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Study of the behaviour of a doubly-fed induction machine
supplied with scalar open-loop control

Abstract. Doubly-fed induction machine is usually used in variable-speed electric drives, where the rotor speed is in the vicinity of the synchronous
speed. Finite-element-method model has been built and several studies, i. e. start up, sudden load change and fan drive, have been performed in
order to verify the machine behaviour in supersynchronous motor operation. The simplest form of control (open-loop U/f control) has been used for
rotor voltage supply, while the stator was connected directly to the public network.

Streszczenie. Maszyna indukcyjna dwustronnie zasilana jest zwykle uzywana w napedach elektrycznych o zmiennej predko$ci, gdzie predko$é
wirnika jest zblizona do predkosci synchronicznej. Opracowano model w oparciu o metode elementéw skoriczonych. Przeprowadzono
doswiadczenia, w ktérych zmieniano parametry rozruchu, obcigzenie i wentylator w celu sprawdzenia zachowania maszyny w trybie pracy silnika
supersynchronicznego. Najprostsza forma sterowania (sterowanie U/f w otwartej petli) zostata wykorzystana do zasilania napieciowego wirnika,
podczas gdy stojan zostat podtgczony bezposrednio do sieci publicznej. (Badanie zachowania maszyny indukcyjnej dwustronnie zasilanej ze
sterowaniem w petli otwartej).
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Introduction

Doubly-fed induction machine (DFIM) is usually used in PA
large-power variable-speed drives with limited range of
speed in the vicinity of the synchronous speed using
bidirectional power converter [1-5], e. g. wind turbines, large
pumps etc. Stator is connected directly to the public
network (400V and 50 Hz in Europe), whereas rotor is
connected to the same network via power converter with
adjustable voltage and frequency (Fig. 1).
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P The two-dimensional finite-element-method (FEM)
DC L model (Fig. 3) with analytically calculated resistances and
{ 3 end-winding leakage inductances was built in order to
AC M obtain as accurate results as possible. The machine data
U/ are given in Table 1. The scalar open-loop control with

variable voltage-to-frequency ratio (U/f control) has been
Fig.1. Power flow in the drive system with DFIM and power used for the rotor Voltage. spurce in the SImgIatlons.
converter Namely, the U/f control it is one of the simplest,
easy-to-design and low-cost motor control methods [11-12],
If power converter (rotor Vo|tage Source) allows on|y thus the drive SyStem was Slmpllfled as much as pOSSible.
unidirectional power flow (Fig. 1), i. e. from the network to
the machine (diode rectifier at the input side instead of the  Table 1. Machine data

transistor bridge), then the operational area is limited to the Stator outer diameter 150.0 mm
supersynchronous speeds [6-7], assuming that the machine Stator inner diameter 103.0 mm
operates as a motor (Fig. 2). The power rating of the rotor Rotor outer diameter 102.0 mm
voltage source is a fraction of the total power and it Shaft diameter 36.0 mm
increases with increasing speed range [8-10]. Core axial length 120.0 mm

Number of pole pairs 3

In the steady-state motor operation, the rotor rotates in

the supersynchronous area with the mechanical speed, Number of stator slots 36
L ) . Number of rotor slots 27
which is defined as the sum of the rotational frequency of -
h d . ic field. divided by th Stator-tooth width 4.4 mm
the stator an rotpr .rotatlng magnetic field, divided by the Rotor-tooth width 53 mm
number of pole pairs: Stator-yoke thickness 10.0 mm
w, + w, Rotor-yoke thickness 11.0 mm
(1) Q=——"——-—= Stator nominal voltage 400 V
P Rotor nominal voltage 100 V
where: Q — mechanical speed in [1/s], w/w,—angular Nominal power 1.5 kW
frequency of the stator/rotor voltage in [1/s], p — number of
pole pairs.
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Fig. 3. Cross section of the FEM model of the DFIM

Due to the open-loop control, the speed or position
sensor is not needed, which increases the mechanical
robustness of the drive system. The DFIM is able to
self-synchronize to the supersynchronous speed, defined
by equation (1). The synchronisation can be lost in case of
large sudden load torque changes. Loss of synchronisation
can be detected indirectly without measuring the speed but
one of the electrical quantities instead, e.g. the active
power, dc-link current or motor phase currents (either stator
or rotor) [13].

