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Abstract

Pumps operating as turbines (PATs) are a way of improving efficiency in water systems. In these
systems, 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 work 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 algorithm 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 algorithms. 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.
Keywords: Energy efficiency, Field-Oriented Control, Induction Generator, Loss Minimization,
Off-grid Pump as Turbine

1. Introduction

With the increasing need to avoid depleting natu-
ral 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 addi-
tion to the waste of water, the high required wa-
ter pressures may also lead to water leakages and
pipes damage. Currently, a solution for that con-
sists of installing pressure-reducing valves, reducing
the water pressure and leakages. However, these
pressure-reducing 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 genera-
tor. This kind of energy recovery, complemented by
energy storage units, presents a well-known technol-
ogy and offers a low-cost solution, easy installation,
and maintenance [2].

The study’s actual interest is the PAT’s and gen-
erator’s off-grid operation for low power applica-
tions in rural and remote areas. Capelo [3], but
also Williams et al. [4] have identified the induc-

tion 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, robust-
ness, and maintenance costs have the same impor-
tance as performance and efficiency.

When the electrical grid is present, it supplies the
necessary reactive power for the machine excitation.
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 capac-
itor 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 ef-
ficiency; b) the electro-hydraulic transients on the
system due to sudden changes and c) on the behav-
ior of series-connected PAT-SEIG systems.

The work done in [5] has established the required
range of capacitance values to excite the generator
as a function of its load. This work considered that
all generator parameters were constant for every op-
erating point. The maximum efficiency of the gen-
erating unit obtained was 26 % for a speed of 1200
rpm and a water flow of 4.7 l s−1.
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Optimization of the PAT-SEIG system efficiency
when operating under different loads and speeds
was studied in [6]. For this purpose, a methodol-
ogy 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 Lm. Specifically, it
was verified that the generator’s model was more
accurate when all electrical parameters of the ma-
chine were considered fixed except for Lm. For the
machine used (see Table 1) it was found that Lm
changes according to the following equation

Lm = 0.0025

(
E

f

)3

− 0.041

(
E

f

)2

+ 0.12

(
E

f

)
+ 0.53

(1)

where E represents the magnetization voltage
and f the electrical frequency. The overall system
efficiency increased from the top 26 % obtained in
[5] to a new maximum of 40 %, showing an improve-
ment of 53 %.

The current work intends to study how the gen-
erator performance changes under different loads
while being fed by a power inverter, instead of be-
ing self-excited by capacitor banks as in the pre-
vious works. Using a field-oriented-control strat-
egy, the torque, mechanical power and speed will
be commanded to achieve maximum efficiency. The
present research will focus on the generator perfor-
mance under such control conditions with a single
PAT system coupled to it.

2. Implementation
The parameters of the induction machine used in
the work are present in Table 1. The first step is to
develop the field-oriented control algorithm (FOC)
for speed control of the machine in stand-alone op-
eration. Afterwards, this algorithm will be changed
to allow torque or mechanical power control. Ro-
tor flux, which is the total machine flux when using
FOC, is an input variable of such control algorithms
and may assume an arbitrary value. Initially, tests
were carried out assuming rated flux, but the re-
sults obtained were not satisfactory. Therefore, a
method to control the rotor flux is applied in order
to maximize the machine’s efficiency. After this, the
PAT is coupled to the generator and the control al-
gorithms tested for the generating unit. In the end,
the magnetizing resistance is included in the model
in order to analyse its impact on the machine’s per-
formance.

