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Abstract. In this study, we will control the inertial energy storage, called inertial energy
storage system, coupled with a wind energy conversion system that aims to improve
power quality of the transit network. Inertial storage was considered to be a ywheel
coupled with an induction motor and controlled by a voltage inverter type power converter.
First, a model of inertial energy storage system (ywheel + asynchronous machine) is
presented; then, two control methods, namely, the Direct Torque Control (DTC) and DTC-
conventional SVPWM (space vector pulse with modulation), are proposed. The two control
methods gave similar performance, but the DTC-SVPWM required less computation time.
The two regulators and the proportional integrator SVPWM technique were used to
determine the switching frequency. Using direct control with vector modulation strategy
enabled the inertial energy storage system to attain good continuation, even under rather
severe operating conditions, and the torque ripples were signi�cantly reduced compared to
the case of conventional DTC. The obtained simulation results are presented in this study.

© 2018 Sharif University of Technology. All rights reserved.

1. Introduction

Wind generators are generators whose primary energy
source is wind. It is well known that the wind
has very uctuating and unpredictable characteristics.
Even if there are statistical evaluations to predict the
average values of the wind for a few days or the
whole year, the wind speed changes very frequently
and it is impossible to predict its value for the given
time. As the mechanical power output from the wind
turbine is very uid, the electric power generated by
the wind generator will also be very volatile [1-4] This
poses many problems for administrators of the energy
system for two reasons; �rst, it is necessary to ensure
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the balance between power generation and power con-
sumption; thus, the wind generator should provide the
energy that the consumer demands, not more or less.
Second, the power consumption is very unpredictable
and variable. Because of these restrictions, current
wind generators cannot operate without SISES . The
concept of storage is imperative associated with the
generation of electricity. Whether it is an independent
production (isolated site, embedded application, etc.)
or production interconnected with the distribution
network, the existence of bu�ers between production
and consumption is essential. Electricity cannot be
stored easily and requires transformation into another
form of energy. The storage of electrical energy is
a component of the future sustainable development.
It often goes through an intermediate form (gravity,
compression, chemical kinetics, mechanics, etc.) [5-8].
In this work, we will focus on storage modes that can
be associated with a wind turbine. The purpose is
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Figure 1. Inertial system for electrical energy storage.

twofold: to store electrical energy during periods of
high wind in order to be able to return in periods of
low wind, and to smooth maximum power generated
by wind together with storing more energy. Storage is
usually in a form other than electricity and, therefore,
requires energy conversion. The overall performance
of storage is very variable depending on the selected
processes. There are two types of storage, one short-
term and the other long-term. In our case, we worked
on short-term storage systems. They allow to quickly
transfer high power over periods ranging from seconds
to ten minutes. Inertial energy storage system (SISE)
comprises a ywheel coupled with an electric machine
operable in two modes: motor or generator. Inertial
energy storage systems have time constants from few
minutes up to several hours, depending on their design.
The BIOS has found a speci�c application in improving
the quality of electrical power. The frequency and
voltage of the grid are imposed by regulators because
of their strong momentum, good performance, and long
lifetime. Inertial energy storage systems can be di�er-
entiated according to the speed range and the material
from which the ywheel is manufactured. They are
able to provide very high power and are limited only
by the nominal power generators and power electronic

converters. Currently, the most commonly used SISE
is the asynchronous machine in SISES and notable
achievements have already been reached for this type
of machine. In 1996, an SISE with a 20 MW double-fed
asynchronous machine and a ywheel of 74000 kg and
4 m in diameter was installed in Japan to regulate the
frequency in a 132 kV power line. The �rst applications
of institutions within the wind �elds considered the
asynchronous machine cage and ying in slow iner-
tia [7-10]. The majority of SISES with asynchronous
machine are SISES with slow driving, but power elec-
tronic converters allow achieving the same quick-ru�e
SISES with asynchronous machines. Furthermore, a
very important advantage of asynchronous machines
over other machines resides in the speed range at
constant power. With appropriate dimensioning, this
machine can attain a ratio of X = 5. In this work, we
will deal with the inertial energy storage system (called
SISE). The storage system under study consists of
inertial ywheel coupled with an induction motor and
driven by a voltage inverter type power converter as
presented in Figure 1. First, a model of SISE (ywheel
+ asynchronous machine) is presented and then, two
control methods are proposed for the MAS, namely,
Direct Torque Control (DTC) and DTC-SVPWM. The
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two control methods give similar performance, but
the DTC-SVPWM requires less computation time.
The two regulators and the proportional integrator
SVPWM technique are used to determine the switching
frequency. Using direct control with vector modulation
strategy enables the SISE to achieve good continuation,
even under rather severe operating conditions, and the
torque ripples are signi�cantly reduced compared to the
case of conventional DTC. Simulation results of the two
checks are provided.

