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ABSTRACT Wind Turbine Generator (WTG) has become one of the most popular renewable-based power
generation that is broadly connected to electricity grids worldwide. Till the year 2019, the total WTGs
installed worldwide reached about 650.8GW. The WTG is interfaced to the electricity grid through power
electronic converters with a proper control algorithm to facilitate a smooth power delivery as well as
maintaining the system voltage and frequency stability during wind intermittency. However, power grids
are usually subjected to load expansion which affects the stiffness of the grid and hence its stability. A weak
electricity grid exhibits voltage instability that may affect the performance of WTGs and in some cases may
lead to serious damages to the wind turbines and the entire system. In this paper, superconducting magnetic
energy storage (SMES) technology based on fuzzy logic controller is implemented to effectively resolve
this issue and improve the overall performance of WTGs. Hysteresis current and fuzzy logic-based control
system is proposed to control the energy exchange between the SMES coil and the investigated system.
Results show the effectiveness of the SMES to improve the overall system performance and along with the
fault ride-through capability of the doubly-fed induction generator (DFIG).

INDEX TERMS DFIG, SMES, low voltage ride through, wind energy, weak grid.

I. INTRODUCTION
In the last decade, electric power generation from non-fossil
fuel resources has been given much concern by worldwide
nations that allocated a significant portion of its budgets
to finance and develop renewable energy-based projects.
Among renewable energy sources that have been widely
deployed is the wind turbine generators (WTGs). As such,
improving the performance of wind power system connected
to electricity grids has been given much attention by net-
work operators as well as global researchers. The global
installation of WTGs has reached about 650.8 GW at the
end of 2019, which was slowed down in 2020 due to
Covid-19 [1]. In Indonesia, 75 MW WTG-grid connected
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systems have been installed recently with another 72 MW in
progress [2], [3].

Based on [4], doubly-fed induction generator (DFIG) has
occupied 50% of the total installed wind energy conversion
systems (WECS) which makes it dominating the total instal-
lations among the other types of WTGs worldwide. This
DFIG domination is due to its advantages which include: easy
control of the active and reactive power, grid and generator
sides’ controllability and ability to function under variable
wind speed. DFIG employs power converters of one-third of
the rated power which results in a reduction of the total cost
when compared with the full-converter systems [5].

In the early stages of WTG installation, the most chal-
lenging issue was how to adapt the turbine rotation with the
rapid variation of the wind speed [6]–[8]. In [6], a maximum
power point tracking (MPPT) system is used as a control
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strategy for optimal extraction of wind energy under the
irregular variations of the wind speed. The MPPT control
strategy has been also adopted for large-scale of WECS [7].
Ref [8] presents strategies for pitch control to overcome the
effect of wind speed intermittency. These studies focused
on the improvement of the control mechanism of WTGs
under wind speed intermittent conditions. Currently, several
WTGs are connected to the main electricity grids. Thus grid
stiffness and disturbances have become serious problems that
directly affect the performance of the WTGs. Previously,
disconnecting wind turbines from the electricity grid during
disturbance and fault events was permitted to avoid potential
consequences to the components of the WECS. However,
the global transmission line operators have established strict
grid codes that must be complied to maintain the connection
of the wind turbines during such events to support the grid and
avoid partial or full power blackout. In some cases, without a
proper protection scheme, a grid disturbance may lead to the
disconnection of the WTGs or result in severe damages to the
turbine and converter switches [9].

Due to the day-by-day increase in the loads, electric-
ity grids are becoming less stiff as no more synchronous
generator-based power plants are connected to support the
grid [10]. This situation will affect the WTG performance,
especially when a DFIG is used due to the sensitivity of these
generators to the grid characteristics, faults and disturbance
events [11].

II. PAPER CONTRIBUTION AND NOVELTY
Aweak grid is usually associated with voltage instability [12]
that affects the performance of the WTGs connected to the
grid and in some cases, may result in serious damages to the
mechanical and electrical components of the WTGs. While
several studies on the improvement of WTGs control strate-
gies for weak grids can be found in the literature [13]–[16], all
the presented control techniques are only suitable for newly
installed WTGs as they call for major changes to the built-in
control mechanism and infrastructure of the WTG.

