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ABSTRACT

This research proposes the coordinated control of superconducting devices, i.e. Superconducting
Magnetic Energy Storage (SMES) and Superconducting Fault Current Limiter (SFCL) for stability
improvement of the power system integrated with renewable energy sources, i.e. wind and solar farms.
he ineyitable problems of wind and solar farms are the output power fluctuation and the fault-ride
through capability. To handle both problems. the parameters of SMES such as the inductance of the
superconducting coil, the sufficient initial stored energy used for stabilization, and parameters of active
and reactive nower controllers arc optinmzed. For the SFCL parameters, the resistance or the inductance of
SFCL is optimally tuned. This research project not only coatrnibutes the new knowledge of power system
stabilizing control under the scenarios of renewable energy sources, but also cstablishes the system

security towards the smart grid.

Keywords: Electric power systen), Renewable encrgy source, Superconducting devices, Power systein

stabilizing control
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Improving Low-Voltage Ride-Through Performance
and Alleviating Power Fluctuation of DFIG Wind
Turbine in DC Microgrid by Optimal SMES With

Fault Current Limiting Function

Issarachai Ngamroo and Tanapon Karaipoom

Abstract—The vital probleins of doubly fed induction gen-
erator (DFIG) wind turbine are power fluctuation and low-
voltage ride-through performance. To tackle both problems, the
new cirenit configuration and optimization technique of the su-
perconducting magnetic energy storage with fault current lim-
iting function (SMES-FCL) in a DC icrogrid are presented.
The SMES-FCL circuit mainly consists of two DC choppers with
common superconducting coil (SC). During normal operation,
the SMES-FCL acts as the SMES unit to suppress the power
fiuctuation of DFIG. When severe faults occur in the system,
the ©€ Yeannected to the syvstem and nsed as
the fault current limiter. Consequently, the fault current and the
terminal voltage drop of DFIG can be alleviated. The energy
funciion method is used to formulate the optimization problem
of SC inductance, initial stored energy, and proportional—integral
control parameters of choppers. Simulation study confirms the
superior control elfect of the SMES-FCL over the conventional
SMES.

i antomatically

Index Terms—Doubly fed induction generator wind turbine,
enerpy function method, fault current limiter, optinmization, super-
conducting magnetic energy storage.

I. INTRODUCTION

N orecent vears, the variable-speed wind turbine with DFIG
I has gained popularity as the smart renewable energy source
in the DC microgrids [1]. However. the DFIG wind turbine in-
evitably faces the crucial problems of power Huctuation during
pormal operation and LVRT during the occurrence of faults
[2]. Without effective countermeasures, these problems may
seriously jeopardize the power systern stability.

In the past. various circuit configurations of the combined
SMES and superconducting fault current limiter (SFCL) have
heen presented [2]-[7] o solve problems in the AC power
wid. In [2]. the SC 1s integrated into the rotor side converter
of the DFIG so that thé internal currents and vollage in the
DG during faults can be suppressed. In [3], the series and
parallel compensation using SMES is used to alleviate power
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and voltage fluctuations ot the wind turbine. However, since the
SMES in [2], [3] has no any effect on the alleviation of terminal
voltage drop of DFIG during faults. the LVRT capuability cannot
be guaranteed. In {4]-[7], the combined SMES and SFCL
are usedhto suppress the fault current and smooth the power
fluctuation in power systems without renewable energy sources.
Nevertheless. there are no any research works which apply the
combined SMES and SFCL. to overcome both LVRT and power
fiuctuation problems of DFIG in the DC power grid.

This paper focuses on the new circuil configuration and
optimization technique of the SMES with fault current lim-
iting function (SMES-FCL) for improving LVRT capability
and smoothing power fluctuation of DFIG wind turbine in a
DC microgrid. The control effect of SMES-FCL is evaluated
by time simulation study in comparison with the conventional
SMES.

II. STULY SYSTEM AND SMES-FCL
A. Srudy Sysrem

Fig. 1 shows the study DC microgrnd which consists of
two identical DFIG wind turbines (DFIGT -and DFIG2) with
the swmne MW capacity [2], SMES-FCL, DC lines, and loads.
During normal operation, the power outputs of both DFIGs
highly fluctuate. On the other hand. when any faults occur near
the DFIG bus, the DFIG wind turbines may fail to ride through
the low voltage situation and be disconnected from the system.
To deal with both problems. the SMES-FCL is placed at the
terminalbus 3 of both DFIG wind turbines.