2. Mathematical modeling of the components
of SISE

Several types of electrical machines can be integrated
into an SIES; the choice of the machine is made by
taking into account some criteria, namely, the type
of SIES (mobile or stationary), application (improving
the quality of electrical power), the total cost of
the system, the desired performance of the system,
and the speed range of the system. Figure 2 shows
torque and power of an electric machine. In this
�gure, there are two areas of operation for the ma-
chine [10,11].

Operation is below the base speed in this area.
Also, the nominal torque of the machine is available.
However, the maximum power is variable, depending
on the speed, and smaller than the nominal power.
This area does not have much interest in the SIES. For
operation above the base speed, the torque is reduced
in order to limit the power of the machine to the rated
value. It is the area of operation used in the SIES,
where the rated power is available for any speed:

X =

max


b
: (1)

The report characterizes X machine perspective con-
stant power operation. A machine having X = 2 allows
operation at constant power between 50% and 100% of

Figure 2. Envelopes of the power and electromagnetic
torque of an electric machine.

rated speed. This means you can enjoy 75% of the
energy stored in the ywheel energy. Thus, the choice
of the nominal electric machine power is made only on
the basis of the nominal power of SIES [12].

2.1. Modeling of the ywheel
Expression of the energy stored in the ywheel is:

Ev =
1
2
Jv:
2

v; (2)

'rn � Lrmas:'sn
M

with 'sn =
p

3:Vsn
!s

: (3)

We want to control the power of the ywheel coupled
asynchronous machine by a reference power that should
be stored or restored, represented by PV ref , and
measure the speed of rotation of the ywheel by the
following equation:


v ref =
r

2:Ecv
Jv

: (4)

3. Direct torque control of asynchronous
machine

Direct Torque Control (DTC) is based on ow control
and torque using hysteresis controllers [13,14]. The
stator ux is estimated by the equation of stator
voltage of asynchronous machine:

d's
dt

= Vs �Rsmas:Is: (5)

In �� repository, the components of the stator ux are
determined as follows:

's� =
Z

(�Rsmas:is� + Vs�) dt;

's� =
Z

(�Rsmas:is� + Vs�) dt: (6)

Currents and voltages in the �� system are determined
from the three-phase variables using the transformation
of Concordia. Being very di�cult to be measured at
the terminals of a three-phase inverter voltage supply,
voltages are estimated based on the DC bus voltage
and switching states of the inverter arm. Therefore,
the phase voltages of the MAS are determined as
follows [14,15]:

Va =
Vdc
3

(2:Sa � Sb � Sc);

Vb =
Vdc
3

(2:Sb � Sa � Sc);

Vc =
Vdc
3

(2:Sc � Sb � Sa): (7)
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A three-phase inverter can produce 8 di�erent combi-
nations as follows:

V0(000); V1(100); V2(110); V3(010); V4(011);

V5(001); V6(101); V7(111):

The 8 combinations generate 8 voltage vectors that
can be applied across the asynchronous machine. The
magnitude of the stator ux and the angle can be
calculated from Eq. (5):

's =
q
'2
s� + '2

s� ;

�s = arctg
�
's�
's�

�
: (8)

In the Ni sector, the stator ux vector is determined
from the angle between the reference (s) and ux vec-
tor. The electromagnetic torque of the Asynchronous
machine is estimated by the following equation:

Tem = p: (is� mes:'s� � is� mes:'s�) : (9)

�'s = Vs:Te: (10)

Figure 3 gives information about the variation of the
switching frequency of the inverter. It is seen that the
commutations are denser when the position of the ux
vector approaches the position of one of the voltage
vectors. This is a very simple case assuming that the
couple still has its reference value and only stream error
generates switching voltage vectors. In reality, the ow
path is much more complicated. Hysteresis regulators

Table 1. Sequence examples of voltage vectors and inner
hysteresis band.

N 1 2 3 4 5 6

e' = 1

ec = 1 V2 V3 V4 V5 V6 V1

ec = 0 V7 V0 V7 V0 V7 V0

ec = �1 V6 V1 V2 V3 V4 V5

e' = 0

ec = 1 V3 V4 V5 V6 V1 V2

ec = 0 V0 V7 V0 V7 V0 V7

ec = �1 V5 V6 V1 V2 V3 V4

receive torque error and ow as the input and provide
discrete output signals.

Based on the outputs of the regulators and the
hysteresis area (N), where the stator ux is located,
the voltage vectors are selected to maintain the ux
and torque of the internal hysteresis bands. Table 1
gives the possible selections.