2.1. Stand-alone operation: speed control
The main goal of a field-oriented control algorithm
is to control the machine excitation and torque
separately: stator ids current controls magnetizing

Table 1: Nominal data of the induction machine.
Siemens Induction Motor 1LA7083-6AA10-Z A23
Frequency fn 50 Hz
Voltage Vn 400 V
Current In 1.6 A
Output power Pn 550 W
Power factor 0.73
Speed Nr 910 rpm
Pole pairs p 3
Stator resistance Rs 23,36 Ω
Rotor resistance Rr 21,12 Ω
Stator and rotor leakage inductance lσs, lσr 0,06 H
Inertia J 0.011 kg m2

flux, while stator iqs current controls electromag-
netic torque. The algorithm was deduced based on
a synchronously rotating reference frame of an in-
duction machine model present in [7]. The reference
rotor flux λ∗dr can be chosen arbitrarily, so one can
start by using the machine’s rated flux

λ∗dr ≈
400
√

2/3

2π × 50
≈ 1, 04 Wb. (2)

The field-oriented control algorithm that allows
speed control of the machine is represented in Fig-
ure 1. The algorithm receives speed and reference
speed of rotation, estimates the reference currents
i∗ds and i∗qs and uses them to estimate θs, which is
the electrical angle between stator and d frame axis
that will be used to convert the dq quantities into
the three phase abc quantities. This is the ideal
case of operation, where voltages are generated by
PI controllers and directly applied to the machine.
One can use the generated voltages vds and vqs to
modulate an inverter that drives the machine us-
ing SVPWM method. This schematic is shown in
Figure 2.

Figure 1: Ideal case of operation: Field-Oriented
control algorithm for speed control.

The most relevant equations from the FOC algo-
rithm are
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Figure 2: Field-Oriented control scheme for speed
control with inverter.

λqr = 0 (3)

θs =

∫
ws dt =

∫ (
wm

p
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− Rr
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iqs
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)
dt (4)

ids∗ =
λ∗dr
Lm

. (5)
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2

3

2

p

Lr
Lm

T ∗
e

λ∗dr
. (6)

where p is the number of pole pairs of the ma-
chine, ws the electrical stator angular speed, wm
the the mechanical speed of rotation (in rad s−1),
Rr the rotor windings resistance and Lr the total
rotor inductance. λqr is the leakage flux of the rotor
windings in the quadrature axis, θs is the electrical
angle between stator and the frame direct axis and
Lm the mutual inductance between stator and ro-
tor.

2.2. Stand-alone operation: electromagnetic
torque and mechanical power control

Electromagnetic torque Te and mechanical power
Pmec are related as follows

Pmec = Tewm (7)

In the tests performed for this types of con-
trol, speed wm was assumed to be constant and
equal to the machine’s rated speed of 910 rpm
(95, 3 rad s−1), so only a single control variable is
used (torque or mechanical power). With a con-
stant speed, Eq. (7) shows that both types of con-
trol must be equivalent, i.e., one can know torque
when imposing a mechanical power reference value
and vice-versa.

To control electromagnetic torque, instead of us-
ing a reference speed and a PI controller to generate

the reference torque as shown in Figure 1, one just
has to impose the torque value. To control mechan-
ical power, one can use the same algorithm used for
speed control, but use mechanical power as input
instead of speed. 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. (7).

To perform the simulations, it will be assumed
that rotor flux is equal to the rated flux (1, 04 Wb).

2.3. 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 ids 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 ma-
chine. In this section, the objective is to use a
method to minimize the induction machine ohmic
losses in steady-state operation.

From [8], the optimal flux, i.e., the flux that
minimizes ohmic losses in steady-state, depends on
torque and machine parameters and is given by

λ∗dropt =

√
2

3

T ∗
e

p

(
RsL

2
r +RrL

2
m

Rs

) 1
4

(8)

2.4. Generating unit - inclusion of the PAT
When coupling the PAT to the generator there are
new inputs to the system: water pressure P and
flow rate Q. Head drop H (m.w.c) is defined as

H =
P

ρg
(9)

where ρ is fluid density (kg m−3) and g is the
gravitational acceleration (m s−2). Pressure P is in
Pa. Flow rate Q (m3 s−1) can be calculated through
the PAT Q-H curves, that were obtained experi-
mentally in [3]. This curves were interpolated by a
second-order polynomial since it is a typical type of
curve for a PAT