B. SMES-FCL Circuir and Controllers

Fig. 2 depicts the circuit of SMES-FCL which 1s mamnly
composed of two DC choppers with the common SC. During

J051-8225 @ 2014 IEEE. Personal use is permitied. but repuhlication/redistribution requires IEEE perission.
Sce hitp//www.icae ore/publications_standards/publications/rishis/index humi for more information.



Fig. 2. SMES-FCL circuit,
TABLE |
SWITCHING OPERATION OF DC CHOPPERS OF SMES-FCL
Norml operation During fauls
Switches
Charging Discharging Charging Discharging
mode wode B mode mode

S, on of on off
S5 o0 off on off
D, oft on olf on
D, off on oft on
Sy on on off oft
S on on ol off
D, un on on on
D, on on on on
St oft off on on
Sz off off on on

normal operation, the SMES-FCL which acts as an SMES unit.
is used to smoothen the power fluctuation of DFIG wind turbine
by a control of power charging and discharging. During system
faults. the SC s automatically connected between bus 3 and
bus 4. Afier limiting the fault current and alleviating the DFIG
terminal voltage drop. the SMES-FCL returns to operate as an
SMES unit to eliminate the remaining power fluctuation. Table 1
shows the operation of DC chopper switches of SMES-FCL.
Note that the SMES-FCL used in the DC grid does not require
the nverter hike the SMES in [2], [3] which are used in the AC
arid. Besides. the FCL part do not require the series transformer
for the impedance transformation like the FCL circuitin [4]-[8]
which are uscd in the AC grid. This significandy simplifies the
control techmque of the proposed SMES-FCL.

Fig. 3 shows the chopper controller of the SMES purt. The
control objective 1s 1o keep the power flow at bus 4 constant
by exchanging the stored encrgy in the SC with the system.
The difference between the actual power at bus 4 (Pp,.«y) and
the reference power at bus 4 (P _per) 18 used as the input
signal of the first proportional-integral (PI1) conuvotler. The
output signal of Pl is added to the reference current at bus 4
(1130-1 reyp). The adjusted signal of 1z, 4ep 18 subtracted
froin the actual current at bus 4 (y,.4). As a result. the
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Fig. 4. Chopper controller of the FCL part.
input signal of PI2 is obtained. The output of PI2 is the duty
cycle deviation (AD). By adding AD by 0.5, the duty cycle
signal (D) is achieved. Subsequently. the duty cycle signal is
compared with the sawtooth signal with .1.985 Hz to generate
the gate drive signals of swiiches S1 and S2 of DC chopper.
Wi e ity @ el et thiR BS. the clectrical energy
is charged from the system to the SC. On the other hand,
when the duty cycle is less than 0.5, the stored energy in the
SC 1s discharged to the system. 1n this study, four PI control
parameters (K p, and (4, 2= 1, 2), the initial stored energy in
the SC and the SC inductance are optimized simultaneously.
Fig. 4 delineates the chopper controller of the FCL part. The
atm 1s 1o control the connection of the SC between bus 3 and
bus 4 when system faults occur. Here, /g,y is compared with
the reference fault current (£ g u—pey = 3 kA). When 1 pyq 1S
greater than Iy q,04- 1 - the monostable circuit sends the turn
on signpls to S, and S5 and the wrn off signals to Sy and 5.
Accoratngly. the SC can be automatically connected n scries
with the DC line.

ITT. PROPOSED OPTIMIZATION

The energy function method is adopted [O‘ formulate the
parameters optimization problem of SMES-FCL [9]. When any
faults take place in the system, the kinetic energy stored in
the rotor and the rotor speed of DFIG highly increase. At the
same lime. the electrical power output and the terminal voltage
of DFIG suddenly drop. To make the DFIG ride through this.
low voltage situation, the SC is connected in series with the
system and acts as the [FCL to suppress the increase in both
fault current and stored kinetic energy. Consequently. the abrupt
decrease in both power output and terminal voltage of DFIG can
be alleviated.

The cnergy function V'in this system can be expressed by

Vo= Vi G (O,a(0) + Vi (670.6:(00) . (1)

where Vi is the kinetic enerey, Ve s the potential cnergy.
<1 (t) and wo(f) are the rotor speeds of DFIGT and DFIG2.
respectpvely. o1 (1) and d(1) are the rotor angles of DFIG T and
DFIG2? respectively. and t is the time.
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The derivative of V7 with respect to time can be expressed by

- 2 -
A% ~ (‘,)‘/r[( (]w,-
dt (Bw,- dt.

