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Abstract. In recent year, the generating power from renewable
energy sources is coming up. Particularly, wind energy conversion
systems is attractive because of it’s advantages such as, pollution
free, no fuel cost, abundantly available in nature etc. However, the
generated power and the bus voltage is always fluctuating and it
mainly depends on the wind speed. A superconducting magnetic
energy storage(SMES) unit is capable of controlling both the ac-
tive and reactive power simultaneously and quickly. In this paper,
control scheme for active and reactive output power simultaneous
control and voltage control of the series and parallel compensator
using SMES is proposed. It is show through simulations, that the
controlling sequence of charging and discharging of the SMES coil
effectively damps out the transmission line power oscillation and
WTG’s terminal bus voltage fluctuations.
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I. INTRODUCTION

The increased renewable energy utilization, especially
photovoltaic panels using solar energy or wind tur-
bine generators(WTGs) using wind energy, has been ex-
pected in recent years from view point of CO5 gas emis-
sion reduction and environmental conservation. There
are other aspects other than cost alone for making use
of WTGs for wind energy conversion systems. However,
the generated power and bus voltage of WTGs is always
fluctuating because the WTGs are driven by fluctuating
wind. Moreover, if WTGs is installed in the end of the
distribution line, an instantaneous voltage sag will be-
come large with increase of distribution line length by
influence of the inrush current at the system intercon-
nection[1].

From such a background, the effective interconnection
equipment which connects a power system and wind en-
ergy conversion systems is required. This paper is con-
sidering introduction of superconducting magnetic en-
ergy storage(SMES) as effective interconnection equip-
ment which solves the various problem of wind energy
conversion systems. SMES is capable of controlling

both the active and reactive power, simultaneously and
quickly by technology enhancement of power electronics
apparatus. Therefore, various application for SMES to a
power system from the merit of the conversion efficiency
is expected. However, introduction of SMES has been
hindered since the equipment production cost is high,
and is required to have multifunctional in application to
power system. In recent year, SMES with a high speed
phase shifter have been proposed and demonstrated the
usefulness[2]-[4]. Moreover, circuit configuration achiev-
ing an active and reactive power simultaneous control
have been proposed by connecting the two quadrant dc-
chopper with a superconducting coil and dc-link capac-
itor by making it operate as voltage sources[5],[6].

In this paper, control scheme which achieve the damping
of transmission line power oscillations and compensating
of WT'G’s terminal bus voltage fluctuations in the wind
energy conversion systems by applying the series and
parallel compensation using SMES is proposed. More-
over, control scheme of the two-quadrant dc-chopper
with superconducting coil is also proposed. Further-
more, it achieves damping of rapid voltage fluctuations
and power oscillations by analyzing with an instanta-
neous value. In order to verify a control performance,
some computer simulations are performed in the target
wind energy conversion systems. The performed simula-
tions are system interconnection, wind speed turbulence
and three phase to ground fault of transmission line,
respectively.

II. CONFIGURATION AND CONTROL SCHEME OF
PROPOSED SMES

The target wind energy conversion systems which in-
troduced a SMES is shown in Fig. 1(a). As shown in
Fig. 1(a), WTGs is connected to the infinite-bus-power-
system through the transmission line of line reactance z,
and the series and parallel compensation using SMES is
located at WTG’s terminal bus to achieve the damping
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Fig. 1. Power system model.

of the transmission power flow and the compensation of
bus voltage. The output power of WTGs is determined
by the output characteristic of Fig. 1(b)[7]. Tables 1
and 2 are parameter of WTGs(or squirrel-cage induction
generators) and specification of SMES, respectively.

Configuration of the series and parallel compensation us-
ing SMES is shown in Fig. 2. It consist of a combination
of series and shunt devices, the dc terminals of which are
connected to a common two quadrant dc-chopper with
a superconducting coil and dc-link capacitor. Control
objective of the series device is suppressing the fluctu-
ation of WT'G’s terminal bus voltage vgs by controlling
the output voltage of boosting transformer v;. Control
objective of the shunt device is suppressing the oscilla-
tion of transmission line power p; by performing a si-
multaneous control of instantaneous active and reactive
output power(ps; and ¢5). In addition, control objective
of two-quadrant dc-chopper is maintaining a constant
dc-link voltage veqp by performing the electric energy
charging/discharging control of a superconducting coil
current ig,. Each control conception and configuration
is described in the following sections.

A. Control scheme of the series inverter

Control scheme of the series inverter is shown in Fig. 3.
As shown in Fig. 3, the d-q axis transformation obtains
vsq and v, from three phase output voltage of boost-
ing transformer vy,,vs and wvs.. The difference of the
obtained signal and the reference output voltage (vsqres
and vsqres) is inputted into a PI controller. The output
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Fig. 2.  Configuration of the series and parallel compensation
using SMES.

signal of PI controller determines the pulse width mod-
ulation(PWM) reference voltage v},, v}, and v}, calcu-

lated from d-q inverse transformation.

