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Abstract

This paper deals with a ride-through technique for permanent-magnet synchronous generator (PMSG) wind turbine systems
using energy storage systems (ESS). A control strategy which consists of current and power control loops for the energy storage
systems is proposed. By increasing the generator speed, some portion of the turbine power can be stored in the system inertia.
Therefore, the required energy capacity of the ESS can be decreased, which results in a low-cost system. In addition, the power
fluctuations due to wind speed variations can be smoothened by controlling the ESS appropriately. The effectiveness of the proposed
method is verified not only by the simulation results for a 2[MW] PMSG wind turbine system, but also by the experiment results
for a reduced-scale turbine simulator.
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I. INTRODUCTION

Among renewable energy sources, wind energy generation
has been noted as the most rapidly growing technology; being
one of the most cost-effective and environmental friendly
means to generate electricity from renewable sources. The in-
creasing penetration level of wind energy can have a significant
impact on the grid, especially under abnormal grid voltage
conditions. Thus, wind farms can no longer be considered
as a simple energy source. Nowadays, they should provide
an operational ability similar to that of conventional power
plants. A demanding requirement for wind farms is the fault
ride-through capability. According to this demand, the wind
turbine is required to survive during grid faults. The ability of
a wind turbine to survive for a short duration of voltage dip
without tripping is often referred to as the low voltage ride-
through (LVRT) capability of a turbine. An LVRT requirement
for wind turbine systems is shown in Fig. 1 [1]. On the other
hand, power fluctuation from a turbine due to wind speed
variations incurs a deviation of the system frequency from
the rated value [2], [3]. As a result, it is necessary to mitigate
this power fluctuation for high power quality.

Variable-speed wind turbines using a PMSG equipped with
full-scale back-to-back converters are very promising and
suitable for application in large wind farms. Due to their

full-scale power converter, they can deliver a larger amount
of reactive power to the grid than a DFIG wind turbine under
abnormal grid conditions.

In order to achieve LVRT capability for wind turbine
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Fig. 1. A grid code.

systems, a braking chopper was proposed in [4]-[6], which
is a relatively cheap solution with a simple control. However,
it is hard to smoothen the fluctuated power from the turbine,
and the generated power is dissipated in the braking resistor.

On the other hand, other methods using an energy storage
system have been proposed [4], [7], [8]. These methods are
not suitable for LVRT since the energy and power capacity of
the ESS should be high enough to absorb the full differential
power between the generator and the grid during the voltage
sag. However, it can be applied to smoothen power fluctuations
[9], [10]. A study using an ESS for both LVRT and power
smoothening has been proposed [6], but the control algorithm
for the ESS was not shown in detail and the power rating of
the ESS was too high.

In order to reduce the minimum energy and power capacity
of an ESS so that it can absorb the full differential power
under grid voltage dips, the generator speed can be increased
to store the kinetic energy in the system inertia. During this
operation, the turbine output power extracted from the wind
is not maximal since the generator speed is not the optimal
value for the MPPT (maximum power point tracking) [11].
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Fig. 2. PMSG wind turbine system with ESS.

In this work, a ride-through technique for PMSG wind
turbine systems using an ESS is proposed. By storing the
more inertial energy in the rotational body of the system by
increasing the generator speed, the energy capacity of the ESS
required can be reduced. In addition, an ESS integrated into
PMSG wind turbine systems can also be used to improve
the generator output power within the capacity of the ESS
by charging or discharging the fluctuated component of the
power under wind speed variations. The design procedure of
the ESS is described in detail. The ESS consists of a DC-
DC buck/boost converter and an EDLC, which is connected
at the DC-link of the back-to-back converters as shown in
Fig. 2. A control strategy for the ESS composed of power and
current controllers is suggested, resulting in an improvement
in the overall performance for both ride-through and power
smoothening. The validity of the proposed control algorithm
is verified by simulation and experimental results.

II. CONTROL OF BACK-TO-BACK CONVERTERS

A line-side converter (LSC) has a conventional cascaded
control structure composed of an inner current control loop
and an outer DC-link voltage control [12]-[13]. For vector
control of a PMSG, a cascaded control scheme composed of
an inner current control loop and an outer speed control loop is
employed. In order to obtain maximum torque at a minimum
current, the d-axis reference current component is set to zero
and then the q-axis current is proportional to the active power,
which is determined by the speed controller.