=]

a9;  dit

-
g Pﬁ). (2)

Ay deseribed in [9]. dV/dE which 1s the ncgative value.
o the total system energy decays. The more negative
1V /di is maximized. the higher and faster system damping can
¢ obtained. Since di; /dt — (Pi — Pei) /M, where M, P,
nd I, are the inertiarconstant, the mechanical power, and
he electrical power of the 7th-DFIG, respectively, substituting
i, /dtinto (2) provides

mplie

2 2

dV ~ (Vi Pu, | OVp dS; — OV |

— i — - —P,;.
dl. 2‘7 ( (9"'.4./‘7 ‘[1 Y (‘)O, dt ; Jw; M,
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The Kinetic energy function can be shown by

RSN M

Vie = > 5M, (e, (1) = wyfe))* 4)

==

where w(f] ~ (wr (DM 1 walt) Mo )ftMy + Ay
Since Ve 7w, = M (w0, (1) — wylt)). the right side of (3)
can be expressed by

AV OV o
= \ LAE) — ol J[jm' } Ba =1 5
dt e( S 6O a6; dt WY
where

9

V%:Z]MW*MWDRL (6)

Due o the shopt period of the fault, 6, P,y and Vp hardly
change. Accordingly. the variation of the first term on the right
side of (S) is very small. On the other side, V¢ which relies on
£.,. directly influences dV'/dl. Here. the FCL part is used to
maximize Ve by controlling 1% so that dV/dl becomes more
negative.

Atter the control of the FCL part as well as during normal
operation. the SMES part alleviates the power fluctuation. Here.
the miintrmization of integral absolute error (JAE) of power
deviation at bus 4 { A Ppg,.«1) is considered as

te
/‘1& Pyl dl — Minimum. (7)

[“

where £y and 7. arc the initial and final times of simulation.

Besides. the SC inductance and the imtal SC current are
optimally tuned so that the initial stored energy in the SC is
mimmized as

1. o o
I 0 = 5/,,«-(;];-;“, — Minimum. (8)

where [£6¢ is the ininal stored energy, Lz is the SC indue-
tice, and [eco is the initial SC current.
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Based on (5). (7). and (8), the multiobjective optimization
problem can be expressed as

t
Minimize 1/Ve 4 / AP (D dt -+ Egcy. 9)
an

Subject Lo

ta) 0.0L < Lge < 3 H, (range of SC inductance).

(b) V.01 < Igey < 2kA, (range of SC current),

(¢) 0.00L < Kpy. Kpoa, Ky I = 200 (range of P1 gains).

The optimized SMES-FCL is compared with the SMES
unit with Lge =25 H and /509 = 1.2 KA. The Pl controller
parametgrs for the chopper of the SMES unit are optimized
by (7) with subject 10 the constraint (¢) in (9). In this work.
the particle swann optimization [10] is used to achieve optimal
parameters of the SMES-FCL and the SMES unit.

V. SIMULATION STUDY '

The parameters optimization is conducted by MATLAB/
SimPowerSystems |11 under the wind speeds of DFIGI and
DFIG2 n Fig. 5. where 1y = 0 s und 1. = 10 s. In addition,
the temporary line to ground fault is applicd at the point Fl
i Frg. | art = 1.0 s for 150 ms. As a result, the convergence
curves of 1/Ve, TAE of APp,.4. Lse. and Egery are shown
in [ig. 6. The optimized parameters of SMES-FCL and SMES
are provided in Table 11 Note that the SC inductance and the
initial stored energy of the SC in case of SMES-FCL are Tower
than those in case of the SMES unit. Fig. 7 depicts the power
fuctuation at bus 4 under the wind speeds in Fig. § without
the fault. In cases of without controller. the power largely
fluctuates. Oo the other hand, both SMES and SMES-FCL we


http:ternpor<.tl

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY,

TABLE 1I
OPTiMIZED PARAMETERS OF SMES AND SMES-FCL

Paramaeters SMES SMES-FCL
Ly (H) 25 0.99
Iicy (KA) 1.2 125
Eqp (M) 18 0.77
Kpyo Ky, 9.74.0.16 J 208, 5:65
Kpn. K)o 15.11,6.21 19.01. 3.22
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Frg. 8. Termina voltage of DFIGT at bus 1.

able to eet rid of the pO\'vex' fuctuation effectively. Nevertheless.
the SMES-FCL provides betfter power sinoothing effect than the
SMES unit.

