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Abstract – Wind energy is gaining the most interest among a 

variety of renewable energy resources, but the disadvantage is 
that wind power generation is intermittent, depending on 
weather conditions. Energy storage is necessary to get a smooth 
output from a wind turbine. This paper presents a new 
integrated power generation and energy storage system for 
doubly-fed induction generator based wind turbine systems. A 
battery energy storage system is connected to the DC link of the 
back-to-back power converters of the doubly-fed induction 
generator through a bi-directional DC/DC power converter. The 
energy storage device is controlled so as to smooth out the total 
output power as the wind speed varies. Control algorithms are 
developed for the grid-side converter, rotor-side converter and 
battery converter, and are tested on a simulation model 
developed in MATLAB/Simulink. The model contains a DFIG 
wind turbine, three PWM power converters and associated 
controllers, a DC-link capacitor, a battery, and an equivalent 
power grid. Simulation studies are carried out on a 2MW DFIG 
wind turbine and the results suggest that the integrated power 
generation and energy storage system can supply steady output 
power as the wind speed changes.  
 

Index Terms—Integrated energy system, wind turbine, doubly 
fed induction generator, energy storage, power converters, battery 

I.  INTRODUCTION 

ENEWABLE energy is increasingly attractive in solving 
global problems such as the environmental pollution and 
energy shortage. Among a variety of renewable energy 

resources, wind power is drawing the most attention from the 
government, academia, utilities and industry [1]-[9]. However, 
the disadvantage is that wind power generation is intermittent, 
depending upon weather conditions. Short-term energy storage 
is necessary in order to get a smooth power output from a 
wind turbine [10]-[13].  

Compared with the wind turbines based on synchronous 
generators, the doubly-fed induction generator (DFIG) based 
wind generation technology has several advantages such as 
flexible active and reactive power control capabilities, lower 
converter costs and lower power losses [14]-[17]. In the DFIG 
concept, the induction generator is directly connected to the 
grid at the stator terminals, but the rotor terminals are 
connected to the grid via a variable-frequency AC/DC/AC 
converter. When the wind speed varies, controlling two back-
to-back four-quadrant power converters connected between 
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the rotor side and the grid side can make the rotor flux rotate 
from a subsynchronous speed to a supersynchronous speed. 
The DFIG can produce and inject constant-frequency power to 
the grid by controlling the rotor flux. The power converter 
only needs to handle a fraction (typically 25-30%) of the total 
power to achieve full control of the generator.  

To address the intermittency problem, this paper presents an 
integrated power generation and energy storage system for 
doubly-fed induction generator based wind turbine systems. A 
battery energy storage system is connected to the DC link of 
the back-to-back power converters of the doubly-fed induction 
generator through a bi-directional DC/DC power converter. 
With this configuration, the power converters could be rated at 
lower power levels, compared with traditional configuration 
where the battery is directly tied to the DC link of the rectifier-
inverter pair connected to the generator terminal. The energy 
storage device is controlled so as to smooth out the total 
output power from the wind turbine as the wind speed varies. 
Control algorithms are developed for the grid-side converter, 
rotor-side converter and battery converter, and the control 
strategies are tested on a simulation model developed in 
MATLAB/Simulink. The model contains a DFIG wind 
turbine, three power converters and associated controllers, a 
DC-link capacitor, a battery, and an equivalent power grid. In 
the following, a detailed time-average model for the integrated 
system is derived in Section II. Section III presents the control 
schemes for the three power converters. Simulation studies are 
carried out and the results are presented in Section IV. The 
results suggest that the integrated power generation and 
energy storage system can supply steady power to the grid as 
the wind speed varies and that the proposed control algorithms 
work very well under changing operating conditions.  

