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Abstract—This study introduces a power control strategy of

a flywheel energy storage system (FESS) based on an

artificial neural network (ANN) as a current decougding
network to charge/discharge the flywheel for grid onnected
applications such as grid frequency support/contrgl power
conditioning and UPS applications. The proposed stem is
a large-capacity low-speed FESS based on a fieldiemted
controlled (FOC) squirrel cage induction machine. Tle
controller is designed to avoid machine overloadingvhile
the flywheel is charged/discharged. Additionally, ti avoids
using the required outer power loop or a hysteresipower
controller, hence, simplifies the overall control &orithm.
The validity of the developed control system is in&igated
via computer simulations using MATLAB/Simulink as well
as experimental results. The proposed system is als
compared with conventional power control strategy Wh an
additional outer power control loop to highlight their
equivalence.

Index Terms—Flywheel energy storage, artificial neural
network, instantaneous power control, indirect fietl
orientation.

I INTRODUCTION

Due to the proliferation of non-linear loads, théity

becomes more vulnerable to disturbances such teyeol

sags, unbalanced power flow and frequency fluctnati

Therefore, energy storage systems have become

essential part of electrical power utilities asytipeovide
a higher level of power quality and stability. Flyeels as

1
E= 5 J (a‘)max2 - wminz) (1)!
whereE is the amount of storage energys the flywheel
moment of inertia an@u and o, are the maximum
and minimum rotating speeds [1].

For instance, when there is an excess or lack én th
generated power, the system frequency will be aswmd
or decreased; meanwhile when a fault occurs on the
network or a sudden pulsed load is connected, g®lsag
will take place [2]-[3]. Therefore, when there is @xcess
in the generated power compared to demanded pdveer,
difference is stored in the flywheel energy storagstem
(FESS) through the electric machine which utilizesa
motor. Conversely, when there is an unbalance @ th
power system, the process is reversed and the égivh
discharges its energy and the machine utilizes as a
generator [4] supporting the grid.

FESSs have several advantages over other energy
storage systems including simple structure witly\regh
efficiency, higher power and energy density witlghi
dynamics and fast response, and longer lifetimé loitv
maintenance requirements [5]-[6]. FESS merely «tgsi
of a flywheel, electric machine, power conversigatem
and bearings [7]-[8] as shown in Fig. 1. The flywhes
#@ie mass in which the kinetic energy is stored @uikn
via the electric machine; it works as a motor while
charging and works as a generator while discharging

energy storage devices exhibit high performanceh wit Permanent magnet machines are normally employdd wit

grid connected applications such as power conditgn

high speed flywheels [9]-[10] but induction machsrere

frequency regulation and voltage sag compensatien d better economical alternatives for low speed flyalhe

to their capability of storing energy in form ofnkitic
energy depending on the rotating speed and theineno
of inertia according to (1);
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[11]-[15]. A power conversion system matches thiel gr
with the FESS and it mainly consists of power etadts
devices (back-to-back converter). Bearings are ueed
hold the flywheel (rotor) free to rotate in a ceérta
balanced position. There are two types of bearing,
conventional mechanical bearings and magnetic hgsyi
and the usage of each depends mainly on the desired
operating speed and the cost. In case of low speed
flywheels, conventional bearings can be used winle
case of high speed flywheels, magnetic bearingsildho
be used to reduce friction and losses but theit 0s
much higher than conventional bearings [16].
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Back-to-Back The value ofig can be calculated based on the relation

L CorivLener Flywheel [21]
Grid 9 . ' \Y
— MYy | — = i =—
J@ T JQ " /]m Lmlds a) (2)!
Fig. 1. Basic scheme of FESS wherel, is the magnetizing flux., is the magnetizing