The control block diagram of a PMSG wind turbine is
shown in Fig. 3. The MPPT method is applied for turbine
power control [8], which gives the speed reference of the
PMSG under normal grid conditions. At a grid voltage sag,
however, the MPPT control stops in order to reduce the turbine
power extracted from wind. During this operation, the speed
reference of the system is set higher than in the case of presag,
which means that some portion of the turbine power can be
stored in the system inertia.

The dynamic equations of the two-mass model of a PMSG
wind turbine system without a gearbox, shown in Fig. 4, are
expressed as:

Tt −Tk = Jt
dωt

dt
(1)

Tk −Tg = Jg
dωg

dt
(2)

Fig. 3. Control block diagram of PMSG.

Fig. 4. Two-mass model for drive train of wind turbine.

where Tt is the turbine torque; Jt is the inertia of the turbine;
Tk and Tg are the torques in the flexible coupling and the
generator, respectively; ωt and ωgare the mechanical speed of
the turbine and the generator, respectively; and Jg is the inertia
of the generator side.

Define the fault duration and the generator speed change
as ∆T and ∆k(%), respectively. From (1), (2) and the inertia
constant of the system, the mechanical power, PJ , for speed
variation is expressed as [14]:

PJ = 2Prated(HM +HG)
∆k
∆T

(3)

where, HM and HG are the inertia constants of the wind turbine
and the generator, respectively, and Prated is the rated system
power.

III. ENERGY STORAGE SYSTEM

A. Control of the ESS

Under voltage sags, the generator output power may exceed
the maximum level which the grid can absorb through the LSC
due to decreases in the grid voltage. Therefore, to keep the
DC-link voltage constant, the ESS is activated to absorb the
differential energy between the generator and grid, which is
expressed as:

Pdi f f = Pgen −Pgrid
∣∣max posibility (4)

where Pdi f f is the differential power between the generator
and the grid, Pgen is the generator power, and Pgrid is the grid
power. During a voltage sag, the LSC is operated at its rated
current. As a result, the generator can deliver as much power
to the grid as is possible.
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Fig. 5. Control block diagram for ESS.

On the other hand, the ESS can improve the grid power
quality by charging or discharging the fluctuated power com-
ponent due to wind speed variations. It is known that the power
fluctuations in a particular frequency region (between 0.05 and
1Hz) result in a system frequency deviation [15]. Therefore,
in order to eliminate the power fluctuations, the ESS needs to
absorb or release the high frequency component of the power
Pf lux, which is obtained by applying a second-order high-pass
filter to the generator power so that:

Pf luc =
s2

s2 +2ξ ωcs+ω2
c

Pgen (5)

where ξ is the damping ratio, and ωc is the cut-off frequency
(ωc = 2π fc). In this paper, the cut-off frequency is chosen to
be 0.1Hz.

The role of the ESS is to absorb the power from the PMSG
or to release it to the grid, as required. For this purpose, a
power controller is used in the main control loop with an inner
current control loop as shown in Fig. 5. The power reference is
given by (4) for ride-through and (5) for power smoothening.

B. Rating of the ESS

In order to meet the requirements of the grid code, the ESS
should have the capability to absorb the full differential energy
between the generator and the grid in a worst case scenario.
By increasing the generator speed during a voltage sag, the
ESS can be made small in size since some turbine output
power is stored in the inertia of the system. The rated power
for the LVRT, PLV RT , is determined by considering the grid
code shown in Fig. 1. The stored power in the system inertia
during a voltage sag expressed as:

PLV RT =





(0.9−Vmin)Prated −PJ 0 ≤ t ≤ t1

(0.9−Vmin)Prated

t2 − t1
(t2 − t) t1 < t ≤ t2.

(6)

The energy stored in the ESS is expressed as:

ELV RT =
∫ t1

0
[(0.9−Vmin)Prated −PJ ]dt

+
∫ t2

t1

(0.9−Vmin)Prated

t2 − t1
(t2 − t)dt. (7)

During the operation of the ESS, the voltage of the EDLC
varies, so that its capacitance, C, can be determined from the
following relationship as:

C =
2 ·ELV RT

∆Vcap ·V rated
cap

(8)

where V rated
cap and ∆Vcap are the rated voltage and the voltage

variation of the EDLC, respectively.
It is noted that this scheme can improve the grid power

fluctuations. The main cause of power oscillations in wind
turbines is the wind speed variation, which is expressed as:

v(t) =Vw0 +∑∆Vwi sin(ωit) (9)

where Vw0 is the mean wind speed, ∆Vwi is the harmonic
amplitude, and ωi is angular frequency ( f = 0.1 ∼ 10Hz).
In practice, wind speed variations are randomly varied and
depend on the regional environment. It is assumed that the
wind fluctuation is 30% of the mean value [9], [16]. Therefore,
the power capacity of the ESS in this case is suitable for short-
term energy storage as is shown clearly in the following design
example.

