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a b s t r a c t

The flywheel energy storage systems (FESS) can be used to store and release energy in high power pulsed
systems. Based on the use of a homopolar synchronous machine in a FESS, a high performance model-
based power flow control law is developed using the feedback linearization methodology. This law is
based on the voltage space vector reference frame machine model. To reduce the magnetic losses, a pulse
amplitude modulation driver for the armature is more adequate. The restrictions in amplitude and phase
imposed by the driver are also included. A full order Luenberger observer for the torque angle and rotor
speed is developed to implement a sensorless control strategy. Simulation results are presented to illus-
trate the performance.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, energy storage systems are being considered to im-
prove the efficiency of the operation of many systems. Particularly,
their inclusion in power system networks improves the system sta-
bility by managing faster load fluctuations and complementing the
currently growing dispersed generation. This scheme allows the
traditional non-renewable generation to operate by supplying
low frequency components of the load changes, hence that they
can be dispatched in more efficient operation points to achieve
an optimization of the natural resources consumption [7,1].

In this field, the energy storage system based on flywheels (FW)
is an old technology that is reappearing [4,6], mainly due to the
advantages of new developments in composite materials and
power electronic devices and to the increasing demand on power
quality improvement.

The energy is stored in kinetic energy form, which is propor-
tional to the rotor inertia and the square of the rotational speed.
The high composite material strength allows the continuous
increase of the admissible rotation speeds (e.g. up to 50–100.000
rpm [5,6]) and consequently, of the energy storage density. These
systems present advantages when they are used for supplying
pulsed loads or in cases where high power is transferred to/from
the system [10–12]. Main advantages of FW are high energy
ll rights reserved.
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density, long life, the ability to perform deep discharges without
component degradation [4] and others. They are composed of an
electrical machine (motor/generator) connected to an inertial stor-
age device by a mechanical link [10,5], or in some cases the rotor of
the electrical machine is the storage element itself [15,14].

The electrical machine, necessary to produce the electrome-
chanical conversion, accelerates the storage device to collect
incoming power and decelerates it for releasing power. Long-term
storage can be obtained by reducing the mechanical losses by
means of enclosing the rotating parts in a moderate vacuum and
using magnetic bearings [8]. This restricts the possibility of heat
dissipation only by radiation, so the heat losses in the rotor are
critical.

Several kinds of machines are used in FW systems. The most
common types are Permanent Magnet Synchronous Machines
(PMSM) [13], Induction Machines (IM) [16,4] and Homopolar Syn-
chronous Machines (HSM) [15,14]. The HSM has a robust rotor,
which can be constructed out of a one-piece solid ferromagnetic
material. The absence of the field winding in the rotor provides
low rotor losses and enhances mechanical reliability. For these rea-
sons and its high efficiency the HSM results a very suitable ma-
chine for the FW application. Since the FW operates at high
frequency and power, a pulse width modulation (PWM) strategy
is not suitable, as it would need to operate the drive at extremely
high switching frequency, producing high driver losses and also
increasing critical rotor losses considerably. Therefore, a pulse
amplitude modulation technique (PAM) is a more appropriate
modulation strategy [17]. This fact restricts the locus of the space
vectors that could be applied to the armature just to discrete
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positions with constant magnitude (six active space vectors for a
three-phase machine).

Even more, to further reduce the harmonics core losses it is nec-
essary to reduce the level of the lower harmonic components of the
input waveforms while preserving the fundamental frequency
component. This can be achieved by using a more sophisticated
multilevel driver for the same three-phase machine, or using a
polyphase machine. The selection of the best configuration is out-
side the scope of the present work, although for this case, a HSM
with dual three-phase asymmetrical ðD� 3/Þ armature windings
driven by three-phase multilevel inverters ð3/MIÞ [9] is used. This
configuration operating with adequate PAM produces 12 active
vector equally spaced p=6 rad in ab plane. This modulation should
also reduce the circulating harmonics induced in x� y zero se-
quence components [2,3]. The benefits of this scheme are that it re-
duces flux ripple and magnetic losses, and produces power
segmentation. The field voltage is synthesized with a PWM DC–
DC converter connected to the constant DC-link of the system.
Fig. 1 shows a simplified scheme of the whole system.

