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Abstract — The flywheel energy storage systems
(FESSs) are suitable for improving the quality of the
electric power delivered by the wind generators and to
help these generators to contribute to the ancillary
services. This paper investigates the energetic
performances of a low-speed FESS with a classical
squirrel-cage Induction Machine (IM) in the aim of its
association to a wind generator.

Index Terms — Low-speed flywheel, energy storage,
wind generator, losses, efficiency.

I. INTRODUCTION

In the last years, Flywheel Energy Storage
Systems (FESSs) have been rediscovered by the
industrials due to their advantages in comparison with
other energy storage systems [1]. FESSs have thus
found a specific application for the electric power
quality, as far as the voltage and frequency
maintenance between imposed limits is concerned.
By virtue of their high dynamics, long lifetime and
good efficiency, FESSs are well suited for short-term
storage systems, which are generally sufficient to
improve the electric power quality [1]. In the case of
variable-speed wind generators (VSWGs), by using
the power electronics, energy generation and storage
systems can be coupled via a DC bus [2]. In such a
configuration, the FESS ensures the DC-bus voltage
control, thus contributing to the
generation/consumption balance. The power converter
connected to the network can then be concerned with
the mains voltage and frequency control, and the wind
generator can contribute to the ancillary services.

For accomplishing these objectives, a generating
system, which must be able to feed isolated loads or to
be integrated in the network, is here considered. The
wind generator must then work without auxiliary
source to contribute to the generation/ consumption
balance, and to set the adequate frequency and
voltage. A FESS is linked to the DC bus. The
connection to the network is achieved through a LC
filter and a transformer. The LC filter ensures a good
voltage quality, and is well suited for feeding isolated

loads. The reference value of the power generated to
the network can be determined by means of a fuzzy-
logic supervisor and the voltage and frequency control
is achieved using resonant controllers [3] - [6].

In general, for a FESS associated to a VSWG, the
restrictions in mass and volume are not crucial, and
the flywheel is built from steel, for a maximum
rotational speed of 10,000 rpm [1], [7]. Magnetic
bearings and vacuum are not necessary. A low-speed
FESS, whose electric machine is a classical squirrel-
cage induction machine, is considered in this paper.
FESS is connected to the DC bus of the system in
order to control the power flow from the VSWG to the
network. The study is concerned with the FESS
efficiency and dynamic performance.

II. VSWG-FESS SYSTEM UNDER STUDY

Fig. 1 shows the VSWG-FESS system under
study. It is scale-modeled by the laboratory test bench
schematized in Fig. 2, which is currently developed at
the Ecole des Hautes Etudes d’Ingenieur (HEI) Lille,
France. The test bench has a modular structure,
allowing the study of different VSWG-FESS system
topologies. The wind turbine is emulated by a DC
machine (3 kW / 1500 rpm), fed through a PWM
converter entailing a DS1104 dSPACE™ card
(PowerPC 603e / TI DSP TMS320F240) control. It
drives a permanent-magnet synchronous generator
(2.8 kW / 3000 rpm), whose stator is connected to the
DC bus (3300 pF / 800V) through a PWM rectifier.
This one, similarly to the grid-connected PWM
inverter, is controlled by a DS1103 dSPACE™ Card
(PowerPC 604¢ / TI DSP TMS320F240). Lastly, the
squirrel-cage induction machine (3 kW / 1500 rpm),
coupled to a flywheel (0.2085 kg'm?), is powered by a
DS1104 dSPACE™ card-controlled PWM converter.

All the PWM converters have the same structure,
and are provided with SEMIKRON™ IGBTs
(1200V/50A). Control and measurement interfaces
between converters dSPACE™ cards and sensors
make possible configuration changes.
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Fig. 2. Scheme of the experimental test bench

The developed test bench allows investigations of
grid-connected or isolated load-connected energy
generation and storage systems. Several grid
connections can be thus considered with reference to
the filter (L, LC etc.) used, so that different control
strategies, accounting for likely unbalanced energy
flows, can be implemented.

III. FESS LOSSES AND EFFICIENCY

A. FESS electronic power converter

losses and efficiency

The dissipated power on the IGBT operating in the
switching mode may be expressed by

P= Veg ()-i(2)-dt, 1)

O —y

1
T

where T is the signal period, Vg, the drop voltage on
the IGBT, and i, the electric current crossing the
IGBT.

1) Switching losses. For an IGBT power converter
leg (Fig. 4), the commutation losses can be expressed

by [9], [10]
Pceom = (kWon ’ Won (l) + kWoff ! Woﬁ” (l)) fpwm ’ (2)

where W,,(i) and W,4(i) are the turn-on and turn-off
dissipated energy characteristics for the IGBT,
respectively; in this case, ky,, = ky,; =V /Ey with

V4, the voltage of the DC-link circuit and Ey, the
manufacturer’s laboratory test voltage.

The total commutation losses of the FESS three-
phase bridge-type power converter are obtained by
trebling peon of Eq. (2).