H = α2A+ αBQ+ CQ2, (10)

which can be written as

Q =
−αB ±

√
(αB)2 − 4C(α2A−H)

2C
, (11)

α = Nr

Nref
. The coefficients A,B and C and the

reference speedNref were obtained with experimen-
tal data and are: A = 3, 6644;B = 94, 45;C =
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314560 and Nref = 1050 rpm. To complete the
model, hydraulic power, hydraulic torque and me-
chanical torque have to be computed. The hy-
draulic power transferred to the shaft is given by

Phyd = QP = ρgQH (12)

Hydraulic torque can be calculated as

Thyd =
Phyd
wm

, wm = Nr
2π

60
(13)

The output mechanical torque on the pump shaft
is given by

TmecPAT
= ThydηPAT (14)

The mechanical coupling equation of the system
is

J
dwm
dt

= TmecPAT
+ Te − Tlosses (15)

Note that TmecPAT
is a positive value and Te is a

negative value because the induction machine is op-
erating in generator mode. In steady-state, the PAT
model must return the electromagnetic torque pro-
duced by the induction machine apart from losses.

The generating unit efficiencies are as follows

ηPAT =
Pmec
Phyd

, ηgen =
Ps
Pmec

, ηglobal = ηPAT ηgen

(16)

2.5. Inclusion of the magnetizing resistance
in the machine model

The machine model and the field-oriented control
algorithm have to be rearranged when including
the magnetizing resistance. Both deductions can
be found in [9], so only the final results will be pre-
sented. The magnetizing resistance will be calcu-
lated based on experimental data obtained previ-
ously in [6]. Interpolating the data resulted in

Rm
f

= −2.5635

(
E

f

)2

+20.7288

(
E

f

)
−7.845 (17)

To obtain the value of Rm the last step is to mul-
tiply the ratio Rm/f by the frequency f , given by

f =
ws
2π
, ws =

∫
θsdt (18)

When including the magnetizing resistance, opti-
mal flux expression according to [8] becomes

λdropt∗ =
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3
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e
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m
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m
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) 1
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(19)

3. Results

3.1. Stand-alone operation: speed control

Simulations were made for the machine rated speed
of 910 rpm at no load (no external torque TL ap-
plied). After tuning the PI controllers proportional
and integral gains (named P and I respectively),
the final result obtained is shown in Figure 3. It
can be seen that convergence speed is satisfactory
and there are no oscillations when reference speed
is achieved.

Figure 3: Ideal case of speed control: motor speed
for P = 10, I = 1000 (torque controller), P = 1000,
I = 10000 (current controllers).

3.2. Stand-alone operation: electromagnetic
torque and mechanical power control

This tests were performed for the machine rated
values of torque (−5, 8 N m) and mechanical power
(−550 W) assuming a constant speed of 910 rpm.
This values are negative since the machine is oper-
ating in generator mode. The results obtained are
present in Figures 4 and 6. As in speed control,
no oscillations are present and convergence speed is
even better.

Efficiency of the generator is shown in Figure 5
for the entire range of operation of reference values
of torque. For very low torques, it can be seen that
the machine is operating as motor, i.e, consuming
active power. In motor mode, the machine’s ef-
ficiency is not defined as in Eq.(16) and is instead
given by Pmec/Ps. That is the reason why efficiency
is shown to be zero for very low torques in Figure
5. 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 mag-
netization 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 magne-
tizing current ids will cause the machine’s efficiency
not to be the best possible.
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Figure 4: Ideal torque control: torque for P = 100,
I = 100000 (current controllers).

Figure 5: Ideal torque control: generator efficiency
as function of the absolute value of electromagnetic
torque.