Ref [13] presents the impact of wind speed levels on the
performance of a DFIG-based WECS when connected to a
weak-grid using small-signal analysis. A control improve-
ment for the grid side converter is introduced [14] to enhance
the DFIG performance when connected to a weak grid.
In [15], the presented investigation focused on the impact
of weak grids on the performance of a large-scale WECS
based on voltage sensitivity at the point of common coupling
(PCC) however, no solution is proposed. To maintain system
stability, Ref [16] proposed an improved low voltage ride
through (LVRT) control scheme by either injecting active
current or decreasing the phase locked loop (PLL) bandwidth.

For existing systems, a flexible ac transmission sys-
tem (FACTS) device can be connected to resolve the issue
of connecting a WECS to weak grids [17]. Many FACTS
devices were employed to improve the performance of
WTGs. This includes high-temperature superconductors con-
nected to the converters dc-link, superconducting magnetic

energy storage (SMES) unit, unified power flow controllers,
static synchronous series compensators and static compen-
sator (STATCOM) [18]–[22]. These FACTS devices are
employed to enhance the fault ride-through (FRT) capabil-
ity of WTG-DFIGs, smoothen generated power fluctuation
and improve the power quality [20]–[22]. A recent study
of suppressing unbalanced grid voltage using coordinated
control of permanent magnet synchronous generator (PMSG)
and STATCOM has been introduced in [23]. By control-
ling the virtual negative-sequence output admittance of the
PMSG and STATCOM, the grid voltage unbalance can be
compensated.

From the above discussion, it can be observed that not
much attention was given to simultaneously enhance both
the fault ride through of the WECS-DFIG and its dynamic
performance when connected to a weak grid.

The main contribution and novelty of this paper is the
presentation of a new application for SMES unit to simul-
taneously improve the dynamic performance of WTG-DFIG
connected to a weak grid and improve the FRT of the DFIG.
The energy exchange between the SMES coil and the grid is
controlled using hysteresis current-fuzzy logic controller.

III. SYSTEM UNDERSTUDY
Fig. 1 illustrates the tested system, which consists of six
identical DFIG-based wind turbines, of 6× 1.5MWcapacity.
The DFIGs and the grid are connected through a 30 km
distribution line, and the SMES unit is linked to the terminal
of the DFIGs at a PCC. A generic model of the DFIG is shown
in Fig. 2.

FIGURE 1. Studied system.

FIGURE 2. Generic model of a DFIG.

The DFIG is interfaced with the grid via two convert-
ers. One converter, grid side converter (GSC), is connected
to the grid via a coupling transformer while the other one
is connected to the rotor and named as the rotor side
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converter (RSC). The two converters are coupled back-
to-back through a dc-link capacitor. The system is designed
based on the parameters given in Table 1 to operate normally
on an average wind speed of 15 m/s.

The proposed SMES unit has been widely used in several
applications such as improving the WECS under wind gust
conditions [16], power-leveling [18], large-scale accelerator
magnet power supply [19], and power smoothing during wind
speed variation [20]. SMES is an efficient FACTS device
that features large storage energy with high efficiency of
about 98% [21]. In addition, it has fast response that makes
it applicable for grid-tied WECS to maintain the continu-
ous operation of the generator during faults and disturbance
events.

TABLE 1. Parameters of studied system.

IV. SMES CONTROLLER
The common layout of the SMES unit is displayed in Fig.3.
The unit contains a voltage source converter (VSC) and a
dc-dc chopper that interface the SMES coil to the PCC.
To facilitate a constant voltage at the PCC, a dc-link capacitor
is placed between the VSC and the dc-dc chopper. The chop-
per controls the energy exchange between the SMES coil and
the system.With a proper control algorithm, energy exchange
can be conducted rapidly, smoothly and in four-quadrant
operational mode.

The SMES control principle can be categorized into
voltage or current source converters (VSC and CSC). VSC
outperforms the CSC in terms of better self-commutation and
reduced implementation cost. The idea behind using SMES
unit to enhance the performance of DFIG-WECS has been
presented in the literature [21], [22].

In this paper, the proposed control system for the SMES
unit employs a VSC. The cost of the switching devices

required for the VSC is about 173% less than a CSC of a simi-
lar size. Moreover, the VSC features better self-commutation
capability and less harmonic generation [24].

The energy stored E in the SMES coil is based on
the SMES current (ISMES) and the inductance of the coil
(LSMES); E = 1

2 I
2
SMESLSMES. The exchange of this stored

energy with the system through controlling the SMES unit
charging and discharging operational modes is the crux of the
effective utilization of the SMES in many applications.

The exchange of SMES energy with the system in this
paper is controlled by regulating the switching operation of
the VSC and the dc-dc chopper using hysteresis current con-
troller (HCC) and fuzzy-logic controller (FLC), respectively
as shown in Fig.3.

