand, if the pressure increases this may lead to
an increase of the SEIG’s current over its rated value.

The system was in steady-state and then the pres-
sure was changed and the starting value of the current
was 1.6 A. In figure (20) , the voltage and current are
represented. With a 30% pressure increase, the current
reaches more than 2A, which might be dangerous for
the induction machine. Both the current and the voltage
have similar variation curves and when the -60% pres-
sure is reached, both quantities have a 70% variation and
SEIG enters in an oscillatory regime.

In figure (21) the variation of the rotational speed is
represented. The maximum speed variation was of 13%,
even though the pressure changed in -60%.

In figure (22) the active and reactive power are rep-
resented and they can be considered to be proportional
to the pressure variation. The Hydraulic power is pro-
portional to the pressure and it has a direct effect in the
torque given to the SEIG, which in turn is responsible
for the active and reactive power.

Figure 20: Voltage and current variation with pressure
variation.

Figure 21: Rotational speed variation with pressure vari-
ation

Figure 22: Active and reactive power with pressure vari-
ation. Active power - blue, Reactive power- red

5.5. Current overload mitigation
In a real application the PAT+SEIG system is prone to
external variations, and it would probably require some
control in exceptional cases. In the following simula-
tions, the induction machine has a current 25% above
the rated one (2A). The overload current can be the case
where either there was an increase in pressure or the
electric load changed.

As seen before, changing the resistance will not
have a high impact on the current, however it will still
decrease it and can be an viable option if a small change
in current is needed. In figure (23) either the capacitance
is changed or the resistance. When changing the resis-
tance, the current can only decrease until -10%, which
is not enough to reach the nominal current. By chang-
ing the capacitor is possible to reach the 1.6A nominal
current.
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Figure 23: Current variation with resistance and capac-
itance variation.

5.6. Flow analysis
The SEIG has an influence in the PAT system has seen
before. Therefore, the electric system can be used to
change the PAT parameters if needed, like the water
flow,Q. By changing the rotor speed the Head-flow
curves moves up and down. In this case, the differen-
tial pressure is constant, hence only the water flow will
change.

In figure (24) the water flow curves, Q, are repre-
sented. The simulations were done at nominal current
and with the same initial values. The capacitance has
a more significant effect on the flow since it also has a
greater effect on the rotational speed. Both the resistance
and capacitor can be use to control the flow, however for
more significant variation, the system will have to reach
its operational limits.

Figure 24: Flow variation with the capacitance or resis-
tance.

6. Conclusions
The simulations show that the model is capable of pre-
dicting the system’s behaviour and how will the system
react to external changes. In general, the resistance can
be used to change the voltage to a maximum of 20 %
before a system failure occurs. The capacitors can be
used to change the current until a maximum of 30%,
however they will also affect significantly the reactive
power, which changes the rotational speed of the ma-
chine and electrical frequency.

It was observed that the limits to which the resis-
tance or capacitance can be changed, do not depend on
the value of the current/electric load. The resistances
cannot go bellow the 35%, while the capacitance cannot

go bellow -50% ,otherwise the system will halt. Having
an inductive load does alter the system’s limits, how-
ever it is not significant. The inductive load also changes
how the SEIG’s active and reactive power behave while
changing the capacitance.

Increase in pressure represents the most hazardous
scenario since it will make the SEIG surpass its rated val-
ues, both the current and speed. After the machine is ex-
cited an increase in pressure is the onlyway of increasing
the SEIG’s active power and if the pressure goes bellow
60%, the system will halt.

In essence, the model of both the hydraulic and
electric systems proves to be essential for a practical sce-
nario. Due to the external agents, it would not be possi-
ble to have an implemented system without any control
or at least it would have to have some failure safeguard.
Results form the developed model are important when
designing a control methodology for the PAT+SEIG sys-
tem.

It is clear that, unless there is an ideal hydraulic sys-
tem without external factors, the PAT+SEIG system will
need to have some sort of control. In order for the sys-
tem to be resilient to external factors and flexible enough
to have multiple best operation points, a control system
must be developed. A field oriented control (FOC) for
the SEIG can be one option, taking into consideration all
the limits of the system, as well as the influence of the
PAT in the SEIG, both studied in this work.

For the FOC to be implemented, electronic compo-
nents will be needed. The capacitors have to be replaced
with batteries, which can be then used by the electronics
to control and regulate the voltage, load and speed of the
SEIG. The control can be made by injecting the neces-
sary reactive power into the SEIG and some additional
rules to reduce the impact in the PAT operating point.
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A. Equations
A.1. Current equations on stator:

ids =
Ψds − LM idr

Ls

iqs =
Ψqs − LM iqr

Ls

A.2. Current equations on rotor:

idr =
Ψdr − LM ids

Lr

iqr =
Ψqr − LM iqs

Lr

Udq = [P ]× Uabc ⇒ Uabc = [P ]−1 × Udq

Idq = [P ]× Iabc ⇒ Iabc = [P ]−1 × Idq

Ψdq = [P ]×Ψabc ⇒ Ψabc = [P ]−1 × Psidq

A.3. Comparison between experimental data and simu-
lation. SEIG+PAT

eff ∆URMS ∆ IRMS ∆Ph ∆ flow ∆Head ∆Nr ∆Pele ∆S ∆ PF

Mean values 7.1 % 5.1 % 6.1 % 5.1 % 5.1 % 0.2 % 6.8 % 6.9% 8.5% 5.7%

Max values 17.2 % % 15.5 % 18.6 % 9.1 % 9.2 % 0.2 % 12.7 % 15.4% 24.9 % 17.6%
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