4. Direct torque control-space vector
modulation

The proposed method preserves the basic idea of the
classical DTC method. For this, technical orientation
of the stator ux is used. The control voltages can be
generated by PI controllers and imposed by SVPWM
technique. This control structure has the advantages of

Figure 3. Sequence examples of voltage vectors and inner hysteresis band.
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Figure 4. The block diagram of the DTC SIES.

vector control and direct torque control and allows for
surpassing the problems of the classical DTC [16,17].
The PI regulator and vector modulation technique is
used to obtain a �xed switching frequency and less
torque pulsations and ow. The block diagram of the
structure is illustrated in Figure 4.

Two PI controllers are used for controlling the
ux and torque. Stages of the implementation of a
Vector PWM Modulation (SVPWM) are illustrated by
the block diagram of Matlab/Simulink in Figure 5. In
addition, the results are presented in Figure 6.

5. Simulation results

The block diagrams of the two methods (conventional
DTC and DTC-SVPWM), illustrated in Figure 7, were
implanted in MATLAB/Simulink software to simulate
the inertial storage system (SIES). Initially, the ma-
chine was not run and only the ux was maintained

at nominal value; then, it started with the speed of
314 rd/s.

It was assumed that the machine had an initial
energy of Ec0 = 1 kJ. Control power and the electrical
power storage system are shown in Figure 8. It
shows the simulation results for the case where the
network requires a variable-power SIES. Asynchronous
machine with bipolar pairs (4 Kw at 1500 rpm) and a
ywheel having J = 0:2 kg.m2 was considered in the
simulations.

According to Figure 9, the measured velocity is
well below the imposed reference. Figure 9(b) shows
how the block has been weakened by the estimated
rotor ux and ux reference. This implies that the
speed controller is properly sized.

Figure 10 illustrates the evolution of the energy
stored in the ywheel. The electromagnetic torque
is shown in Figure 11; it varies in a way to keep
the power constant and ywheel below its reference
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Figure 5. Simulink subsystems of SVPWM.

Figure 6. Modulation signal, the sector, and PWM signal.

Figure 7. Simulation results of the SVPWM algorithm.
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Figure 8. Electrical power of SIES and control power.

Figure 9. (a) Flywheel speed and reference. (b) Rotor
ux.

Figure 10. Energy stored in ywheel.

from the speed regulator. The variation of the ux
in the reference trajectory (��) is presented in Fig-
ure 12.

The phase currents of the SIES are shown in Fig-
ure 13. Moreover, the operating modes are illustrated
in Figure 14(a) for the cases of storage; there is an
increase in the speed of the ywheel. Figure 14(b)

Figure 11. Electromagnetic torque and reference torque.

Figure 12. Stator ux in reference (��) trajectory.

shows the cases of restitution and the results show
a decrease in speed. Simulation results show that
direct torque control with PWM Vector DTC-SVPWM
for SIES gives good outcomes in comparison with the
conventional DTC control. It is important to note that
under the proposed DTC-SVPWM control, SIES shows
good pursuit, even under operating conditions that
are severe enough, and the torque ripples are signi�-
cantly reduced compared with the case of conventional
DTC.

6. Conclusion

The model met the objectives. The simulation results
clearly showed the storage and retrieval of energy.
The mathematical model of inertial energy storage
system was presented and the methods of control (con-
ventional DTC and DTC-SVPWM) for asynchronous
machine cage were used. Both control methods gave
similar performance, but the DTC-SVPWM required
less computation time. The two controllers and the
proportional integrator SVPWM technique were used
to set the switching frequency. The use of direct
control with vector modulation strategy enabled the
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Figure 13. Phases current of ywheel SIES.

Figure 14. (a) Energy storage period. (b) Energy restitution period.

SIES to show good tracking, even under operating
conditions that were severe enough, and the torque
ripples were signi�cantly reduced compared with the
case of conventional DTC.
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Nomenclature

Ev Energy stored in the ywheel

Pv Power of the ywheel
Jv Coe�cient of inertia

v Flywheel speed
' Flux (Wb)
Tem Electromagnetic torque (Nm)
Ls(Lr) Stator inductance (rotor) (H)
M Mutual inductance (H)X

Leakage coe�cient � = 1�M2=LsLr

Rs(Rr) Stator resistance (rotor) (
)
�r Rotor position
!r(!s) Rotor and stator pulsation (rd/s)
G Slip
P Number of pole
PmasN Rated Power of asynchronous machine
DTC Direct Torque Control
SVPWM Space vector modulation
IESS Inertial Energy Storage System
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Appendix

Asynchronous machine parameters are as follows:

Power 4 kW
Rated speed 1440 rpm
Rated torque 27 Nm
Rotor resistance 1.8 

Stator resistance 1.2 

Rotor inductance 0.15687H
Stator inductance 0.1554H
Moment of inertia 0.2 kg.m2

Coe�cient of viscous friction 0.001 k.m2/s
Number of poles 2
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