2) Conduction losses. Fig. 3 shows the electric
current at one terminal of the power converter for a
positive half-period; the IGBT conductperioZ;gzr,and
of the diode, Tp, are presented, for a PWM period

Tpwur-
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Fig. 4. Structure of a power converter leg

If the PWM frequency is sufficiently high, it can be
considered that, for an electrical period, the cyclic
ratio for a power converter leg is

1 r- sin(@ + q)) Tier
— 4+ = =T, . , 3
2 ) T IGBT fpwm (3)

pwm

p:

where f,um = 1/ Ty, 7 denotes the modulation depth
and cosp, the power factor. Some values for p are
given in Fig. 5.

It should be noted that the dead time of the power
converter is not considered in this study.

So, the conduction periods of the IGBTs and
diodes, during a PWM period, are, respectively:

P 1 r-sin(49+(p)
Tiggr =——= (—+— Tpum > (4.2)
fpwm 2 2
T, =12~ :(l_"sm(e“p)]-Tm. (4.b)
fpwm 2 2

It has been assumed a sinusoidal shape of the
current by neglecting its overlapped waves, i.e. i
= |I;]-sinf [8]. Moreover, the current is supposed
constant during the PWM period, and only the
positive half-period of the current is considered for the
losses computation (for the second half-period of the
current, the losses being the same).

art

Fig. 5. Waveforms of the voltage, u, current, i, and power, P

The dissipated energy in the IGBT, during one
PWM period and for an angle 6, is given by

Epp :Vce-|1k|sin9-(%+wj7 (5)

2 pwm >

where V., is the voltage drop on the IGBT in the
switch-on mode. The dissipated power in the IGBT,
for an angle 6, is

Pp=V, -|Ik|sin9~(%+w1. 6)

Fig. 5 shows that the power has a double pulsation
as compared to the voltage or the current. Therefore,

the average dissipated power in the IGBT can be
written as

r-sin(6 + go)

; )dé, )

Par Z.[Vce -|1k|Sin9.[%+
0

leading to
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In the same way, the diode conduction losses can
be written as

)

PD:VD'|1k|'( ﬂj,

1

V4 4
where V) is the voltage drop on the diode. Egs. (8)
and (9) determine the conduction losses for one leg of
the power electronic converter. Hence, the total
conduction losses of the FESS power converter are
given by the Eq. (10).

By summing the commutation and conduction
losses given by Eq. (2) and Eq. (10), respectively, one
obtains the total losses of the FESS power converter.
The characteristics of the SKM 50 GB 123 D IGBT
module, provided by SEMIKRON, have been used in
the simulation of a FESS power converter with a
PWM frequency set at 8 kHz. Fig. 6 shows the
simulation results.
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Fig. 7. Losses and the efficiency of the FESS IM-plus-
flywheel during acceleration from standstill to maximum
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B. FESS IM-plus-flywheel losses and efficiency

1) Stator copper losses are computed by using the
stator resistance R, and the Park components of the
stator current:

Pus :Rs'(iszd+i3q)' (11)
2) Rotor copper losses can be written as the

product of the electric power P and the slip s of the

IM:

12)

Pir :s'P:S'(vsd 'lsd+vsq 'lsq)'

3) Iron losses are determined from the IM
equivalent diagram of Fig. 8:

U, -cosp—R, -1, )2 +(U, -sin(p)2

R,

Pre =3 (13)

It should be noted that Eq. (13) calculates the IM
iron losses for a sinusoidal regime by neglecting the
PWM losses.

4) Friction losses are determined as

Pf:QIM'(TsJF-QIM'B)n (14)

where T is the static torque, B, the viscous friction
coefficient and Qy;, the mechanical speed.

Fig. 7 gives the simulation results for the total
losses and efficiency of the FESS IM-plus-flywheel.

(10)



It can be seen from Fig. 6 that the FESS power
converter efficiency is influenced by the IM power
factor. If the IM operates at rated power in the flux-
weakening region, its power factor reaches the
maximum value 0.86 and the converter efficiency is
97.5 %, whereas the efficiency of the IM-plus-
flywheel is around 82 %.

IV. EXPERIMENTAL RESULTS

In this section, the experiments carried out using
the test bench of Fig. 2 are presented in order to
validate the previous simulation results. In the
considered case, the FESS is not coupled with the
VSWG. The flywheel is accelerated to the maximum
speed and stores the energy from the network. Then,
the flywheel brakes and delivers through the IM its
energy into the network.

The IM coupled to the flywheel operates in the
field-weakening region, as having the rotor speed
between 1500 and 3000 rpm. The corresponding IM
power equation is determined as

M .
Py =T -0 = p'L_¢rd lg Ly

r

(15)

with  Ppy, the electric power, T,v, the
electromagnetic torque, Q;v, the mechanical speed, p,
the pole-pair number, M, the mutual inductance, L,,
the rotor inductance, ®,; the d-axis rotor-flux
component, iy, the g-axis stator-current component.