II.  INTEGRATED WIND POWER GENERATION AND ENERGY 

STORAGE SYSTEM  

Fig. 1 schematically shows the proposed integrated power 
generation and energy storage system for wind-turbine 
systems. The wind turbine is mechanically connected to the 
doubly-fed induction generator through a gearbox and a 
coupling shaft system. The wound-rotor induction generator is 
fed from both the stator and rotor sides. The stator is directly 
connected to the grid while the rotor is fed through two back-
to-back four-quadrant PWM power converters (a rotor-side 
converter and a grid-side converter) connected by a DC-link 
capacitor. The power flows from/to the rotor and the stator can 
be controlled both in magnitude and in direction so that it is 
possible to generate electrical power at constant voltage and 
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constant frequency at the stator terminal and inject it into the 
grid over a wide operating range. A battery energy storage 
system is connected to the DC-link capacitor through a bi-
directional DC/DC power converter. During transient 
disturbances or faults, a crow-bar circuit, which is not shown in 
the figure for simplicity of circuit diagram, can be activated to 
dump excess power from the rotor by short-circuiting the rotor-
side converter in order to protect it from over-current in the 
rotor circuit. 

 
Fig. 1.  Illustration of an integrated wind power generation and energy storage 
system connected to a utility grid. 

The integrated wind power generation and energy storage 
system is regulated by a control system, which consists of two 
parts: the electrical control of the DFIG and the mechanical 
control of the wind turbine blade pitch angle. This paper 
focuses on the control of the electrical power flow, which is 
achieved by control of three power converters, i.e., control of 
the rotor-side converter, control of the stator-side converter, 
and control of the battery converter, as shown in Fig. 1. 

A.  Modeling of the Induction Generator 

The induction generator considered in this study is a wound 
rotor induction machine fed by two back-to-back converters. 
In terms of the instantaneous variables shown in Fig. 1, the 
stator and rotor voltage equations in the stationary frame can 
be written in matrix form as follows [18]-[19]. 

dt

d
iRv sabc
sabcssabc

λ+=                               (1)

dt

d
iRv rabc
rabcrrabc

λ+=                                (2) 

Transforming to a synchronously rotating d-q reference frame 
[18]-[19], the voltage equations (1) and (2) become 

dt

d
iRv sd

sqssdssd
λλω +−=            (3) 

dt

d
iRv sq

sdssqssq
λ

λω ++=              (4) 

dt

d
iRv rd

rqrsrdrrd
λλωω +−−= )(         (5) 

dt

d
iRv rq

rdrsrqrrq
λ

λωω +−+= )(             (6) 

where ωs is the rotational angular speed of the synchronous d-
q reference frame, ωr is the rotational angular speed of the 
rotor, and the stator and rotor flux linkages are given by 

rdmsdsrdsdmsdlssd iLiLiiLiL +=++= )(λ      (7) 

rqmsqsrqsqmsqlssq iLiLiiLiL +=++= )(λ          (8) 

rdrsdmrdsdmrdlrrd iLiLiiLiL +=++= )(λ      (9) 

rqrsqmrqsqmrqlrrq iLiLiiLiL +=++= )(λ        (10) 

where Ls = Lls + Lm, Lr = Llr + Lm are the stator and rotor 
inductances, Lls, Llr and Lm are the stator leakage, rotor leakage 
and mutual inductances, respectively. The electromagnetic 
torque produced by the generator can be expressed as 

( ) ( )rdsqrqsdmpsqsdsdsqpe iiiiLniinT −=−= λλ    (11) 

where np is the number of pole pairs. 
Ignoring the power losses in the stator and rotor resistances, 

the active and reactive powers from the stator are given by 
( )sqsqsdsds ivivP +⋅−= 5.1        (12) 

( )sqsdsdsqs ivivQ −−= 5.1        (13) 

and the active and reactive rotor powers into the rotor are  
( )rqrqrdrdr ivivP +⋅= 5.1         (14) 

( )rqrdrdrqr ivivQ −⋅= 5.1        (15) 

The electromechanical dynamic equation is given by 

mmem
m

p DTT
dt

d
Jn ωω −−=      (16) 

where Tm is the mechanical torque provided to the machine, 
the electromagnetic torque Te is in the opposite direction of 
mechanical torque, ωm is the rotational angular speed of the 
lumped-mass shaft system and ωm = npωr, Dm is the damping 
of the shaft system. Since the rotor magneto-motive force has 
to be in synchronism with the stator magneto-motive force, the 
frequency of the rotor current, or the slip frequency, ωslip, is  

ωslip = ωs - ωr = sωs        (17) 

B.  Modeling of Power Converters 

Time-average models are developed for two back-to-back 
voltage source converters in the rotating d-q frames and for 
the DC/DC power converter in the stationary frame. 