The reference output voltage vsgrer and vggrer sets up a
d-q axis transmission voltage deviation Avyy and Awy,.
The reason for having set up Avgq and Avy, as the ref-
erence output voltage is shown below. If the output
voltage from a boosting transformer is zero, a WTG’s
terminal bus voltage vy, and transmission voltage v; are
the same. When a WTG’s terminal bus voltage fluctua-
tion Avgq and Av,, arises by disturbance etc., Avyg and
Auwy, is removed by vsq and vs, as shown in eq. (1).
Avgd = A’Utd — Vsd = 0 } (1)
Avgy = Avgg — V5 =0

When vgq and vgq tracks vggres and vsgrefr, vga and vgq
is maintained at constant voltage.

B. Control scheme of the shunt inverter

In control objective of the shunt inverter, if a oscilla-
tion components Ap; and Ag; is contained in the output
power of WTGs by disturbance which arises from wind
speed fluctuation, as shown in eq. (2), a transmission
line power p; can uniformly maintained by absorbing
or releasing active and reactive power(ps; and ¢,) from
SMES.

Ap, = Apgs -ps=0 } (2)
Ag = Aqgs —¢s=0

Control scheme of the shunt inverter is shown in Fig. 4.
As shown in Fig. 4, the instantaneous active and re-
active output power of the shunt inverter is calculated
from d-q axis voltage and current obtained by d-q axis
transformation. The difference of the obtained signal
and the reference output power psres Or gsres is inputted
into a PI controller. The output signal of PI controller

determines the PWM reference current ¢},, i}, and 4,

SMES coil
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Fig. 3. Control scheme of the series inverter(controller 1).

Ved %

Vgq

inverter

rated output 674 kW

rated line-to-line voltage 690 V

rated frequency 60 Hz

pole number P 4 pole

inertia coefficient J 687 kg-m?

stator resistance 7 0.019 p.u.

stator leakage reactance z;, 0.220 p.u.

rotor resistance r, 0.016 p.u.

rotor leakage reactance x, 0.190 p.u.

excitation reactance x,, 7.300 p.u.

TABLE II
SPECIFICATION OF SERIES AND PARALLEL COMPENSATION USING
SMES.

rated current 500 A
coil inductance 5H
filtering capacitance 1.2 mF
stored possible power 625 kW /174 Wh
AC-filtering inductance L, 2 mH
AC-filtering capacitance C,, 50 uF
AC-filtering inductance Ly 0.2 mH
AC-filtering capacitance Cy 10 pF
carrier frequency of the inverters 2000 Hz
carrier frequency of the dc-chopper 500 Hz

calculated from d-q axis inverse transformation.

The determination process of psrey and ggrey is de-
scribed. At first, an instantaneous active and reactive
output power of WIGs pys + Ap, and g4, + Ag, are
detected. Low-pass-filter(LPF) and phase compensator
shown in Fig. 4 is the filter which remove the oscillation
component. The filter is designed so that an instanta-
neous active output power p, of the shunt inverter in
steady-state could be zero. Inputting a detected signal
Pgs + Ap, into the filter, the filter outputs the signal
removed a oscillation component. The difference of a
detected signal and a removed signal is oscillation com-
ponent Ap,. The reference reactive power gsrey is deter-
mined by the difference of the detected signal g45 + Agy
and arbitrary reference reactive power of transmission
line ggrer. If an instantaneous active and reactive output
power(p, and g,) of the shunt inverter tracks psres(Apy)
and ggrey, the oscillation components of p,, and ggs is
removed. The parameters of PI controller used in simu-
lation are shown in Table. 3.

C. Control scheme of the two-quadrant dc-chopper

Control conceptual diagram of charging or discharging
energy is shown in Fig. 5, and control scheme of the two-
quadrant dc-chopper which achieves a constant dc-link
voltage Vcqp control is shown in Fig. 6. In the char-
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Fig. 4. Control scheme of the shunt inverter(controller 2).

acteristic of this chopper shown in Fig. 5, an electric
energy is charged(veqp is decreased) when Gate-Turn-
Off(GTO) thyristor G1 and G2 is ON(D1 and D2 is
OFF), an electric energy is discharged (v, is increased)
when G1 and G2 is OFF(D1 and D2 is ON). A constant
dc-link voltage v.qp control is performed by PWM duty
factor control using the characteristic. In Fig. 6, vcqp
is decreased when 0< d < 50%, vcqp is increased when
50< d < 100%, where a magnitude of carrier wave sig-
nal is 100%. The PWM reference signal is determined
by the difference of LPF output signal and dc-link volt-
age reference vqpres as shown in Fig. 6. A output of
comparator depending on comparison of the PWM ref-
erence signal and carrier wave signal is 1 when carrier
wave signal is greater than the reference signal, and 0
when carrier wave signal is less than the reference signal.

III. SIMULATION RESULTS

The effectiveness of the proposed control schemes is
demonstrated through computer simulations by consid-
ering the wind power generation system shown in Fig. 1.
Each parameters of transmission line and transformers
used in the simulations are shown in Tables 3 and 4.
The disturbances to the wind power generation system
is the transmission line power oscillations and the gen-
erator’s terminal bus voltage fluctuation at the system
interconnection, a wind speed fluctuation, and a three
phase to ground fault.