Fig. 8 shows the terminal voltage of DFIGI at bus I with
respect 1o the allowable voltage criteria of the AWEA grid
code of USA |12]. Based on the iime duration and the AWEA
vellage critena, the wind turbine must withstand the terminal
voltage drop up to 15% of the nominal voliage for 625 ms. In
cases of without conuoller and with SMES. the terminal voltuge
drop is Jower than the acceptable criterta of the gnd code. The
DEFIGH cunnot ride through the fault. In case of SMES-FCL.
on the other side. the voltage drop is in the acceptable range of
erid code. Subsequently, the voltage Huctuation is completely
climinated. Consequently. the LVRT capability of DFIGI can
be augmented by SMES-FCL. Nate that simulauon results in
case of DFIG2 are in the same fashion as those of DFIGI.
e, 9 shiows the maximum voltage drop during Faults. In case of
SMES-SECL, the maximum voltage drops at the DFIG terminal
buses 1. 2. and 3 are in the allowable criteria. Le. at 85% of the
nominal voltage.
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TABLE 11l
NECESSARY MW axD MJ CAPACITIES OF SMES
Capacity SMES SMES-FCL
MW 381 2.68
MJ IR 1.28

—

Fig. 10 depicts the power fluctuaton at the DFIG] terminal
bus 1. Without any device and with SMES, the transient power
drastically fluctuates. Since the fault 15 adjacent to the SMES
location. the SMES control effect is entirely deteriorated. On
the contrary, the SMES-FCL can effectively suppress the power
fluctuation and damp out the remaining power swing.

Finally. the necessary MW and MJ capacities of the SMES
for LVRT enhancement are given in Table 111. The MW capacity
is obtwined from the maximum power output deviation of
SMES. The MJ capacity is determined {rom the maximum dif-
ference between the initial stored energy and the energy output
of SMES. With the support of the FCL part. the necessary MW
and MJ capacities of SMES in case of the SMES-FCL are less
than those in case ot the SMES unit,

V. CONCLUSION

The SMES-FCL and parameters optimization for cnhanc-
ing LVRT capuability and suppressing power fluctuation of
DFIG wind twrbine in a DC micrognd 15 proposed. Study
results ensure that the SMES-FCL with lower SC inductance
and MW/MI capacities provides better control effect than the
SMES. The SMES-FCL can be expectled as the smart device 1o
contribute not only the stabilizing effect, but also the significant
economic merit in the future DC power grid.
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thstraci~—Recently, a doubly f ed i nduction g enerator ( DFIG)
wind turbine has been extensively paid attentions as a renewable
energy s ource in the D C microgrid. However, t he inevitable
problems of DFIG wind t urbine a re low vol tage r ide through
(LVRT) duetotheoccurrenceo ffaults as wellas the power
fluctuation. To overcome both problems,a superconducting
maonetic en erev s torage (SMES) unit which is able to provide
fast control of active and reactive power, can be used. This paper
applies a SMES unit to enhance LVRT performance and alleviate
the power fluctuation of DFIG wind turbine in the DC microgrid.
The SMES circuit is mainly composed of the DC chopper. The P1
controllers o D C ch oppera reus edt o control the ex change
cnerpy b oetween the superconducting ¢ oila nd the system.
Simulation study using MATLAB/SimPowerSystems ensures the
SMES control effect on both enhancing LVRT performance and
smoothing power [luctuation of DFIG wind turbine.

Keywords-superconducting  magneticen ergy s torage; low
voltage r ide t hrough c apability; power f luctuation; doubly-fed
induction generator wind turbine; dc microgrid

I STUDY SYSTEM AND PROPOSED SMES CONTROL

Fig. 1 delineates the study DC micrognd. Two D F1G wind
turbines (DFIG-A a nd D FIG-B) are us ed to s upply ¢ lectric
power to | oads. Atthe normal opcration. the p ower o utput
fluctvation from D FIG w ind-t urbines causes the problemo f
power quality. On the other hand, when the faults such as short
circuits take place. the DFIG wind turbine may not ride
through the low voltage situation and be disconnected from the
system. This tripping of DFIG wind turbine may result in the
system instability {1]. To tackle both problems, the SMES unit
with th e fast control of active and r eactive p ower, canb e
applied. Here, the SMES unit is installed at bus 1.