C. Design example for the ESS

The parameters of the ESS are designed for a 2[MW] PMSG
wind turbine system, where the total inertia constant of the
wind turbine and the generator is given as 6[s]. According
to the grid code, for a ∆T = 300[ms] in the LVRT curve,
the system rotational speed is controlled to within ∆k = 1.0%
during this duration [17], [18]. Thus, the mechanical power
stored in system inertia is, by (3):

PJ = 2 ·2[MW ] ·6 · 0.01
0.3

= 0.8[MW ].

Then, the rated power of the ESS is calculated from the
grid code and the PJ given above, as:

PLV RT = (0.9−0) ·2[MW ]−0.8 = 1.0[MW ].

Then, the rated energy capacity of the EDLC is given by:

ELV RT =
∫ 0.3

0
1.0dt +

∫ 1.5

0.3

1.8
1.5−0.3

(1.5− t)dt = 1.38[MJ].

While the EDLC is charged or discharged, the voltage of
the EDLC will vary, when the voltage variation is set to 20%
of the rated value. In this paper, the rated voltage of the EDLC
is set to 400[V]. Therefore, the capacitance of the EDLC is
determined as:

C =
2 ·1.38[MJ]

400 ·80
= 86.25[F ].

For power fluctuation at 0.3 p.u., with this EDLC capacity,
the ESS can operate during the period Tf luc as:

Tf luc =
1.38[MJ]
0.6[MW ]

= 2.3[s].
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Fig. 6. System performance under unbalanced sag
(a) Grid voltage, (b) DC-link voltage, (c) negative d-axis grid current, (d)
negative q-axis grid current, (e) positive d-axis grid current, (f) positive

q-axis grid current, (g) generator speed, (h) system power, (i) d-axis
generator current, (j) q-axis generator current, (k) EDLC power, (l) EDLC

current.

IV. SIMULATION RESULTS

To verify the feasibility of the proposed scheme, PSIM
simulations have been performed for a 2[MW] PMSG wind
turbine system. The system parameters for the simulation
are listed in Table I and Table II. The grid voltage is
0.69[kV]/60[Hz] and it has an unbalanced sag for 250[ms].
The parameters of the ESS are listed in Table III.

Fig. 6 shows the system performance under an unbalanced
voltage sag. The DC-link voltage is controlled at its reference
for an unbalanced grid voltage as shown in Fig. 6(b). The
negative-sequence d- and q-axis current components are shown
in Fig. 6(c) and (d), respectively. Fig. 6(e) and (f) show the
positive-sequence d- and q-axis current components, respec-
tively. In order to reduce the turbine power when a gird fault
happens, the generator speed is increased as shown in Fig.
6(g).

Fig. 6(h) and (k) show the relationship between the gen-
erator, the grid and the ESS power. Fig. 6(i) and (j) show
the current control performance of the PMSG. The control
performance of the ESS is good and the power and the current
in the ESS are shown in Fig. 6(k) and (l), respectively.

Fig. 7. System performance under wind speed variation
(a) Wind speed, (b) DC-link voltage, (c d-axis grid current, (d) q-axis grid

current, (e) generator speed, (f) d-axis generator current, (g) q-axis generator
current, (h) system power, (i) EDLC power, (j) EDLC current, (k) EDLC

voltage.

Fig. 7 shows the system performance under wind speed
variations (Fig. 7(a)). Fig. 7(b), (c) and (d) show that the
control performance of the LSC is good under wind variations.
The control of the GSC is also good as shown in Fig. 7(e), (f)
and (g). Fig. 7(h) shows the generator and the grid power,
while the generator power is oscillated due to wind speed
variations. Due to the ESS and a braking chopper, the power
delivered to the grid is smoothened. Fig. 7(i) shows the
pulsated power of the generator absorbed from or released
to the grid. The power and current controllers operate well
as shown in Fig. 7(i) and (j), respectively. Fig. 7(k) shows
the EDLC voltage, which is varied according to charging and
discharging.