    1)  Rotor-Side Converter 

The rotor-side converter is a four-quadrant PWM converter 
connected to the rotor terminals through three filter inductors. 
The voltage equations in the d-q frame rotating at the angular 
frequency of ω1 are as follows. 

dt

di
LiLvdv rd

rqdcdrd 1111 −+= ω          (18) 

dt

di
LiLvdv

rq
rddcqrq 1111 −−= ω          (19) 

where ω1 = ωs – ωr is the angular frequency of the rotor 
currents. The rotor-side converter can be represented by a 
current-controlled voltage source, as shown in Fig. 2.  

 
Fig. 2. Time-average model of the rotor-side converter. 
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    2)  Stator-Side Converter 

The stator-side converter is a four-quadrant PWM converter 
connected to the stator terminals through three filter inductors. 
The voltage equations in the d-q frame rotating at the angular 
frequency of ω2 are as follows. 

dt

di
LiLvdv

gd
gqdcdgd 2222 −+= ω            (20) 

dt

di
LiLvdv gq

gddcqgq 2222 −−= ω               (21) 

where ω2 = ωs is the angular frequency of the stator voltages. 
The rotor-side converter is represented by a current-controlled 
voltage source, as shown in Fig. 3.  

 

Fig. 3. Time-average model of the stator-side converter. 

    3)  Battery Converter 

The battery converter is used to support the DC-link 
voltage. The rotor-side converter draws the current i1 = dd1

.ird 
+ dq1

.irq from the DC-link, while the stator-side converter 
draws i2 = dd2

.igd + dq2
.igq from the DC-link. Neglecting the 

switching and conduction losses in these converters and the 
power losses in the dc-link, the battery converter and the DC-
link dynamics are governed by 

( ) dcb
b

bb vd
dt

di
Lv −+= 1                            (22) 

( )
dt

vd
Ciiidiiii dc

bbc =−−−=−−= 21213 1        (23) 

The battery converter is represented by a voltage-controlled 
current source, as shown in Fig. 4. At steady state, Pb = Pr + 
Pg and i3 = i1 + i2; thus the DC-link voltage, vdc, stays constant 
with negligible ripples. However, when a disturbance occurs, 
the relationship, Pb = Pr + Pg, is broken and the current 
flowing through the DC-link capacitor, ic = i3 – i1 – i2, is not 
zero, which results in fluctuations of the DC-link voltage vdc. 
The battery provides or absorbs an appropriate amount of 
current to support the DC-link voltage. 

 
Fig. 4.  Time-average model of the battery converter. 

C.  Modeling of Battery Energy Storage System 

The battery is modeled as a nonlinear voltage source whose 
output voltage depends not only on the current but also on the 
battery state of charge, SOC, which is a nonlinear function of 
the current and time, as given by 

( )∫−⋅+
∫−

−⋅−= dtiBA
dtiQ

Q
KiRVv b

b
bbb exp0  (24) 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ∫−=
Q

dti
SOC b1100                         (25) 

where, Rb is the internal resistance of the battery, V0  the open-
circuit potential (V), K  the polarization voltage (V), Q the 
battery capacity (Ah), A the exponential voltage (V), and B the 
exponential capacity (Ah). 

III.  CONTROL OF POWER CONVERTERS 

The objective of the rotor-side converter is to manage the 
active power and reactive power from the stator terminals 
independently; while the objective of the stator-side converter 
is to manage the active power and reactive power from the 
stator-side converter independently. The battery converter is to 
keep the DC-link voltage constant regardless of the magnitude 
and direction of the rotor and stator powers. The goal of these 
three converters is to maintain a constant total power output 
from the wind turbine generator. The design procedure of the 
control system is discussed below. 