The control objective is to manage the bidirectional power flow
towards the HSM based FW (see Fig. 1). A sensorless control strat-
egy of this system based on linear controllers was presented in
[18]. One of its main advantages, as mentioned in that work, is
the simplicity of the control, because an observer for the mechan-
ical states is not necessary. However, due to the strong coupling
between the control loops, the transient and stationary perfor-
mances are limited. Here it is proposed a high-performance sensor-
less control that uses a load angle observer that could be able to be
implemented without major hardware modifications or cost
increase.

This work continues the presented in [19], where two high-per-
formance control strategies were proposed. Because of its better
reactive power regulation, here it is used the control strategy based
on the HSM model expressed on a rotating reference frame at-
tached to the stator voltage space vector (denominated DQf in that
work). In the present work it is incorporated an observer for the
mechanical variables to implement the control strategy without
mechanical sensors (sensorless). This is an important issue for this
application because the high velocity rotation of the rotor makes
the mechanical measurements troublesome. The control strategy
for the HSM is based on feedback linearization [20]. This control
technique has been widely used elsewhere to regulate mechanical
variables on different kinds of electrical machines [21,22]. In [13] a
control strategy with feedfoward decoupling for a PMSM FW is
used.

This paper is organized as follows. Section 2 includes a brief
description of the HSM and its mathematical model, including its
representation on a rotating frame attached to the stator voltage
Fig. 1. Schematic diagram of the system.
space vector. Section 3 presents the control strategy, including
the observer. Section 4 shows simulation results, first on the
assumption that there is no saturation of the manipulated vari-
ables and nominal plant case. Then the control performance is ana-
lyzed under parametric uncertainty, later incorporating the
actuator phase restriction. Finally, Section 5 presents the conclu-
sions and future work.

2. D� 3/ homopolar synchronous machine

This machine operates under similar principles than the stan-
dard synchronous machine. Both have identical terminal connec-
tions. However, the HSM has the field winding mounted in the
stator around the rotor. Therefore, the field flux flows axially in
the center part of rotor and then an adequate rotor profile orien-
tates the flux radially, so it is produced the induction as in tradi-
tional synchronous machines. The rotor is solid and made from a
unique piece of material. More details can be found in [14] where
an experimental prototype is included. This machine is not widely
used since the flux path is longer than in standard SM, so it is nec-
essary a higher mmf (and consequently, higher energy) for its mag-
netization. On the contrary it has the advantage of having lower
rotor losses and does not use slip rings for connecting the field
winding.

2.1. Model in a� b coordinates

Using the following decoupling transformation (Clarke), the ori-
ginal phase electromagnetic variables are transformed into a new
set of six variables in a orthogonal basis [3].
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where Si represents an electromagnetic variable (i.e. currents, volt-
ages, flux, etc.). The first two rows in (1) are the a� b components
which are the only ones where stator to rotor coupling appears. So,
they are the only components associated with torque production.
The last two rows are associated to the zero sequence components.
The machine is star connected without neutral conductors, so the
applied zero sequences components are eliminated. The other two
components, called x� y, are completely decoupled without stator
to rotor coupling. As well, these components do not contribute to
torque production. The stator leakage impedance and the windings
resistances are the only impedances of the machine to the useless
x� y currents circulation. This issue is of particularly importance
when implementing the PAM strategy with a specific multilevel
technique designed for minimizing the currents produced by the
x� y components.

As stator to rotor coupling takes place only in the a� b plane
the model is only developed in these axes. In a stationary a� b ref-
erence frame the flux equations are

kabf ¼ Labf iabf ; ð2Þ

where

Labf ¼
L 0 Lm cosðPhmÞ
0 L Lm sinðPhmÞ

Lm cosðPhmÞ Lm sinðPhmÞ Lfd

264
375;



Fig. 2. Voltage DQf and stationary ab references frames.
Fig. 3. Active voltage space vectors.
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is the inductance matrix; L; Lfd and Lm are the armature, field and
mutual inductance, respectively; P is the number of pole-pairs
and hm is the rotor position. The two-axis equivalent model results

