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ABSTRACT 
 

This paper presents apower balancing for the power distribution grid which integrates renewable energy 
generation(WIND/ SOLAR by PV) and electric vehicles together. With the use of superconducting magnetic energy 
storage control system (SMES) any transient and fault unbalance caused by wind power photovoltaic (PV) power 
variation can be recovered. So that the system frequency can be stabilized also,with the use of PHEV’s, the steady 
state load demand and fault can be redistributed to facilitate the adoption of wind power and PV power generation. 
The simulation and experimental results confirm that with the use of both SMES and PHEV’s can effectively 
perform power balancing from the transient, steady states and fault condition. 

 
Index Terms— superconducting magnetic energy storage (SMES), Electric vehicles, frequency regulation, load 
regulation, power grid, renewable generation (WIND/ SOLAR by PV), fault rectification. 

 
 

 
1. INTRODUCTION 

The renewable generations especially wind power and 
photovoltaic power is becoming more desirable to integrate 
into the existing power grid to overcome global energy 
crisis, environmental pollution and fault rectification, while 
electric vehicles especially the plug-in hybrid electric 
vehicles (PHEV) are becoming attractive for green 
transportation. Because of the intermittent nature of the 
wind power, it is a challenge to maintain transient, steady 
state balances and fault clearance of the power grid. 
Recently, the super conducting magnetic energy storage has 
been introduced to alleviate the problem of power 
imbalance. 

 
With  ever  increasing   popularity  of  PHEVs,  

thevehicle-to-grid (V2G) operation provides 
anopportunitytoutilize the energy stored in vehicle 
batteries as distributed powerplants. Namely, 
thePHEVsnotonlydrawpowerfromthegridtochargebatt
eriesbutcanalsofeedpowerbacktothegridwhennecessa
ry. 

 

Inthispaper,theSMESisincorporatedintothepowersy
stemhavingwindpowerunits, PV power units and 
PHEVs.Then,acoordinatedcontrolalgorithmispropose
dtoperformload,frequency regulations and fault 
clearance. 
 
2.  SYSTEMDESIGNING 

Fig.1showsa33-bus4-lateral 
radialdistributionsystem which includes 3SMES 
units, 3wind power units, 2 PV power unitsand 
10PHEVunits.Initially,thecapacity 
ofwindpowergenerationisselectedas35%and PV 
power generation is selected as 5% 
ofthetotalgenerationcapacityinstalled 
whilethecapacityofPHEVsissetto10%ofthetotalloadde
mand, whicharethenear-termtargetsformoderncities.  
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Figure.1Proposeddistribution system 

 
     The subsystem for superconducting magnetic 
energy storage system is shown in fig.2. 
Itcanbeobservedthatthewindpower and PV power 
cannotdirectlyrelievethebaseloadwithoutenergystorage,
sincethecrestofbaseloadgenerallycoincideswiththetroug
hofwindpower and PV power. 

 
Figure 2 Subsystem for SMES 

 
Figure .3 subsystem for PHEV 

 
Thewindpowerunitsaremodeledasfixed- 

speedwindturbines.Theyincludetwotypesofpowerconve
rters,namelytheAC-DC andDC-AC,forthedesired 
voltageconversion.ThePHEV unitscomprise 
ofPHEVsand bidirectionalDC-ACconverters. 

SinceeachPHEVmaynotoffersufficientenergystoragef
or V2G operation, 
anaggregatorisusedtorepresentagroupofPHEVs.Andthe
storagecapacityofthePHEVaggregationcanbedetermine
dbasedonthecapacityoftheiron-boardbatterypacks, it 
shown in fig.3. The PV power  un i ts compr ise  

of PV cel l  and bidirectionalDC-ACconverters. 
ThecontrolstrategyfortheSMESunitshasthreemainfun

ctionsnamely,thefrequencycompensationcontrolwhichd
etectsthefrequencyfluctuationoftheloadandgenerates 
thereferencevaluefortheconverter;theconvertersystemco
ntrol whichregulatesthepoweroutputofSMES;andthe 
DC- 
DCchoppercontrolwhichcoordinatesthepowertransferac
cordingtothereferencepoweroutput. 

 
3. POWER BALANCING PROCESS 

Inthe proposeddistributionsystem,theenergyfromall 
sourcesandloadsarecoordinatedtoperformpowerbalanci
ng, frequencycontrol and fault 
compensation.Thiscoordinatedcontrolcomprisesoftwop
arts:thehourlytimescaleandthesecondlytimescale. In 
thehourlytimescale, 
theEVcharginganddischargingarecontrolledtoreformt
heloadprofile.Inthesecondlytimescale,theSMESsystem 
isusedtocompensatethetransientfluctuationofwindpowera
nd PV power generation. 