inductance,V is the rated phase voltage aad is the

Controlling the power flow between the FESS and thétator angular frequency. These values are compared
grid is the main concern of this paper. There acernain  the actual fed back current valugsandigs and the error
power control strategies of the FESS based oniéhe f signals are applied to current regulators as shiowkig.
orientation of the induction machines: the convamai 2. Two different strategies based on inductioridfie
instantaneous power control (IPC) and the direatgro Orientation will be applied on the IM studying the
control (DPC). The instantaneous power control gigin Dehavior and response of each. There are two tgpes
double-closed-loop approach depends on using aer Outflel(_j oriented control, direct FOC and indirect F.ODle_ _
proportional integral (Pl) power controller in cade |nd_|rect _FOC depends on measuring the_ rotor positio
with the synchronous frame PI current regulatorg.[1 While direct FOC depends on estimating the rotor
This strategy is simple, but the tuning of Pl cotérs Position via flux measurement [17], [22]-[25]. The
depends on small signal analysis based on theinearl Proposed control strategy based on indirect FO@esys
relation between power and stator current. Thiddea a Supplemented by an ANN-based current decoupling
complicated overall control design over the flywhee N€twork used to develop the required stator current
wide speed range while being charged/dischargee. THfOmMponents based on the required grid power level a
direct torque/power control approach is supposesbbee fI)_/wheeI instantaneous speed. This strategy is eoath
this problem [18]-[19]. However, there are a|WaySWIth the conventional instantaneous power control_
significant torque/power ripples. Increasing thétsming ~ Strategy where quadature stator current comporent i
frequency reduces the ripple magnitude but with #lerived based on the instantaneous power erroughra
corresponding increase in inverter losses, whicmgs Pl controller. _ S
appropriate for large power applications. In addifithe The machine is controlled via maintaining the flux
converter switching frequency depends on the ojerat commandigs constant while the referenég is used to
conditions; thus the controller performance maycontrol the machine torque and hence the outpuepow

deteriorate during the machine starting and lowedpe
operation [20]. [ll. INSTANTANEOUS POWER CONTROL (IPC)

In this paper, a power control strategy based on tpe conventional instantaneous power control gisate
artificial neural networks (ANN) is proposed to pide @ i pe applied to the machine side converter basethe

simple power control strategy which avoids tunimgla |Eoc. The instantaneous stator active power is meds
switching problems. The ANN is employed to developyiy measuring the machine voltages and currents
the reference stator current component based ogritie according to (3) [21], then compared to the desirde
power level and the flywheel rotating speed. Thiatsgy supposed to be supplied by the flywheel which delpem
is compared to the conventional power control 89%t  he state of the grid, and the errors in both pswl be

Therefore a simulation study on a 2.2 kW inductionapp”ed to power regulators; then the outputs =TS
machine using MATLAB/Simulink is presented and he cyrrent commands which are applied to the nurre
experimental results are obtained for furtherregulators.

investigation.

3, . . 3 .5 .2 3.
PS:7(V S+V S):irs(l S +l s)+7rr| r +Tm (3)
Il. FESSCONTROL STRATEGIES 2 W qéq 2° ¢ 2" Ch

The main concept of the control strategy depends on This technique will add an external power C.O“F‘I"’F‘
charging the IM (flywheel) when there is an excgsd outside the current regulation loop applied in itidirect

power and discharging it when a certain power i ield oriented control which increases the stapitf the

demanded. A back-to-back converter is used, asshow SYSt€M and its robustness to external disturbaridas.

Fig. 1, to match the power from/to the flywheellwihe stra:ctegy gas mtc;]re gciur:;\te response as tr;e coitr?l it
grid allowing bi-directional power flow. performed: on e ihstantaneous power values but |

It is required to control the total injected poviro the increases the controller effort and tuning prol_:JI,ems
grid and charged to the flywheel for a certain @eri therefore a proposed control strategy based on AhiNS
which depends on the maximum and minimumbe compared to the IPC performance. The generakblo

permissible speeds of the flywheel as stated ira(d) its dl_agram for the current decoupling network is degsidn
inertia. The main concern is estimating the statoF'g' 3.

quadrature current reference component that repiese
the desired stator power.*The th*ree phase curiamts
referred to thed-q frame;i,s andigs are the quadrature  The power control via ANN aims to estimate theastat

and direct current reference values related toumrand  quadrature current without extra control loops.
flux commands.