Simulation of the start-up

When the stator and rotor rotating magnetic field of the
DFIM are not in synchronism, the machine produces
average electromagnetic torque, different from zero, which
tends to synchronise both rotating magnetic fields. This
means that the machine is able to reach synchronism from
standstill, even without any complex control of the rotor
source (simple three-phase voltage supply in both sources)
and without any kind of sensor. The machine is able to start
at the direct connection to the voltage sources
(self-starting). However, sufficient magnetisation (for this
case it will explained in the following text), i. e. sufficient U/f
ratio, from rotor side is needed in order to achieve
synchronisation, especially when there is load torque
present already from the start. In case of insufficient rotor
magnetisation, the machine speed and torque may start to
oscillate and the synchronisation may not be achieved.

Fig. 4-6 show results of the simulations with successful
as well as unsuccessful start-ups. Stator is connected
directly to the three phase network and rotor is supplied
with sinusoidal voltage source with variable voltage and
frequency. Sinusoidal rotor voltages have been taken into
account because the general behaviour of the drive has
been studied, although in reality the rotor would be supplied
with  PWM voltage, which introduces additional higher
harmonic components of the voltage and current. The rotor
voltage amplitude and frequency that have been applied in
each case are gathered in Table 2.

Table 2. Rotor voltage at different start-up simulations

Simulation U, [V] f: [Hz]
No-load start up (AC) 15 10
Start-up under load (AC) 30 10
Start-up under load (DC/AC) 10/30 0/10

In Fig. 4, successful start-up with no load is shown. After
approximately 0.1 s, the machine reaches synchronism at
1200 min™ (50 Hz on the stator side, 10 Hz on the rotor
side, 3 pole pairs). The electromagnetic torque that the
machine produces in the steady state is approximately
0 Nm.

If the machine is started under constant torque of
10 Nm, which is approximately 70 % of the nominal torque,
the synchronism is not achieved (Fig. 5), although the
amplitude of the rotor voltage is doubled. The
electromagnetic torque and rotor speed oscillate. A
procedure for a successful start-up under load torque is
suggested here. First, the d. c. voltage instead of the a. c.
voltage is applied to the rotor winding. The voltage has to
be large enough to sufficiently magnetise the machine (10 V
d. c. in this case). The DFIM now behaves as classical
rotor-excited synchronous machine with additional damper
cage on the rotor (current can flow through flywheel diodes
in rotor circuit PWM voltage source), which allows
synchronisation. The machine reaches stable steady-state
operation at synchronous speed (1000 min'1) after
approximately 0.1 s (Fig. 6). After that, the a. c. voltage with
the same amplitude and frequency as in the previous case
(30 V, 10 Hz) is applied to the rotor winding at 0.2 s. The
machine  accelerates to 1200 min'1, while  the
electromagnetic torque and speed are stable and do not
oscillate.
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In these three case studies, it has been shown that
machine is able to start directly from standstill, if there is no
load torque. In case of too large load torque, the start-up
consists of two parts — from standstill to synchronism and
from synchronism to supersynchronism.

Simulation of the sudden load change

The DFIM response to the sudden change of the load
torque shows certain degree of robustness. In all
simulations of the sudden load change, a no-load start-up
was assumed. In case of the moderate sudden load change
of 5 Nm, which is approximately 35 % of the nominal
torque, the machine continues to operate in the steady
state, after transient phenomenon is finished (Fig. 7).

However, if the sudden load change is large, e. g.
30 Nm or more than 200 % of the nominal torque, the
machine loses synchronism and the electromagnetic torque
and rotor speed start to oscillate (Fig. 8).

In order to prevent the loss of synchronisation, the rotor
voltage amplitude must be increased, when the load torque
changes. This is possible only, if the sudden load change is
expected. With increased rotor voltage amplitude from 30 V
to 50 V and unchanged frequency, the magnetisation level
from the rotor side is increased. The machine is able to
produce sufficient electromagnetic torque, which maintains
supersynchronous steady-state operation (Fig. 9).