Fig. 2 shows the SMES circuit which 1s composed of
capacitor (C), DC chopper, and superconducting c oil. Fig. 3
depicts the controller o f DC chopper which is used to control
the exchange encrgy between the superconducting coil and the
system. T he po wer e rror s ignal w hich 1 s calculated from the
dilference between the actual power flow through bus 1 (Pz,))
and the reference power flow through bus | (Ppg,.; ) 1s used as
the input of P11 controller. The output of P11 isthe reference
current flow through bus 1 (/. y). The current error signal
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Figure 1. DC microgrid with DFIG wind turbings and SMES.
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Figure 3. Controller of DC chopper.

which 1 s ¢ alculated from the d ifference between t he actual
current flow through bus | (/g.) and /g . Isusedas the
input of P12 controller.-The output of the PI2 isa duty cycle
deviation (AD) which is added to the reference valuc (+0.5). As
a result, the duty cycle (D) is applied to control the chopper so
that the e nergy stored in the superconducting coil canb e
appropriately exchanged with the system. When the duty cycle
is greater than 0.5 (50 %), the current flows through the IGBT


mailto:ngamroo@gmail.com
mailto:krpoom@gmail.com

switches S1 and S2. The electrical energy is charged from the

system to the superconducting coil. On the contrary, when the
dutyooyoloas Tessthan 0.5, the current f lows t hrough t wo
diceles, The energy is discharged from the superconducting coil

e sysiem. By comparing the duty cycle with a triangular

carricr wavelorm with 19 80 Hz, the gate drive signals of Sl
and S2 can be obtained.

TABLE L PARAMETERS OF SMES
~ Cail inductance (1) 2.5 Kpi 15
| Initial coil current (A) 1200 Kpo 25
[ _Ininal stored energy (15 1.8 K, K

II.  SIMULATION RESULTS

In s imulaton s tudy, t he MATLAB/SimPowerSystems s
used to evaluate the SMESc ontrole ffect. T he SMES
parameters are appropriately selected as given in Table 1. Fig. 4
shows the wind speeds of DFIG-A and DFIG-B. Fig. 5 depicts
the DC power at bus 1. Without SMES, the power fluctuation
is very high. On the other hand, the SMES can alleviate the
power fluctuation ef fectively. The power s moothing cffect of
SMES can be confirmed.

Next, to e valuate the S MES control effect on the LVRT
CAPADUILLY €N Danceiient, 101y dssuliied Citat (e Tauil 1o groulid
occurs at point A in Fig. 1 at =45 for 150 ms. Fig. 6 shows
the terminal voltage of DFIG-A with respect to the acceptable
minimum voltage of A WEA grid code o fU SA [1]. Without
SMES, thete rminal v oltage dropsb elow thea llowable
minumum volfage of grid code. The DFIG wind turbine cannot
ride t hrought he f ault. Asa r-esult, the DFIGw ilib e
disconnected from the system. Incase of SMES, the decrease
in the DFIG terminal voltage is in the acceplable range of grid
code. Fig. 7 depicts the active p ower outputo fD FIG-A.
Clearly, the SMES can suppress the transient power fluctuation
after the occurrence of fault. Simulation results confirm that the
SMES placed att he D FIG t erminal not o nly effectively
tleviates the p ower o utput fluctuation, but also successfully
supports the fault ride through capability of DFIG.

Nevertheless, there are some problems which are necessary
to be considered as follows.

e  When the fault [ocation is adjacent to the SMES, the
SMLS co nrol ef fect on an  enhancement of LVRT
capability i1s  highly detcriorated. This may cause t he
large terminal voltage drop of DFIG wind turbine lower
than the acceptable range of grid code, and the tripping
of DFIG. To handle this problem, the improvement of
SMES ci reuit with fault current lim jting f unction is
importantly required.

e Sincet he S MES parameters i n Table 1ar e s uitably
' selected, these parameters cannot guarantee the control
offect of SMES at other operating conditions. The
optimizaton t echnique of SM ES parameters such as
coil inductance. initial stored energy, and PI parameters

ot DU chopper is significantly required.

These problems willb es olved byt he proposed n ew
technique which will be presented in [2].
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Figure 5. DC power at bus 1.
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Figure 7. Active power at terminal of DFIG-A.
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