IV. PrROPOSEDPOWER CONTROLLERVIA ANN

©2013 ACADEMY PUBLISHER
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A current decoupling network based on ANN issamples is within accepted limits +1 x°10
proposed to generate the quadrature stator current ANNSs give a fast execution speed due to their peral
component based on (3). A multilayer feed forwaldNA  processing feature; in addition they will decredke
[26]-[27] is employed as a nonlinear function number of controllers, hence reducing the controlle
approximator to generate this value based on jtwehtel  effort and the tuning problems.
rotational speed and the required grid power lewgth To deliver the grid power, the grid side conveiiter
is limited by charging and discharging power limits controlled via controlling the DC link voltage toeb
These limits are mainly dependent on the instamame constant. The grid voltages and currents are toamsfd
flywheel speed. A 2-20-1 ANN controller is used whe into the d-q frame. The desired DC link voltage is
the number of neurons in the hidden layer is chdsen compared to its actual value and the error is adpio
trial and error method. Hyperbolic tan (tan-sigmaahd  voltage regulators providing the active power refiee.
linear activation functions are used in the hiddedd The grid reactive power is set to zero for a upibwer

output layers respectively. factor operation. The grid angle is measured viasph
The steady state equation given in (3) is used ttocked loop (PLL).
generate the training data for the ANN for cert@nges A block diagram for the proposed control system is

of machine speed and grid power. A 73731 inputistutp shown in Fig. 4.

pattern is obtained, where 51611 samples are ostedin

the proposed ANN and 11060 samples for validatimg) a V. SIMULATION RESULTS
testing the ANN. The training is performed off-liméth
the ANN toolbox under MATLAB using the Levenberg—
Marquardt training algorithm. The training stopsemh
the mean squared error (MSE) between targets a
network outputs decays to a satisfactory level.8f610

13 as shown in Fig. 5a. Also, the difference between
target and the ANN output for different samplestiswn

in Fig. 5c¢; it is clear that the error correspoidio all

In this section, a simulation case study of FES8rob
strategies is proposed. The simulation results ath b

ntrol strategies are presented using

ATLAB/Simulink; the results are shown in Fig. 6h&@
applied IM ratings and parameters are availabléhin
appendix. A three phase grid which is emulated tyee
phase supply of 400 V and a DC link of 600 V which

i e, Back-to-Back
i ds N v Converter
ds d:
e s Vsabc _L
da - abq PWM [ } — PWM [€—
Ve, | T
O 2 |
@ Iqs * \V/
€ 95 N dc
i 95 . | odq
sdq Is—3¢
dg — abg )l
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Lg T
6 1] % 2] 6
-] = @ d/dtle—) g5 | 6,
ws“p Encoder
- Slip g
Isdq 75 » ICalculator v 9
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Grid
Fig. 2. Indirect field oriented control
i Flux . =« Flux A
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— Active & gi command ! ds command Ids
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V P | R
Sl S —>
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Fig. 3. Power control via ANN Fig. 4. Instantaneous power control
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Best Validation Performance is 5.8127e-013 at epoch 1000

applied to the FESS which is driven by a three plvayge
connected squirrel cage induction machine. Theegyss
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Fig. 6. Simulation Results: IPC vs. ANN (a) stgtowver, (b) stator direct current, (c) flywheel sphefel) stator quadrature current.
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Fig. 7. Experimental results: IPC vs. ANN (a) statctual power, (b) stator direct current, (c) flyeel speed, (c) stator quadrature current.

Simulation results shown in Fig. 6 illustrate thiagre Experimental results for both instantaneous power
are no major differences between both of controbnd ANN based power control are obtained to vahfy
strategies; where the FESS exhibits good respohfie w simulation results; they are shown in Fig. 7. Acifie
charging and discharging of the flywheel. When theprofile of desired power is applied to the consgstem
flywheel is charged to a certain speed and a spgeer  of both of control techniques and the responsehef t
is required to be extracted, the controller stads ANN based power control strategy is evaluated
decelerate the machine speed discharging the flghd®e comparing to the instantaneous power control siyate
shown in Fig. 6c¢; the machine starts to supply thé'he ANN is trained on the values obtained base@3dn
required power to the grid via the back-to-backwaster  The grid side is emulated via a DC supply conneated
as shown in Fig. 6a. After supplying the requiredver, parallel with a high power variable resistance bsab
the controller starts to charge the flywheel toestain the discharged power of the flywheel in case of
speed storing energy in the FESS. The charging arischarging. Fig. 8 shows the experimental setup.
discharging processes are based on the stator powerFig. 7 shows the control system behavior for both
reference. The machine quadrature current is negati instantaneous power control and ANN based power
during discharging and positive during charginglaswn  control strategies with respect to the referenceguoFor
in Fig. 6d. The direct current component shownign Bb  both control strategies, the actual power tracks th
illustrates that the ANN based strategy has a betteeference power as shown in Fig. 7a. The quadrature
response during transients under power variatidwden  current is the main control quantity that deterrairtiee
charging and discharging. output speed and power and it is an indication tfar