_kabf ¼ �RL�1
abf kabf þ vabf ; ð3Þ

where R ¼ DiagfR;R;Rfdg is the resistance matrix; R and Rfd are the
armature and field resistances and vabf is the ab components and
field applied voltages vector. The currents state model is obtained
differentiating (2) as

_iabf ¼ Pabf iabf þ L�1
abf vabf ; ð4Þ

where

Pabf ¼ �L�1
abf R þ _L�1

abf Labf ð5Þ

and

_L�1
abf ¼ dL�1

abf =dt ¼ xmdL�1
abf =dhm: ð6Þ

The torque expression is

se ¼ LmPifdðia sinðPhmÞ � ib cosðPhmÞÞ: ð7Þ

No external perturbation torque is applied to the rotor because
it has not any mechanical links with other devices. Therefore, the
mechanical frequency of the rotor is governed by

_xm ¼
1
J
ðse � BxmÞ; ð8Þ

and the angular position is _hm ¼ xm.

2.2. Reference frame transformations

It is convenient to express the model equations in a rotating
synchronous coordinate frame. The coordinate transformation
from the abf frame to this new rotating frame is

T ¼
cosðcÞ sinðcÞ 0
� sinðcÞ cosðcÞ 0

0 0 1

264
375; ð9Þ

where c is the angular position of the direct axis on the new refer-
ence frame. We called DQf the reference frame that defines its direct
axis D aligned with the spatial voltage vector applied by the driver
(c ¼ he) and the associated transformation is called TDQf ¼ Tjc¼he

.
Fig. 2 shows the position of this reference frame.

2.2.1. HSM model in DQf coordinates
Transforming the electrical variables using TDQf the model

becomes

_iDQf ¼ Q DQf iDQf þ L�1
DQf vDQf ; ð10Þ
where

Q DQf ¼ _TDQf T
�1
DQf þ TDQf Pabf T

�1
DQf ð11Þ

and

LDQf ¼ TDQf Labf T
�1
DQf : ð12Þ

Since the axis D in the DQf frame is aligned with the armature
voltage spatial vector, the voltage vector in DQf coordinates results
vDQf ¼ UA 0 v fd½ �T , where UA is the amplitude of the applied spa-
tial vector.

In this formulation an extra state equation appears explicitly.
Differentiating / :¼ he � Phm, it results:

_/ ¼ xe � Pxm: ð13Þ

The electromagnetic torque, expressed in terms of currents re-
spect of the coordinates DQf becomes

se ¼ LmPifdðiQ cosð/Þ þ iD sinð/ÞÞ: ð14Þ

Then, the model of the HSM in coordinates DQf is defined by
Eqs. (10), (13) and (8). The inputs are the amplitude UA of the volt-
age spatial vector, its electrical frequency xe and the voltage ap-
plied to the field winding v fd.

2.2.2. Active space vectors
Since the inverters operate at a constant DC-link voltage, and it

is not desirable to perform a PWM strategy, an additional restric-
tion to the model appears. This restriction limits the possibility
to produce active voltage vectors of only constant amplitude and
discrete phase angles. The twelve 30� equally spaced active vectors
obtained from the scheme of the machine and the drives adopted
are indicated in Fig. 3. This amplitude restriction results in
UA ¼ U, where U is the constant amplitude of the space vectors
for the model in DQf coordinates. Due to this restriction the HSM
model manipulated variables are reduced to xe and v fd.

3. Control strategy

Since the FW is used for energy storage, it is desirable to control
the bidirectional electric power flow of the machine. The rotation
speed is maintained between operating limits, and regulated at
its optimal value (depending on the application) by means of an
external control loop which is not included in this paper.

The control strategy developed here only considers the ampli-
tude restriction mentioned in the previous section. The discrete
angular magnitude will produce a perturbation, which will be fil-
tered out with an adequate sampling, that will be analyzed later
by simulation. The constant amplitude U of the applied voltage
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space vector corresponds to the fundamental component of the
PAM adopted. Measurements of the armature and field currents
are supposed to be available for the controller.