3.3. Stand-alone operation: loss minimiza-
tion method results

To verify the loss optimization, tests were made
for torque control. As seen, torque and mechanical
power control are equivalent for a constant speed.
The tests consist of simulating the machine be-
haviour for a variety of torque reference values and
computing its efficiency, assuming that the machine
is running at its rated speed (910 rpm), but using
optimal flux (Eq. 8). Figure 7 shows the efficiency
of the generator under this assumptions. Results
present in Figure 5 were included for comparison.

The results obtained for the operation at opti-
mal flux are substantially better. Efficiency is now
closer to 60% throughout the entire range of refer-
ence 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 op-
eration at rated flux and optimal flux. Indeed, for

Figure 6: Ideal mechanical power control: mechan-
ical power for P = 10, I = 1000 (torque controller)
and P = 100, I = 100000 (current controllers).

higher values of torque, the optimal flux is approxi-
mately equal to the rated flux because it is propor-
tional to the square root of the torque, as seen in
Eq. (8). Figure 8 shows the evolution of optimal
flux for different values of torque.

Figure 9 confirms what has been concluded until
this point. For low values of torque and mechani-
cal power, losses are smaller than when using rated
flux. For operation points near the nominal point,
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.

Figure 7: Induction machine efficiency as function
of the module of electromagnetic torque for opera-
tion at rated speed (910 rpm).

3.4. Generating unit: speed control
The PAT is now coupled to the induction machine.
The objective is to understand how a change in wa-
ter pressure P affects the system. Simulations were
performed for three turbine water pressures: 80%,
100% (or nominal pressure, equal to 72100 Pa), and
120%. Figure 10 shows the generating unit global
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Figure 8: Rotor flux as function of the module of
electromagnetic torque for operation at rated speed
(910 rpm).

Figure 9: Power losses as function of the module of
the electromagnetic torque for operation at rated
speed (910 rpm).

efficiency obtained in these tests as a function of the
group speed when the steady-state operation was
reached. For a pressure of 80 % of the nominal one,
maximum efficiency was 47 % for a speed of 1365
rpm. For the nominal pressure (72100 Pa), maxi-
mum 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.

Figure 11 shows the evolution of active power
and mechanical power as function of speed. As ex-
pected, the higher the pressure, the higher the max-
imum delivered power will be. For a given pressure,
there is a peak for power and then it starts decreas-
ing. This has to do with the flow rate behaviour:
it decreases as speed increases (Eq. (11)). There-
fore, increasing speed will result in lower hydraulic
power, since hydraulic power is proportional to flow
rate (Eq. (12)), but not in lower efficiencies as seen
in Figure 10. That is why as speed increases, me-
chanical power and, therefore, active power increase

Figure 10: Speed control of the generating unit:
efficiencies of the generator, PAT and global for op-
eration at different water pressures.

Figure 11: Speed control of the generating unit: sta-
tor active power (solid lines) and mechanical power
(dashed lines) in absolute value as function of speed
for operation at different water pressures.
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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.

3.5. Generating unit: electromagnetic torque
and mechanical power control

Figure 12 shows the evolution of active power deliv-
ered by the generator stator when performing me-
chanical power control. As seen, it can be concluded
that mechanical power control allows one to supply
the load with constant active power, even though
water pressure changes. This makes sense since one
controls mechanical power and the generator effi-
ciency has variations smaller than 3% for the entire
range of operation (see Figure 13).

Figure 12: Mechanical power control of the gener-
ating unit: stator active power in absolute value as
function of the absolute value of mechanical power
for operation at different water pressures.

Figure 14 illustrates active power and mechanical
power when performing torque control. As shown,
one can no longer supply the load with constant ac-
tive power regardless of pressure, which was possi-
ble 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.

The shape of the power curves present in Figure
11 show that mechanical power and torque control
are not the most reliable way of controlling the sys-
tem. For instance, by observing Figure 12 one sees
that, for operation at 80% of rated water, the max-
imum controllable mechanical power was −120 W
(blue line), whereas by looking at Figure 11 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 possi-

Figure 13: Mechanical power control of the gener-
ating unit: efficiencies of the generator, PAT and
global for operation at different water pressures.