A. Simulation results of system interconnection and
wind speed turbulence

The simulation sequence is shown below:
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i)t=1 : system interconnection with a con-
stant wind speed,
ii)1.5< ¢ <4.5 : wind speed turbulence which fre-
quency is 1[Hz] arises,

iii)4.5< ¢ : a constant wind speed.
Fig. 7 shows the simulation results at interconnection.
In Figs. 7 (a) ,(b) and (c), solid line and dashed line
shows the simulation results with the installing SMES
and the not installing SMES, respectively. Fig. 7(a) can
be seen that the installing SMES can compensate ef-
fectively the WTG’s terminal bus voltage fluctuation as
compared to the case of the not installing SMES. And
from Fig. 7(d), it can be confirmed that the series in-
verter of a proposed SMES is outputting the d-¢q axis
voltage vsq and vs, to compensate the generator’s ter-
minal bus d-¢ axis voltage fluctuations. Fig. 7(b) can be
seen that the installing SMES can damp effectively the
transmission line power oscillation as compared to the
case of the not installing SMES. And from Fig. 7(d), it
can be confirmed that the shunt inverter of a proposed
SMES is absorbing or releasing the active and reactive
power of reverse polarity as compared with the trans-
mission line power oscillations. As shown in Fig. 7(c),
it can be confirmed that the inrush current has been
suppressed due to voltage compensation of the series in-
verter with boosting transformer.

Fig. 8 shows the simulation results at wind speed tur-
bulence. As shown in Fig. 8(a), wind speed turbu-
lence simulated by making it change from 9m/s to 2m/s.
From Fig. 8(b) and (c), WTG’s terminal bus voltage and
transmission line power are controllable by a proposed
SMES similarly at wind speed turbulence. Moreover, it
can be confirmed that the transmission line power is con-
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Fig. 7. Simulation results at interconnection.



TABLE III
PARAMETERS OF PI CONTROLLERS.

PI, | PI, | PI3 | PIy
Proportional gain K, || 2.5 | 4.5 | 1.6 | 1.6
Integral gain K; 2501350120 | 120

TABLE IV
TRANSFORMER PARAMETERS.

Ry (pu)| L1 (pu) | Ra(pu) | L2 (pu) | R (Pu) | Lim (pu)
T,. || 0.015 | 0.03 | 0.015| 0.03 | 200 | 200
T, || 0.003 | 0.04 | 0.003 | 0.04 | 200 | 200

(rated T,;:800kVA-6.6kV/690V,
T,2:800kVA-690V /230V)

TABLE V
LINE PARAMETERS.

line reactance z 0.04 p.u./km
line length 40 km

verging to its steady-state value at t=8sec by the effect
of the filter. Furthermore, Fig. 8(d) can be seen that the
two-quadrant dc-chopper can maintain constant dc-link
voltage veqp-

B. Simulation results of a three-phase to ground fault

The simulation sequence is shown below:

i)t=3 : a three phase to ground fault was ap-
plied a the middle of one transmission
line,
ii)t=3.0667 : opening the faults transmission line,
ii1) 3.0667< t : the other transmission line is sending
power.

Fig. 9 shows the simulation results at three-phase to
ground fault. As shown in Figs. 9(a) and (b), in the
case of the not installing SMES, WTG’s terminal bus d-
axis voltage vqq is arising an instantaneous voltage sag
of about 400[V], and the transmission line power oscil-
lation is arising at the same time. In the case of the in-
stalling SMES, as shown in Fig. 9(d), it can be confirmed
that an instantaneous output voltage sag has been com-
pensated by outputting the d-q axis voltage vsq and v,
from the series inverter, and the transmission line power
oscillations has been damped by absorbing or releasing
the active and reactive power from the shunt inverter.
Moreover, it can be confirmed that the fault current has
been suppressed by performing the voltage compensa-
tion as shown in Fig. 9(c). Furthermore, Fig. 9(d) can
be seen that the two quadrant dc-chopper can maintain
the constant dc-link voltage.
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IV. CONCLUSION

In this paper, in the wind energy conversion systems,
control schemes which achieve compensation of WTG’s
terminal bus voltage fluctuations and the damping of
transmission line power oscillation by applying the se-
ries and parallel compensation using SMES was pro-
posed. The effectiveness of the proposed control schemes
was demonstrated through computer simulations. The
disturbances to wind energy conversion systems was
WTG’s terminal bus voltage fluctuations and the trans-
mission line power oscillations at a system intercon-
nection, a wind speed turbulence, and three-phase to
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Fig. 8. Simulation results at interconnection.

ground fault of transmission line. From simulation re-
sults, it could be confirmed that the series and par-
allel compensation using SMES can control effectively
WTG’s terminal bus voltage fluctuations and the trans-
mission line power oscillation. Moreover, it can be con-
firmed that the two-quadrant dc-chopper can maintain
the constant dc-link voltage.
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