3.1. DQf control strategy

In this reference frame the current component iD is the only one
associated with the active power. To set unity power factor, the
component iQ should be regulated to zero. Then the reference val-
ues for each component are

iID ¼ PI=U; iIQ ¼ 0; ð15Þ

where PI is the active power reference.
As stated before, when the voltage amplitude restriction (due to

the drive) is included, the system inputs are reduced to xe and v fd.
It was found that the linearization scheme leads to stable zero
dynamics only if the states iQ from (10) and / are chosen for line-
arization. Replacing in (10) with the following control law:

v fd ¼
1

LmL
ðifdLLmRfd þ L2

mð�iDRþ U þ iQ LPxmÞ cos /

þ LfdL� L2
m

� �
ðiQ Rþ Lðv1 þ iDv2 þ iDPxmÞ

þ ifdLmPxm cosð/ÞÞ cscð/Þ þ L2
mðiQ Rþ iDLPxmÞ sinð/ÞÞ;

xe ¼ v2 þ Pxm; ð16Þ

it is obtained

_iD ¼
1
L
ð�iDRþ U þ iQ Lðv2 þ PxmÞ

� ðiQ Rþ Lðv1 þ iDv2 þ iDPxmÞÞ cotð/Þ � ifdLmPxm cscð/ÞÞ;
ð17Þ

_iQ ¼ v1; ð18Þ
_/ ¼ v2: ð19Þ

The following PI controllers are proposed for regulating iQ and /
at their reference values iIQ and /I:

v1 ¼ kQ
p ði

I

Q � iQ Þ þ kQ
i

Z
iIQ � iQ

� �
dt; ð20Þ

v2 ¼ k/
p ð/

I � /Þ þ k/
i

Z
ð/I � /Þdt; ð21Þ

where the reference value /I is obtained from

/I ¼ kD
p iID � iD

� �
þ kD

i

Z
iID � iD

� �
dt; ð22Þ

where kx
p and kx

i are the proportional and integral gains associated
with the variable x, being this one any of the variables iD; iQ or /.
Then, using a cascaded closed loop controller guaranteeing a
Fig. 4. Control strateg
fast dynamics for the inner loop that regulates / to its reference
value /I, it is possible to control iD at its reference value given by
(15). Also, using an uncoupled control loop, the component iQ is reg-
ulated to its reference, so a null reactive could be kept.

Fig. 4 shows the schematic block diagram of the proposed strat-
egy, this diagram will be described in more detail in the Section 4.
To implement the transformation (9) it is necessary to use the an-
gle he, given by the driver. The angle / and the angular velocity xm

are needed but not measurables, so they are obtained using the ob-
server which is described in the next section.

3.2. Observer for / and xm

The feedback states transformation and the inner loop of the
cascade active power control developed in the previous section
use the values of the speed ðxmÞ and the torque angle ð/Þ. To esti-
mate these values a nonlinear Luenberger observer is imple-
mented. The HSM model used to construct the observer is the
DQf model presented in the previous section but leaving _ifd implic-
itly. This derivative can be considered as a known input which will
be obtained filtering the field current measurement. Because the
angle of the DQ reference frame is generated by the AC drive and
therefore known, the currents iD and iQ are known as well. So the
model results less complex than the one used in the control design
and one order reduced. This system can be written as follows:

_iD ¼ L�1 �iDRþ iQ Lxe � _ifdLm cosð/Þ � LmPxmifd sinð/Þ þ U
� �

;

_iQ ¼ L�1 �iQ R� iDLxe þ _ifdLm sinð/Þ � LmPxmifd cosð/Þ
� �

;

_xm ¼ J�1ðifdLmPðiQ cosð/Þ þ iD sinð/ÞÞ � BxmÞ;
_/ ¼ xe � Pxm: ð23Þ

The output variables are y ¼ iD iQ½ �T . Defining the auxiliary
variable Z ¼ eD eQ z3 z4½ �T , it is proposed the following state
transformation:

Z ¼

�LmPxmifd sinð/Þ � _ifdL�1Lm cosð/Þ
�LmPxmifd cosð/Þ þ _ifdL�1Lm sinð/Þ

iD

iQ

266664
377775 ð24Þ

and define this auxiliary variables

u ¼
u1

u2

� �
¼

LiQxe þ U

�iDxe

� �
ð25Þ

Then the resultant system in the new variables is observable
and has the following expression:
y block diagram.
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Fig. 5. / and x observer convergency with an �30% and +30% error in the initial condition, (a) and (b), respectively. Estimated (dashed) and real (continuous) values.