Table 3. Rotor voltage at different sudden load change simulations

Simulation U [V] Ji [HZ]
Sudden unexp. load 5 Nm (AC) 30 10
Sudden unexp. load 30 Nm (AC) 30 10
Sudden exp. load 30 Nm (AC/AC) 30/50 10
1600 T T T T 180

—speed == torque

1400 |
160

1200 |

140
1000 |

1
i 120

% ;ﬂh“wf“vqe&w;ummamm'q \

\ﬁf

500 |

T (Nm)

n (min"}

600 |

400

1-20
200 |

{40
6 ll:I lJ;Z l.l‘..\ U;-I lJ;S
1(s)
Fig. 7. No-load start up and sudden unexpected load step of 5 Nm

1600

—speed == torque| 7 100

T(Nm)

n (nlin'l]

f(s)
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However, if the sudden large load change is not
expected and the machine falls out of synchronism, it is still
possible to retrieve synchronisation. First, the d. c. voltage
is applied to the rotor winding, until synchronous speed is
achieved. Then, the a. c. voltage is applied in order to reach

desired supersynchronous speed. The procedure for
synchronisation retrieving is the same to the previously
simulated start-up under load (third case in start-up
simulations). The rotor voltage amplitudes and frequencies
for the sudden load change simulations are gathered in
Table 3.
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Fig. 9. No-load start up and sudden expected load step of 30 Nm

Simulation of the fan drive

A simulation of a DFIM drive with passive load (fan) was
performed. The rotor voltage amplitude and frequency were
changed during the simulation and the machine
performance was observed.

Since the load has a fan drive characteristic, the load
torque increases with square of the rotor speed. Its value is
defined with equation (2). The power, needed to drive the
fan at 1200 min'1, is then 1.5 kW, which is also nominal
power of the machine.

(2) I, =12 (12%0)2

where: 71 — load torque in [Nm], n — rotor speed in [min'1].

The start-up is performed with d. c. rotor voltage of 10 V,
until synchronous speed is achieved (Fig. 10). Then at
0.2's, the rotor voltage amplitude and frequency are
increased to 35V and 15 Hz, respectively. The machine
operates at 1300 min™* for a certain amount of time — until
0.5s in this simulation, but this time can be optionally
extended. At 0.5 s, the frequency of the rotor voltage is
decreased to 10Hz, while the amplitude remains
unchanged. The rotor speed decreases to 1200 min”. The
rotor voltage amplitude is then decreased twice at 1.0 s and
1.2 s with unchanged frequency, which means that the U/f
ratio decreases to 3.0 V/Hz and 2.5V/Hz, respectively
(Fig. 13). This is done in order to reduce the current, flowing
through the rotor, and consequently the losses in the rotor
winding. Since the mechanical speed is not changed (both
the torque and speed are constant) and the stator active
power increases only slightly, the efficiency of the machine
is increased.
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Fig. 10. Speed and torque of a DFIM driving a fan
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Fig. 11. U/f ratio of the rotor voltage

Another interesting phenomenon can be observed in
Fig. 10. At 0.5 s, when the amplitude and frequency of the
rotor voltage suddenly change, machine produces a large
negative torque (approximately -60 Nm or more than 5
times the nominal torque) for a short period of time, which
may cause mechanical damages to the machine or drive.

The reason for such large torque change is sudden rotor
voltage change at 0.5 s, which is shown in Fig. 12. The
voltage is instantly changed to the opposite value, which
causes large currents in the rotor and stator windings and is
manifested as large braking torque. However, if the rotor
voltage frequency transition is smooth (Fig. 13), no large
torque change occurs, as it can be seen in Fig. 14.
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Fig. 13. Rotor voltage against time — frequency change at 0.4 s

In Fig. 15 and 16, the stator and rotor active power are
presented, respectively. It can be seen that with the
reducing of the U/f ratio from 3.5 V/Hz to 2.5 V/Hz with a
step of 0.5 V/Hz (the part of the graph from 0.5 s to 2.0 s),
the average stator active power increases from 1312 W to
1389 W, while on the other hand the average rotor active
power decreases from 1828 W to 630 W. The mechanical
power is constant during whole time (1508 W), since the
rotor speed and torque do not change. In the simulation, the
machine efficiency is increased from 48.0 % to 74.7 % just
by reducing the U/f ratio, which reduces the rotor losses.

Lower UIf ratio means also that the stator reactive power
increases, since the magnetisation from the rotor side is
decreased.
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Fig. 14. Speed and torque of a DFIM driving a fan with smooth
transitions of the rotor voltage
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Conclusion

In the study, it has been shown that DFIM can be used
as a driving motor in the drives, which operate in the limited
area above the synchronous speed, using simple scalar
open-loop control for the rotor supply. The machine is able
to self-synchronise. In case of sudden large torque
changes, the synchronisation may be lost, but it can be
retrieved again.