V. EXPERIMENTAL RESULTS

An experiment has been carried out in the laboratory to
verify the validity of the proposed algorithm. The experimental
setup consists of a 3kW-induction motor as a wind turbine
simulator and a 2.68kW-PMSG. The

parameters of the PMSG are shown in Table IV, and those
of the energy storage system are listed in Table V. The grid
voltage is 160[V]/60[Hz]. The DC-link voltage is controlled
at 240[V] for the IGBT back-to-back PWM converters, for
which the switching frequency is 5[kHz]. For a sag generator,
a three-phase auto transformer has been used.
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Fig. 8. (a) Grid voltage. (b) DC-link voltage. (c) grid current.

Fig. 9. System powers. (a) Generator power. (b) grid power. (c) ESS power.

For a balanced sag, the amplitude of the three-phase grid
voltage is reduced at the same time, as shown in Fig. 8(a),
which is about 50% of the sag. Fig. 8(b) shows the DC-link
voltage which is kept constant during the voltage sag. Fig.
8(c) shows the q-axis grid current. During the voltage sag, the
grid current is increased to deliver as much power to the grid
as possible. Fig. 9 shows the power balance associated with
the generator, the grid and the ESS. At a voltage sag, the grid
power is reduced as shown in Fig. 9(b) since the grid voltage
is decreased. The differential power between the generator and
the grid is absorbed by the ESS as shown in Fig. 9(c).

The performance of the ESS control is shown in Fig. 10.
The power reference of the ESS is given by (4). Fig. 10(a)
shows that the power control performance is good. The current
controller also works well as shown in Fig. 10(b).

Next, the validity of the proposed control algorithm is
investigated in the case of power fluctuations due to wind
speed variations. The waveforms of these fluctuations are
shown in Fig. 11. The wind speed is shown in Fig. 11(a).
The generator power is fluctuated as shown in Fig. 11(c). Due
to the ESS, the grid power can be smoothened as shown in
Fig. 11(d). Fig. 11(e) and (f) show the performance of the
power and current controllers of the ESS, respectively. Fig.
11(g) shows the capacitor voltage, which is varied according
to charging and discharging.

VI. CONCLUSIONS

This paper has proposed ride-through and power smoothen-
ing techniques for PMSG wind turbine systems using an

Fig. 10. Control performance of ESS. (a) Power. (b) current.

Fig. 11. Responses of system for wind speed variation
(a) Wind speed, (b) grid current, (c) generator power, (d) grid power, (e)

ESS power, (f) ESS current, (g) ESS voltage, (h) DC-link voltage.

ESS. It has been shown that the power capacity of the ESS
can be reduced by up to half of the power rating of the
system, when compared with the conventional method, while
the performance of the system is kept unchanged under power
fluctuations and abnormal grid voltage conditions. Simulations
and experiment results have verified the proposed method.

APPENDIX

The parameters of the generators, the wind turbine and the
ESSs used for the simulations and experiments are listed in
Table I – V.
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TABLE I
PARAMETERS OF 2[MW] PMSG (SIMULATION)

Parameters Values
Rated power 2 [MW]

Stator voltage/frequency 690 [V]/60 [Hz]
Stator resistance 0.008556[Ω]
d-axis inductance 0.00359[H]
q-axis inductance 0.00359[H]

TABLE II
PARAMETERS OF TURBINE BLADE (SIMULATION)

Parameters Values
Blade radius 39[m]
Air density 1.225[kg/m3]

Max. power conv. coefficient 0.40
Optimal tip-speed ratio 8.0

Cut-in speed 3[m/s]
Rated wind speed 14.9[m/s]
Moment of inertia 6.3×106[kg·m2]

Gear ratio 1

TABLE III
ESS PARAMETERS FOR 2[MW] SYSTEM (SIMULATION)

Parameters Values
Rated energy of EDLC 2.46[MJ]

ESS power rating (PESSrated ) 1.0[MW]
Capacitance of EDLC (C) 153.75[F]
Operating voltage (Vcap) 400[V]

TABLE IV
PARAMETERS OF PM MACHINE (EXPERIMENT)

Parameters Values
Rated power 2.68[kW]

Number of poles 6
Rated current 9.8[Arms]
Rated speed 1200[rpm]

Torque coefficient 1.72[N·m/A]
Inertia 0.00331[kg·m2]

Resistance 0.49[Ω]
Inductance 5.35[mH]

TABLE V
PARAMETERS OF ESS (EXPERIMENT)

Parameters Values
Inductor 3.17[mH]

Electrolytic capacitor 170[mF]
DC operating voltage 150[V]
Switching frequency 5[kHz]
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