Table 1
HSM and drive parameters.

Parameter Unit Value

P Pole-pairs 4
J kg m2 0.0133
B lkg m2=s 24.86
L lH 33
Lm mH 1.1
R X 0.1
Lfd mH 257
Rfd X 3.44
U V 70
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_Z ¼ AZ þ qðZÞ þ Bu;

y ¼ CZ; ð26Þ

where

A ¼

� B
J 0 0 0

0 � B
J 0 0

1 0 � R
L 0

0 1 0 � R
L

266664
377775; B ¼

L�1 0
0 L�1

0 0
0 0

26664
37775; C ¼

0 0 1 0
0 0 0 1

� �

and qðZÞ has a continuous an bounded Jacobian with respect to Z
which satisfies the Lipschitz condition for some bounded constant.
Now, the following observer could be built for the system (26) (see
[23] for guidelines):

_bZ ¼ AbZ þ qðZÞ þ Buþ Gðy� ŷÞ; ð27Þ
y ¼ CbZ : ð28Þ

Transforming the estimated states to original variables, bX ¼
îD îQ x̂m /̂
h iT

, the observer equation becomes

_bX ¼ bMðbXÞ þ CðbXÞG iD � îD

iQ � îQ

" #
; ð29Þ

where G is the observer gain matrix and bM and C are the system
(23) and the inverse of the jacobian matrix of the state transforma-
tion (24) evaluated at the estimated variables. The latest matrix be-
comes singular if the rotation speed or the field current are zero but
these conditions are outside the range where the control strategy
will be applied. The gain matrix G must be calculated making a
trade off between the desired performance and the measurement
noise. Simulation of the observer convergence with positive
(+20%) and negatives (�20%) errors in the initial condition of /
and xm are presented in Fig. 5. The observer asymptotically con-
verged to the real values of xm and /.
4. Simulation results

Generally, an operational speed range of the FW from one half
to the maximum speed is adopted [14,6]. Since the proposed
controller will only be used within the nominal speed range, it is
supposed that the FW reaches its minimum speed with another
control scheme and then the controller is switched on the fly to
the one proposed here. In view of that, the following simulations
were done with an error in the initial condition of the states com-
patible with the one expected at these transitions and supposing
that the observer has already converged. The performance of the
control strategy is analyzed by simulation using commercial soft-
ware. The parameters of the machines are listed in Table 1, these
correspond to the HSM published in [14]. Three different test con-
dition runs were made. The first one was simulated in continuous
time and corresponds to the case of nominal plant, i.e. the control-
ler parameters correspond exactly with the ones of the HSM. Then,
results under parametric uncertainties (PU) in continuous time
were analyzed. Lately, the results for a discrete time version incor-
porating the phase restriction of the PAM and also considering PU
are presented. The parameters of the controllers were designed as
a compromise between the desired dynamic performance and the
input exigencies using standard techniques for the nominal plant
case. These values were relaxed lately for the non-ideal cases in or-
der to not compromise the system stability. To be able to compare



Fig. 8. Nominal case simulation results. Plots (a) and (b) show the real and
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the effect of these non-idealities, all these tests were made for the
same power reference trajectories. The active power reference is a
smooth trajectory between �2.8 kW and 2.8 kW. To operate with
unity power factor the reactive power reference is kept at zero
value.

4.1. Continuous time – nominal plant case

The active power tracking and reactive power regulation results
for the nominal plant case are shown in Fig. 6. The correspondent
control inputs are shown in Fig. 7 and the estimated values are
shown in Fig. 8. For this ideal case it is clear the outstanding per-
formance, the estimated values track the real ones with minimal
error and also both power control loops are behaving uncoupled.

4.2. Continuous time – with PU

Simulation results with a mismatch of a 15% in all the induc-
tances and 5% in all the resistances parameters of the controller
is performed. The control objective is also attained with a little er-
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active and reactive power response.
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Fig. 9. Parametric uncertain simulation results of a FW pulse charging/discharging,
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active and reactive power response.
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Fig. 10. Parametric uncertain simulation. Plots (a) and (b) show the control actions
xe and v fd .