The advantages of the presented DFIM drive system are
its simplicity, robustness, accurate rotor speed as well as
low frequency and power rating of the rotor voltage source.

The main disadvantages of the drive system are slip
rings due to their maintenance and possibility of
synchronisation loss, if sudden large load torque occurs.

The UIf control algorithm with the smooth voltage and
frequency transitions has to be integrated in order to avoid
large torque shock. Also, the algorithm has to be able to
find the proper U/f ratio in order to reduce the input power
and increase efficiency as much as possible, while
maintaining the stable operation.

PRZEGLAD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 95 NR 5/2019 25



Acknowledgements

This work is supported by the Slovenian Research
Agency (project ID L2-8187 (C)). The authors acknowledge
the project entitled Premium efficiency class electrical
motors (project ID L2-8187 (C)) was financially supported
by the Slovenian Research Agency.

Authors: dr. Mario Vukoti¢, University of Ljubljana, Faculty of
electrical engineering, TrZzaska cesta 25, 1000 Ljubljana, Slovenia,
E-mail: mario.vukotic@fe.uni-lj.si; prof. dr. Damijan Miljavec,
University of Ljubljana, Faculty of electrical engineering, TrZaSka
cesta 25, 1000 Ljubljana, Slovenia, E-mail:
damijan.miljavec@fe.uni-Ij. si

REFERENCES

[1] Boldea 1., Nasar S. A., The Induction Machines Design
Handbook, Boca Raton: CRC Press, 2010

[2] Alias A., Rahim N. A., Hussain M. A., Bidirectional
Three Phase Power Converter, |IEEE First Conference on
Clean Energy and Technology, 2011

[3] Yaramasu V., Bin W., Sen P. C., Kouro S.,
Narimani M., High-Power Wind Energy Conversion
Systems: State-of-the-Art and Emerging Technologies,
Proceedings of the IEEE, 103 (2015), No. 5, 740-788

[4] Muljadi E., Singh M., Gevorgian V., Doubly Fed
Induction Generator in an Offshore Wind Power Plant Operated
at Rated V/Hz, IEEE Energy Conversion Congress and
Exhibition, 2012

[5] Kumar N., Chelliah T. R., Srivastava S. P., Analysis
of doubly-fed induction machine operating at motor mode

subjected to voltage sag, Engineering Science and
Technology, an International Journal, 19 (2016), 1117-1131

[6] Shin K. H., Lipo T. A., A Super-synchronous Doubly Fed
Induction Generator Option for Wind Turbine Applications,
IEEE Energy Conversion Congress and Exposition (ECCE),
2016

[7] Eskander M. N., Saleh M. A., El-Hagry M. M. T.,
Performance of Double Fed Induction Machine at Sub- and
Super-Synchronous Speed in Wind Energy Conversion
System, Journal of power electronics, 9 (2009), 575-581

[8] Feehally T., Apsley J. M., The Doubly Fed Induction
Machine as an Aero Generator, IEEE Transactions on Industry
Applications, 51 (2015), No. 4, 3462-3471

[9]Li H., Chen Z., Overview of different wind generator systems
and their comparisons, IET Renewable Power Generation, 2
(2008), No. 2, 123-138

[10] Rawal C. S., Mulla A. M., An AC-AC Converter for
Doubly Fed Induction Generator Driven By Wind Turbine,
International Journal of Scientific Research Publications, 4
(2014), No. 12, 1-7

[11]Hannan M. A., Ali J. A., Mohamed A. Hussain A.,
Optimization techniques to enhance the performance of
induction motor drives: A review, Renewable and Sustainable
Energy Reviews, 81 (2018), No. 2, 1611-1626

[12] Smith A., Gadoue S., Armstrong M., Finch J.,
Improved method for the scalar control of induction motor
drives, IET Electric Power Applications, 7 (2013), No. 6,
487-498

[13] Liu J., Nondahl T. A., Schmidt P. B., Royak S.,
Rowan T. M., Generalized Stability Control for Open-Loop
Operation of Motor Drives, IEEE Transactions on Industry
Applications, 53 (2017), No. 3, 2517-2525

26 PRZEGLAD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 95 NR 5/2019