The instantaneous power control strategy exhibitsorque scheme. Fig. 7b illustrates the direct curre
better response during steady state with betteamljgs. component for both strategies; it is obvious tihatytare
The steady state error of the required power isoatm identical. Fig. 7c shows the quadrature currentbfoth
eliminated. Generally, the addition of an exterpalver  control strategies. The quadrature current readhes
control loop increases the stability of the sys&md its maximum allowable value during charging of 3.5 Ken
robustness to external disturbances during stetatg s with the speed increase on constant power, thescurr
conditions. decreases gradually based on the opposite relation

between torque and speed.
VI. EXPERIMENTAL RESULTS

©2013 ACADEMY PUBLISHER
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control strategy for flywheel energy storage apilans
due to its simplicity and less tuning problems and

High Frequency
Filter Capacitor

Gate controller effort.
Drives &
VSI DC Lir_lk
Induction Capacitor APPENDIX MACHINE RATINGS AND PARAMETERS
Machine
Current TABLE |
Sensors IM RATINGS
Rated phase voltage (V) 230
Rated power (KW) 2
CAN Rated frequency (Hz) 50
Flexible Device Full-load current (A) 4.7
Coupling Rated speed (rpm) 1410
High Power TABLE II
R\;asri'ggfce IM PARAMETERS
Stator resistance 3.335
) ] Stator leakage reactance 2.48
y Rotor referred resistance 6.395
. A, Rotor referred reactance 2.48
Fig. 8. Expeeintal setup Magnetizing reactance 55.6
No. of poles 4
When the power reference turns to zero, the quadrat__Inertia constant H (sec) 3.08
current is ideally supposed to be zero and thedspee| Flywheel inertia J (kg.f) 3.93

supposed to be kept constant, but there are machine
losses (friction and core) which appear experinibnta

When the power is discharged, the direction of the This publication was made possible by NPRP grant 09

quadrature current is reversed. to apply negativaun 1001-2-391 from the Qatar National Research Fund (a
The dips appear in the charging power and quadratur

ACKNOWLEDGMENT

current in the ANN strategy at the™2econd shown in member of Qatar Foundation). The statements made

Fig. 7a and Fig. 7c are caused due to an improper
calculation at this moment of the ANN which gives a
stray value of the output quadrature current wiaiffacts
consequently on the output power. Fig. 7d depibts t [1]
flywheel speed profile during charging and disciragg
periods. It is obvious that the speed increased wit
positive power and decreases with negative power.
During the zero power periods, the speed contitthes 2]
deceleration instead of being constant to overcdinee
friction and core losses. Thus, there are some
verifications can be extracted based on the exmeriah
results; the ANN based system gives the same
performance of the instantaneous power controtegfya [3]
with the advantages that it reduces the contraféort

due to the elimination of the outer loop controléerd
hence eliminating the tuning problems of the oldeps.

VII. CONCLUSION [4]

A developed power control strategy using artificiaural
networks (ANNSs) for flywheel energy storage systism
proposed and compared to the conventional pow%]
control strategy. A simulation case study is préesgrior

both control strategies. The simulation resultssiilate

the competitive performance of the developed ANN
based power control strategy. Then it is verified
experimentally that the ANN based power control[6]
strategy provides high accurate response as wethas
response obtained from the instantaneous poweratont
strategy. Therefore the ANN based control strategry

be considered competitive to the instantaneous powe

©2013 ACADEMY PUBLISHER
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