FIGURE 3. Schematic of SMES control configuration.

A. HYSTERESIS CURRENT CONTROLLER
Several control algorithms were proposed to control the
switching operation of VSCs to regulate the voltage across
the dc side. Ref. [25] presented a three-level control
method for a VSC interfacing a SMES coil with the
WECS. However, the complexity of this method makes
it infeasible for practical applications. Another method
using four proportional-integral (PI) controllers are presented
in [26]–[28]. However, adjustment of the four PI control
parameters is a complex task and calls for effective optimiza-
tion technique.

The concept of HCC can be explained through the
VSC-grid equivalent circuit shown in Fig. 4. In this figure,
the line currents ia, ib and ic are to be controlled by switching
the IGBTs to the positive or negative dc voltage source ter-
minal (±VDC ). The three phase output voltage (Vabc) can be
converted, for simplicity, to a vector x (t) represented in the
stationary frame as x (t) = xα(t)+ jxβ (t) where:[

xα
xβ

]
=

2
3

 1 −
1
2 −

1
2

0
√
3
2 −

√
3
2

 xaxb
xc

 (1)

The terminal voltages can be obtained mathematically as:

Va = Sa ∗ VDC
Vb = Sb ∗ VDC
Vc = Sc ∗ VDC (2)

where Sa, Sb, and Sc are the switching function of each phase.
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When Sa, Sb or Sc is connected to +VDC, their value in (2)
is equal to 1 while it is 0 when the switches are connected
to –VDC . Thus, the controller purpose is to find the value of
those switching functions.

The following state space equations can be derived from
Fig. 4:

dia
dt
=

1
3L

[2 (va − ea)− (vb − eb)− (vc − ec)]−
R
L
ia

dib
dt
=

1
3L

[2 (vb − eb)− (va − ea)− (vc − ec)]−
R
L
ib

dic
dt
=

1
3L

[2 (vc − ec)− (va − ea)− (vb − eb)]−
R
L
ic

(3)

Using (1), the vector representation of (3) can be written
as:

dI0
dt
=

1
L
(Vn − e0)−

R
L
I0 (4)

where e0 is the counter-emf voltage and I0 is the output
current.

If I∗ is the current reference or the current command space
vector and Ie is the error, therefore:

Ie = I∗ − I0 (5)

Eq. 4 and 5 can be used to derive the current error vector
differential equation as:

L
dI e
dt
+ RIe = L

dI∗

dt
+ RI∗ − (Vn − e0) (6)

Therefore, the current error vector, Ie changes with the
circuit time constant (L/R). It also depends on the current
command space vector I∗ and its derivative dI∗/dt. Further-
more, Ie is also affected by the counter-emf e0 and the output
voltage Vn. If R is ignored, the desired output voltage, V ∗n to
reach zero current error can be obtained from:

V ∗n = e0 + L
dI∗

dt
(7)

Then the below equation can be obtained from (6) and (7):

L
dI e
dt
= V ∗n − Vn (8)

From the above equations, it can be observed that the zero
current error is defined by the counter-emf voltage space
vector and the command current vector.

In this paper, a 3-phase HCC is employed to control the
switching operation of the VSC of the SMES unit as demon-
strated in Fig. 5. In this technique, three hysteresis bands of
width h are specified around the reference 3-phase currents.
For any error signal arising by comparing the line and the
reference currents, the corresponding inverter leg direction is
shifted to the positive or negative terminal by the hysteresis
band h. Figs. 6 and 7, respectively, show a typical example of
hysteresis current and switching signal.

HCC has been reported to be an effective controller for
VSCs because of its simple and easy implementation [21]
and hence is employed in this paper as seen in Fig. 8. In this

FIGURE 4. Equivalent schematic diagram of a VSC connected to the grid.

figure, the DFIG terminal voltage (VS ) and the dc-link voltage
(VDC ) are measured and fed into PI controllers to create
two signals in the dq-reference frame (ID and IQ) that are
converted to the abc-reference frame and compared with the
DFIG line currents. The error signal of the above two currents
is used as an input to the HCC. As explained above, the VSC
switching pattern is triggered based on the difference between
the current error signal and a pre-defined range. This range
is updated based on the dc-link voltage and the generator
terminal voltage. PLL is used to lessen inter-phases depen-
dency and to keep the switching frequency within acceptable
limits [21].

FIGURE 5. Control of VSC using HCC.