From Eq.(15), the rotor-flux reference value can be
computed as

Pue Ly !

E3 b

“Lsgmax 'QIM mes

®r (QIM) =

(16)

where Py, is the IM rated power and Qpes, the IM
measured speed. In Eq. (16), the IM parameters
assigned with asterisk define the estimated parameters.
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Fig. 9. Experimental efficiency of the FESS
for Py = 3000 W

Since IM losses have been neglected in deriving
Eq. (16), several values for Py, have been considered
in order to assess the influence of this parameter on
the IM-based FESS efficiency. Moreover, different
values for Py, have been considered in function of the
two operating modes of the IM, i.e. motor and
generator. The experimental results have proven that
the Py value has a notable influence on the FESS
efficiency.

Figs. 9 and 10 show the experimental efficiencies
of the IM and of the power converter, for two values
of Py, Fig. 9 presents the case where Py, was set to
the rated power of the IM. The experimentally-
resulted IM-plus-flywheel efficiency was about 81 %
in the charge operation and 72 % in the discharge
operation. The efficiency of the DC-link power
converter was about 95 % in the charge operation, and
86 % in the discharge operation.

In the second case (Fig. 10), the estimated losses
of the FESS were added to the rated power of the IM
and used to compute the rotor-flux reference value.
So, the experimental efficiency of the IM-plus-
flywheel was notably increased to 88 % in the charge
operation and to 81 % in the discharge operation. The
resulted DC-link power converter efficiency was also
significantly improved to 91 % in the charge operation
and to 92 % in the discharge operation.

Figs. 11 to 21 show the experimental results in the
case when the FESS losses were considered for
computing the rotor-flux reference value.

From Eq. (16), it can be written

*

PIMr 'Lr . 1
p'M* '@r('QIM) ‘QIMref ’

an

Lsqref =

where iy, , is the reference current for the IM’s
current regulator. This relation was used to compute
the reference current in function of the desired
operating power for the IM, in order to carry out the
experiments at the different IM power values, Py,
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Moreover, two cases for the speed value Q.
were considered in Eq.(17). In the first case (figures
11 to 14), the speed reference was set to a constant
value of 314 rad/s. In the second case (figures 15 to
18), the measured values of speed were used in the
real-time computation of the i, ., current.

By integrating the electric power of the FESS, the
energy stored/delivered in/from the flywheel can be
computed. Thus, the FESS efficiency can be written as

E
Nress =100 [%], (18)

S

where E; and E,; are the energy stored/delivered
in/from the flywheel, respectively, both estimated for
one charge/discharge cycle [11]. For the both cases
discussed above, the FESS efficiency was about 71 %,
but the separate IM and power converter efficiencies
are very different (as can be seen in Figs. 19 and 20).

The kinetic energy stored in the flywheel is given
by

iy
Epy=J—">

> (19
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Fig. 20. IM and DC-link converter efficiencies

(J is the FESS inertia) and can be shown in the Fig. 21
in comparison with the network-side measured
energy.

There are significant differences between the DC-
link converter efficiencies in the two considered cases
of Figs. 20 and 21. From both figures, it also results
that the efficiency of the DC-link converter is strongly
dependent on the IM control strategy. Particularly, the
experiments had proved that the flux-weakening
strategy has an important influence on the IM and the
DC-link converter efficiencies [12].

V. CONCLUSION

In this paper, the performance analysis of an IM-
based FESS associated to a VSWG has been
presented. The electronic power converter and the IM-
plus-flywheel have been separately considered for the
FESS losses and efficiency determination. Good
agreement between simulation and experimental
results has been found.

VI. APPENDIX
A. IM-plus-flywheel parameters

Number of poles: 2-p = 4;

Stator resistance: R;= 0.76 Q ;

Rotor resistance: R, = 0.76 Q ;

Core loss resistance: R, = 293.3 Q ;
Magnetizing inductance: M = 77.67 mH,;
Leakage inductance: L;= 7.30 mH;
Stator inductance: L; = 81.32 mH,;

Rotor inductance: L, = 81.32 mH,;

Total leakage factor: ¢ = 0.071;

Rated current: /= 10.9 A;

FESS inertia: J = 0.2085 kgm?;

Viscous friction coefficient: B = 0.0011 Nm-s-rad™.

B. Network connection

Filter: Inductance: L= 3 mH;



Resistance: R;= 0.1 Q;
Transformer:

Equivalent leakage inductance: L, = 0.923
mH;

Equivalent winding resistance: R, = 1.18 Q.

C. DC-link parameters

Capacity: C = 3300 puF;
Maximal voltage: V ema = 800 V.

D. Power converter parameters
All the power converters are provided by

SEMIKRON™ and are composed from a SKD 51/14
rectifier module, three SKM 50 GB 123 D and one

SKM 50 GAL 123 D IGBT modules whose
parameters are fully given at
http://www.semikron.com .
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