Fig. 11. Parametric uncertain simulation. Plots (a) and (b) show the real and
estimated values of xm and /.
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ror during transients in power reference changes, Fig. 9. In order to
cancel the uncertainties, the actuators are more demanded as is
shown in Fig. 10. As are shown in Fig. 11, the estimated values have
a considerable error. But, up to this uncertainties level, this fact
does not compromise the stability of the control.

4.3. Discrete time – with PU and PAM

The PAM is introduced to the model restricting the phase of the
applied space vectors ðheÞ only to one of the 12 active space vectors
indicated in Fig. 3. Until now the continuous time control consid-
ered only the amplitude restriction due to the drives modulation,
so was possible to apply any value of he. Now, each space vector
has an associated sector of the ab plane, as is shown in Fig. 3. So,
meanwhile the he produced by the control is within any sector
the drive applies the discrete hD

e of the sector-associated space vec-
tor. The value of U for this simulation was corrected so that the
fundamental component of the output waveform has the same
amplitude as the one that it would be obtained without the phase
discretization.
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Fig. 12. Parametric uncertainties and PAM simulation results, reference trajectory
(dashed) and output (continuos). Plots (a) and (b) show the active and reactive
power response.
To minimize the ripple perturbation introduced by the PAM, a
drive-commutation synchronous currents sampling is used. This
variable frequency sampling is resampled later at a fixed sample
time ðTsÞ. All the previous linear PI controller are discretizated
for this sampling. This scheme is detailed in Fig. 4, were the
anti-aliasing filters, coordinates transformation and digital filter
used are indicated. Also, low pass infinite impulse response dig-
ital filters (IIR) are incorporated to attenuate the effects of the
current ripple. Filtering the currents in DQf coordinates is bene-
ficial because the fundamental components corresponds to DC
values, so are easier to filter them. The derivative of the field
current necessary for the observer is also obtained using a digital
filter.

The results for power tracking in this scheme with the same
parametric uncertainties as in the previous section are shown in
Fig. 12 and the corresponding manipulated variables in Fig. 13.
These results correspond to the sampled and filtered variables. It
could be appreciated a low deterioration of the performances of
the active power tracking and reactive power regulation but the
control objectives are still achieved. The fixed sampling time
adopted was 10 ls, so the hardware processor must resolve all
the computational operations for the PI controllers and the obser-
ver dynamics equations in a shorter time.
5. Conclusions and future work

A sensorless high-performance control strategy for bidirectional
power flow on a synchronous homopolar machine working as
high-speed flywheel was shown. It was included the voltage
restriction imposed by the pulse amplitude modulation drive with
a constant DC bus. The variables measured are the stator and field
currents. The strategy is based in the application of the vectorial
control and feedback linearization to uncouple the currents loops.
An almost complete decoupling was obtained with a cascaded con-
trol. The case of nominal model was considered and simulation re-
sults were shown. In combination with the observer, the strategy
showed a fast and adequate dynamic performance during the tran-
sient of charge/discharge, and at constant power it perfectly can-
cels the disturbances due to the velocity changes.

A nonlinear observer for the torque angle and the speed of the
rotor, / and xm was proposed and used to close the loop of the
control strategy. The principal advantage of the DQf strategy is that
the angle of the reference frame transformation is known, so it is
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possible to obtain all the electrical states in that coordinated
system.

The behavior of the strategy incorporating the phase discretiza-
tion of the space vector owed to the PAM of the drive was also
analized. The disturbance introduced by the modulation was con-
siderably attenuated with an adequate sampling and discrete filter
combination. The manipulated variables are considerably
demanded. In particular, if the input field voltage v fd waveform
had a wide bandwidth with high peaking, it would complicate
the design of the driver (DC–DC converter). Due to the required
sampling time and the computational cost involved, the required
performance for the hardware is very high but could be attainable.
In [21] are presented experimental results for a PMSM with similar
exigencies for the controller and observer developed.

The simulation results obtained with all the exposed non-ideal-
ities and discrete controllers are promissory. At present, a proto-
type of FESS is under development, which will be used to
experiment this control strategy.
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