FIGURE 6. Typical hysteresis current waveform.

B. FUZZY-LOGIC CONTROLLER
The dc-dc chopper is utilized to manage the energy exchange
among the system and the SMES coil, by regulating the
chopper duty cycle (D) using a FLC. As shown in Fig. 5, a set
of fuzzy logic rules are developed based on the deviations
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FIGURE 7. Typical switching VSC signal.

of the DFIG generated power (PG) and the SMES current
(ISMES ) from their respective nominal values. The output of
the FLC is the duty cycle D that is normalized in the range
0 to 1 using a sawtooth signal to control the operation of the
dc-dc chopper switches [29], [30].

During normal operation, no energy is exchanged between
the system and the SMES coil, therefore a bypass switch is
used to short circuit the coil to maintain its stored energy as
shown in Fig. 10. Based on the correlation between the coil
voltage (VSMES ) and the SMES dc-link voltage (VDC,SMES )
given by (9), the value of D should be 0.5 during normal
operating condition.

VSMES = (1− 2D)VDC,SMES (9)

In case of increased grid power as a result of load shed-
ding or additional generation, the FLC acts to regulate the
value of D to be in the range 0.5 and 1. This results in
a negative voltage across the SMES coil and converts its
operation to charging mode. On the other hand, the developed
FLC acts to regulate the value of D to be within the range
0 to 0.5 i.e. discharging mode when the system calls for
additional energy from the SMES coil. As the SMES coil has
always unidirectional current, then the power flow is mainly
controlled by controlling the polarity of the voltage across the
coil [18]–[21].

V. RESULTS AND DISCUSSION
The application of the SMES unit to improve the performance
of aDFIG-basedwind energy conversion system connected to
a weak grid is elaborated in case study-1. Also, case study-2 is
presented to show the effectiveness of the proposed controller

FIGURE 8. Control of VSC using HCC.

FIGURE 9. Control of dc-dc chopper using FLC.

in enhancing the FRT capability of the investigated DFIG.
Case study-3 investigates the performance of the proposed
controller under a 100% voltage drop at the PCC.

A. CASE STUDY-1
Assuming a weak grid, the voltage at the grid terminals is
expected to exhibit a fluctuation which is assumed in this
case study to be within±30% of the nominal value as shown
in Fig 11. The performance of the DFIG under such event
is investigated through simulation analysis conducted using
Matlab/Simulink software tool.

It is obviously clear from Fig. 12(a) that that DFIG gen-
erated power is influenced by the assumed scenario for the
voltage profile at the grid side. Fluctuation of the generated
power is in the range 0.8 pu to 1.3 pu when no control scheme
is adopted.

FIGURE 10. Dc-dc chopper topology.

However, with the connection of the proposed SMES unit
at the PCC along with the proposed control system, the DFIG
generated power is maintained almost constant at the rated
value due to the active power modulation managed by the
SMES unit. Yet, some spikes can be seen due to the assumed
sudden changes in the voltage profile at the grid side.

Without the SMES unit, the DFIG injects or absorbs
reactive power to control the voltage at the grid side as shown
in Fig. 12(b). This results in a significant fluctuation from
−0.8 pu to 0.3 pu in the reactive power at the PCC. By con-
necting the SMES unit, reactive power compensation is con-
ducted through exchanging the stored energy with the system
to reduce the fluctuation in the DFIG reactive power. This can
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be noticed in Fig. 12(b) in which the reactive power fluctua-
tion exhibits a significant reduction and becomes closer to a
unity power factor operational mode.

FIGURE 11. Assumed voltage profile at the weak-grid side.

The voltage profile at the PCC as shown in Fig. 12(c) expe-
riences voltage sags and swells following the grid voltage
variation. This may turn on the crowbar protection system to
isolate theWTGs if the terminal voltage violates the fault ride
through grid codes [20]. When the SMES unit is connected,
the voltage at the PCC can be maintained at its nominal level
with some spikes regardless the grid voltage variation.

As shown in Fig. 12(d), during grid voltage variation, the
generator rotor speed tends to increase during voltage sag
and decrease during voltage swell following the variations in
the generated active power. With the SMES unit, the gener-
ator speed profile is kept constant at its rated level. This is
attributed to the active power compensation conducted by the
SMES unit which alleviates the compensation by the rotor
mechanical shaft. Following the fluctuation in the genera-
tor speed, the electromagnetic torque experiences substantial
oscillations during the grid voltage variations, but when the
SMES unit is connected, the oscillations of the electromag-
netic torque are effectively suppressed as shown in Fig. 12(e).