Figure 14: Torque control of the generating unit:
stator active power (solid lines) and mechanical
power (dashed lines) as function of absolute value
of electromagnetic torque for operation at different
water pressures.
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ble value, the closer the two possible points of op-
eration are, i.e., their corresponding speeds are less
far apart, as illustrated in Figure 11. In addition to
this, the nominal point of operation of the genera-
tor (5, 8 N m / 550 W) was never reached, since me-
chanical power on the group shaft was never higher
than 200 − 300W.

The most important conclusion regarding me-
chanical 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 14. In terms of
efficiency, this two types of control will put the sys-
tem operating at pretty much constant efficiency
for the entire range of reference values, as shown in
Figures 13 and 15.

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 than in mechanical power and
torque control, as shown in Figure 10. The gener-
ator 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.

Figure 15: Torque control of the generating unit:
efficiencies of the generator, PAT and global for op-
eration at different water pressures.

3.6. Inclusion of the magnetizing resistance
Rm

Figure 16 shows the generator efficiency in stand-
alone operation, assuming a constant speed of rota-
tion equal to 910 rpm as done in section 3.2. Recall
that, with a constant speed, torque and mechanical
power controls are equivalent. Results from Fig-
ure 5 are included for comparison. The maximum

efficiency obtained now was 48 % for an electro-
magnetic 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.

Figure 16: Ideal torque control: induction machine
efficiency as function of absolute value of torque -
comparison between results with and without mag-
netizing resistance for stand-alone operation.

Figure 17 shows global efficiency of the generat-
ing unit when performing speed control. Results
from Figure 10 were included for comparison. The
influence of Rm is high because the study was done
for a low power induction machine. This influence
becomes smaller for higher power machines.

Table 2 contains the differences between the top
efficiencies obtained for both scenarios.

Figure 17: Speed control of the generating unit:
comparison between global efficiencies obtained
with and without iron losses.
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Table 2: Top efficiencies obtained for both scenar-
ios - with and without iron losses - and respective
deviation when performing speed control of the gen-
erating unit.

Scenario Top eff. without Rm [%] Top eff. with Rm [%] Difference [%]
P = 80% 47,2 32,8 30,5
P = 100% 49,7 36,4 26,8
P = 120% 49,8 37,5 24,7

4. 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 genera-
tor operation, the control algorithm was initially
designed for speed control and was then changed to
allow electromagnetic torque and mechanical power
control.

For 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 ap-
plied. It was seen that optimal flux, which is the
one that minimizes losses, is a function of electro-
magnetic torque. When the machine is operating
with optimal flux, the results showed a very signif-
icant improvement in the partial-load regime, with
efficiency being nearly constant and approximately
equal to 60 % for all points of operation of the ma-
chine at rated speed (910 rpm).

After this, the PAT was coupled to the gener-
ator with the field-oriented control algorithm and
the loss minimization method. Further tests were
performed to evaluate the generating unit behav-
ior under control conditions. Speed control results
were most revealing. They showed that the ma-
chine will have different operating points in terms
of speed but will be supplying the load on the gener-
ator stator with the same active power. This means
that a single control variable is not enough to im-
pose the operating system point when performing
either electromagnetic torque or mechanical power
control. Besides, when trying to impose torque and
mechanical power values close to the maximum ob-
tained for speed control, the system started to be-
come unstable. As one gets closer to those maxi-
mum 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 higher global efficiency
points. However, since these points have higher cor-
responding speeds (see Figure 10), it may not be of
interest for the system to operate in this region.

In the end, the magnetizing resistance was in-
cluded in the induction machine model to evalu-
ate stand-alone operation efficiency and global ef-

ficiency 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.

At last, it is worth mentioning that no control
and/or optimization of the PAT hydraulic variables
has been done. Besides, the pump as a turbine be-
ing 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 per-
tinent topics to be studied in the future.
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