Inorderto 
devisethesizesofSMESandPHEVswithrespecttothelevel
ofwindpowerand PV 
powergeneration,theaveragewindpower and PV 
powergeneration are PWT, PPV respectively, 
theaveragePHEVchargingpower PPHEV 
andtheSMESpowercapacity PSMESaredescribed by 

 
PPW=PPV+PWT    (1) 
PPW=kPWPAD    (2) 
PPHEV=kVPPW=kVkPWPAD  (3) 
PSMES=kMPPW=kMkPWPAD  (4) 
 

Where PAD is the average power demand of the daily 
load 
profilekPWistheproportionalconstantofthewindpower 
and PV powertotheloaddemand, kV 
istheproportionalconstantofPHEVchargingpowertothe
windpower,andkM istheproportionalconstant 
ofSMESpowercapacitytothewindpower. 
SincethePHEVservesforthesteady-
statepowerbalancingwhilethe SMESfor 
thetransientpowerbalancing, 
theirenergystoragecapacitiesshouldsatisfythewindenerg
yfluctuationasdescribed by 
 
PPHEVT + ∫ PSMES dt>ap∫ PPV dt  (5) 
 
Where T is the charging period of PHEVs, 
apisthecoefficient oftheavailableenergyconstraint 
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providedbyPHEVsandSMES.Itactuallyshowstheminim
umPHEVandSMESstoragecapacitiesthatcanmitigatethe
fluctuationeffectofwindpowerand PV power 
generation.SincetheSMESisdesignedtoperformtransient
stabilization 
ofthepowergrid,thecorrespondingenergycapacity ESMES 
and power capacityPSMES need to satisfy the following 
criteria 
 
ESMES >af(max(Ppv(t) - Ppv(t - ∆T))∆T) (6) 
PSMES >bf(Ppv,max - Ppv,min)  (7) 
∆pSMES / ∆t >cf(max(Ppv(t) - Ppv(t - ∆t)/∆t) (8) 
 
Where Ppv is the wind and PV power generated output 
at time t, ∆T  is the time interval of wind power 
fluctuation ,afisthecoef- ficient 
oftheSMESenergycapacityconstraint Ppv,max and 
Ppv,min are respectively the maximum and minimum 
values of wind and PV power fluctuation, bf  
isthecoefficientoftheSMES powercapacityconstraint 
∆pSMESisthechangeofSMESpower, ∆t 
isthetimeintervaltoassesstherateofchangeofSMES 
power,and cfis the coefficient of the SMES power 
adjustment 
rateconstraint.TheboundaryconditionsforthePHEVstop
erformloadregulationofthepowergridaregivenby 
 
∫PPHEVi(t)dt = EPHEVi,max– EPHEV I,int  (9) 
 
EV2G/EPHEV ≤ rV2G    (10) 
 
Where PPHEVi(t) is 
thechargingordischargingrateofthePHEV aggregation I, 
EPHEVi,maxand EPHEV I,intare 
respectivelythemaximumandinitialenergystoragesofthe
PHEVaggregationat 
theendandbeginningofthechargingperiod EV2G istheen- 
ergythatisdischargedfromPHEVbatteriesbacktothepowe
r grid and rV2G is the V2G ratio which is defined as the 
ratio of the energy fed back to the power grid by 
discharging the PHEVs to the energy drawn from the 
power grid for charging the PHEVs. 
 Thepower balancingcontrolmethodis 
attractiveforV2Goperationwhichcanoptimizetheloadreg
ulationofthepowergrid.Inthispaper,thismethodisextende
dtominimizethetotalpowerlossesunderthehourlytimesca
leandtominimizethegridfrequencyfluctuationunderthese
condlytimescale.TheoverallobjectivefunctionFois  
 
FO(PPHE V(tH),PSMES(tS),PPW(t)) = min(w1F1+wfFf)  
     (11) 

Where 
tH –  time under hourly time scale 
tS – time under secondly time scale 
w1  - weightforloadregulation 
wf- weightforfrequencyregulation 
F1 - functionforload regulation 
Ff- functionfor frequencyregulation 
  

Consequently,theproposedpowerdistributiongridinco
rporatingwindpowera n d  P V  p o w e r  
generation,PHEVsandSMESaswellas  the proposed 
coordinated control algorithm 
areanalysedusingMATLAB  simulation. 

 
 
4. SIMULATIONRESULTS 

 
A.TransientRegulation 
Duetolowstoragecapacity,theSMESunitcannotperforma
s  
apowersourceorloadtolevelthehourlyloadprofiles.Never
theless,itcanbeusedtoeffectivelystabilizethegridfrequen
cyin thetransientstate.AsshowninFig.8,theSMESunitis 
connectedtothebusofthewindgeneratorsoastodirectlyco
mpensatethepowerdiscrepancyduetothewindspeedvariat
ion and solar energy variation.  
As aforementioned, the energy and power 
capacitiesofSMESaresizedbyusing.Particularly, 
theparameteraf indicates the minimum amount of 
SMES energy capacity for the system. In order to 
assess the most appropriate amount of SMES energy 
capacity for satisfying the constraint of grid frequency 
variation, a SMES index KSMES  is defined as 

 
 ESMES 

KSMES=  ---------------------------------------->af(12) 
(max(Ppv(t) - Ppv(t - ∆T))∆T) 