The dc-link voltage plays an important role in maintain-
ing the rated energy transfer to the grid. Therefore, it has
to be maintained constant as much as possible [21], [22].
Fig. 13 shows that every time the voltage at the grid
side encounters changes, the voltage across the dc-link
exhibits large overshooting. The zoomed plots shown in
Figs. 13(a)-(c) reveal that with the connection of the SMES
unit, the maximum overshooting in the dc voltage is signif-
icantly reduced, which facilitates a smooth energy exchange
between the SMES unit and the system.

Fig. 14 shows the energy profile of the SMES coil (0.5LI2)
during the assumed grid voltage variations shown in Fig. 11.
It can be seen that the SMES unit injects or absorbs certain
amount of energy to regulate both active and reactive power
at the PCC and hence reducing the influence of the weak grid
on the performance of the WTG.

B. CASE STUDY 2
The role of the SMES unit is not limited to improving the
performance ofWTGs connected to weak grids but it can also

FIGURE 12. DFIG performance during grid voltage variation with and
without SMES; (a) DFIG active power; (b) DFIG reactive power; (c) Voltage
at PCC; (d) DFIG rotor speed; (e) DFIG electromagnetic torque.

perform other tasks for WTGs connected to stiff grids during
fault and disturbance events. In this case study, a stiff grid is
assumed to experience a three-phase short circuit fault and the
same SMES controller is used to improve the performance of
the system under such condition.
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FIGURE 13. DC-link voltage with and without SMES; (a) at t = 1s; (b) at
t = 8s; (c) at t = 9s.

FIGURE 14. SMES energy profile during grid voltage variation.

In this case study, it is assumed a three-phase short circuit
fault occurs at the grid side at 0.5s and lasts for 0.25s. The
drop in the voltage at the PCC will stimulate the proposed
controller to activate the energy exchange between the system
and the SMES coil. Due to this fault, the voltage at the
PCC experiences a voltage sag of 0.85 pu and reaches a
level of only 0.15 pu as can be seen in Fig. 15(a). If this
voltage violates the low voltage ride through of some grids’

FIGURE 15. DFIG response during three-phase short circuit fault at the
grid side with and without SMES; (a) PCC Voltage (b) DFIG active power.

FIGURE 16. Severe voltage drop at the PCC without and with SMES unit.

codes such as Spain, the crowbar protection system will
be activated and disconnect the WTGs from the grid to
avoid potential damages. By employing the proposed SMES
unit with the developed controller, the voltage sag at the
PCC can be reduced due to the additional reactive power
injected by the unit. Accordingly, the PCC voltage level can
be brought within the safe margins of Spain grid codes as
shown in Fig. 15(a). Without using the SMES unit, the DFIG
generated power is dropped to 0.2 pu during this fault as can
be seen in Fig. 15(b). This significant reduction may affect
system reliability, especially if local loads are connected at
the PCC. By connecting the SMES unit, the additional active
power released to the system brings the PCC power level to
about 0.75 pu as shown in Fig. 15(b).

C. CASE STUDY-3
In this case, a severe voltage drop of almost 100% for 0.15s
is assumed to take place at the PCC. This voltage drop is
adopted from the German grid code [30]. As can be seen from
Fig. 16, with the use of the proposed SMES unit, the voltage
profile at the PCC can be slightly raised up to a level above the
minimum allowable voltage level of the German grid code.
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VI. CONCLUSION
Aweak gridmay be due to the expansion of loads which if not
properly compensated, will affect the dynamic operation of
WTGs connected to the grid. This effect may cause damages
or call for the disconnection of the WTGs from the grid.
In this paper, the performance of DFIGs connected to a weak
grid is investigated without and with a proposed SMES unit.
Hysteresis current and fuzzy logic controller is proposed to
regulate the energy exchange between the system and the
SMES unit.

This controller can effectively modulate both active and
reactive power at the PCC, smoothly and rapidly in four
quadrant operations. Results show that, without the SMES
unit, the DFIG experiences substantial fluctuations in the
generated power, shaft speed, electromagnetic torque, and
the dc-link voltage. With the connection of the SMES unit,
the dynamic performance of the DFIGs is maintained within
its nominal profile regardless of the voltage variation of the
weak grid.

The SMES unit can also be used to improve the fault ride-
through capability of DFIGs and maintain the connection
of WTGs during severe fault events within the grid side.
The proposed technique can be adopted for new as well as
existing WTGs.
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