 
Where 
∆TisthetimeintervalthattheSMESunitisactivatedto 
compensatethemaximumpowerfluctuationofthewindge
nerator and solar energy variation. 
Underthesameconditionofwindpowerfluctuation,thegrid 
frequencyprofiles 
withandwithoutusingtheSMESunitare shownin 
Fig.7.Itcan befoundthatthe grid frequencyswings 
below49.5HzintheabsenceofSMES,whichisnotacceptab
lefornormalpower distributiongrid. 
Onthecontrary,whenadoptingtheSMES system with 
KSMES=0.5, the frequency variation can be significantly 
suppressed. Fig.8 depicts the corresponding SMES 
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power  under KSMES=0.5, confirming that the SMES 
unit can instantaneouslyreleaseand absorbpowerto 
stabilizethetransientfluctuation. 
 
B. Steady-StateRegulation 
 
 Thedistributionofnominalload,namelythebase 
loadpluswindpowerand PV power 
generation,aswellasthedistributionsof 
nominalloadplusPHEVloadunderuncontrolledandcontr
olled operations.Theuncontrolledoperationrefersto 
thestandardchargingofPHEVs, whereas 
thecontrolledoperationreferstothePHEVloadunderthepr
oposedcoordinatedcontrol. 
 

 
 

Figure 4Load profileswithand with 
outcoordinatedcontrol. 

 

 
 

Figure 5PHEVcharging power profileswith and 
without coordinated control 

 

 
 
Figure 6Bus voltage rangeprofileswith andwithout 

coordinated control 
 

Itcanbeseenthattheuseofcoordinatedcontrolcan
effectivelyrducethepeakybusloadatthe6buseswithPHEV
sconnected. Lineloading 
rateisanimportantlimitingfactorforaccommodatinghighe
rload demand.  
Themaximum lineloadingcan be 
reducedbyathirdsothatahigherlevelofPHEVpenetrationi
s 
allowedsinceallthePHEVsshouldbechargedupbeforeeac
hdailyusage,thechargingperiodissetfromevening 6pm 
tonext morning5am. 
whichindicatesthatheavyloadoccursatfirstfewhourswher
eas lightloadoccurs atlast fewhours.Noticethat 
theloadfluctuationofthenominalloadis largerthanthat 
ofthebase load, that the windpowerisalmostanti-
phasewiththebaseload.Inthepresenceofcoordinatedcontr
ol,theloadprofile canbeeffectively leveled. 
Thecharginganddischarging 
rateofeachPHEVaggregationisvariedaccordingtothesolu
tionsofoptimalcontrol 
algorithm.Ataparticularbus,boththeuncontrolledandcon
-trolledPHEVchargingloadsareplottedtogetherinFig.5.It 
canbeobservedthatthecontrolledPHEVsfeed powerback 
tothegridinfirstfewhours,thusconfirmingtheuseofV2Go
perationundercoordinatedcontrol.Moreover,themaximu
mandminimumbusvoltageswithandwithout 
usingcoordinatedcontrolareplottedtogetherinFig.6.Itcon
firmsthattheuseofcoordinated 
controlcancurtailthebusvoltagedroptolessthan 6% of 
the nominal value. 
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Figure7Frequency 
profilewithandwithouttheSMESsystem. 

 
 

 
 

Figure 8 ResponseoftheSMES tothe suddenchange 
inthewindpower 

 
C. Fault Rectification 
 
 A three phase fault is a condition where 
either (a) all three phases of the system are 
shortcircuited to each other, or (b) all three phase of 
the system are earthed. When the circuit breakers get 
opened as well as PHEVs and SMES discharged that 
maximum value with respect to the time.  
 

 
Figure .9 Grid system with fault 

 
 

Figure.10 SMES and PHEV without fault 
 

 
Figure.12 SMES and PHEV with fault 

 
Then the maximum demand will be supplied 

by both SMES and PHEV power units.It 
canbeobservedthatthecontrolledPHEVsfeed powerback 
tothegridinfirstfewhours,thusconfirmingtheuseofV2Go
perationundercoordinatedcontrol. The simulation 
output for the fault rectification is shown in fig.11. 
 
5. CONCLUSION 
 Inthispaper, improve the power generation, by 
using the renewable sources as wind and solar, wind 
energy is the major sources for producing enormous 
power generation and also analyzing the maximum 
wind speed of the wind energy system by using 
MATLAB/SIMLINK.The coordinated control method 
ofSMEStosupply 
andabsorbtransientpower,thetransientfrequencyfluctuati
on canbeeffectivelystabilized.Enhancing the fault 
clearance using SMES and PHEV.The grid interfacing 
inverter can inject real power generated from wind and 
PV to the grid and thus eliminates the power imbalance 
to improve the quality of power. Power quality 
enhancement can be achieved under three different 
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scenarios: i) PPW= 0 ii) PPW< total load power and iii) 
PPW> total load power. Thesimulationresultsverifythat 
the proposed 
powerdistributiongridandtheproposedcoordinatedcontr
olcanprovideeffectiveloadregulation 
andfrequencystabilization. 
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