A.  Control of Rotor-Side Converter 

The rotor-side converter control scheme consists of two 
cascaded control loops. The inner current control loops 
regulate independently the d-axis and q-axis rotor current 
components, idr and iqr, according to a synchronously rotating 
reference frame where the voltage oriented vector control is 
used. The outer control loops regulate the active power and 
reactive power output from the machine stator independently.  

In the stator voltage oriented reference frame, the d-axis is 
aligned with the stator voltage vector, namely, vs. The stator 
flux linkage vector λs is then aligned with the q-axis, i.e., λsq = 
λs = Lmims and λsd = 0. Considering (3)-(10), we can get the 
following relationships. 

srdmsd LiLi /−=            (26) 

srqmsmsq LiiLi /)( −=        (27) 

srdmsmss LiiLP /5.1 2ω⋅=                   (28) 

smsrqmsmss LiiiLQ /)(5.1 2 −⋅= ω      (29) 

( )( )smsmrqrrs
rd

rrdrrd LiLiL
dt

di
LiRv /2+−−+= σωωσ   (30) 

( )
dt

di
LpiLiRv rd

rrsrqrrqrrq ωωσ −++=             (31) 

where ims is the exciting current and can be calculated from 

ms

sdssd
ms L

irv
i

ω
−=           (32) 

and σ is a constant 

rs

mrs

LL

LLL 2−=σ                 (33) 

Equations (28) and (29) indicate that with the stator voltage 
oriented control scheme Ps and Qs are directly related to the d-
axis and q-axis components of the rotor currents respectively 
and can be independently controlled by regulating the rotor 
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current d- and q-axis components, ird and irq, respectively. 
Consequently, the reference values of ird and irq can be 
determined from the outer power control loops. 

    1)  Inner Current Control Loops  

If the rotor windings are used as the filter of the rotor-side 
converter, the filter inductors shown in Fig. 2 can be omitted 
and the d-axis and q-axis voltages produced by the converter 
are proportional to the corresponding duty cycles of the pulse-
width modulation signal. In (30) and (31), ims and ird, and irq 
are cross-coupling terms for vrd and vrq respectively. If these 
terms are regarded as disturbances and considered separately, 
it is possible to define 

dt

di
Lirv rd

rrdrrd σ+='              (34) 

dt

di
Lirv rq

rrqrrq σ+='          (35) 

Equations (34) and (35) indicate that ird and irq independently 
respond to vrd

’ and vrq
’, respectively, and act as two linear first-

order dynamic systems. If a proportional-integral (PI) control 
scheme is adopted to produce the references for vrd

’ and vrq
’ 

based on a current feedback control, i.e., 

)( *'
rdrd

rdi
rdprd ii

s

k
kv −⎟

⎠

⎞
⎜
⎝

⎛ +=      (36) 

)( *'
rqrq

rqi
rqprq ii

s

k
kv −⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
+=       (37) 

then the following control laws can be derived for the rotor-
side converter by substituting (36) and (37) into (30) and (31). 

( )
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
+−−−⎟

⎠

⎞
⎜
⎝

⎛ += ms
s

m
rqrrsrdrd

rdi
rdprd i

L

L
iLii

s

k
kv

2
** )( σωω (38) 

( ) rdrrsrqrq
rqi

rqprq iLii
s

k
kv σωω −+−⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
+= )( **                (39) 

    2)  Active Power Control 

Equation (28) suggests that the active power exchanged 
between the stator and the grid is proportional to ird. The 
following control law can be used for the rotor-side converter 
to regulate the active power. 

)( **
ss

Psi
Psprd PP

s

k
ki −⎟

⎠

⎞
⎜
⎝

⎛ +=          (40) 

    3)  Reactive Power Control 

Equation (29) suggests that the reactive power exchanged 
between the stator and the grid is proportional to irq. The 
following control law can be used for the rotor-side converter 
to regulate the reactive power. 

)( **
ss

Qsi
Qsprq QQ

s

k
ki −⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
+=                 (41) 

Fig. 5 shows the overall vector control scheme of the rotor-
side converter. The compensated outputs of the two current 
controllers, vrd and vrq, are used by the PWM module to 
generate the gate control signals to drive the IGBT switches. 

 

Fig. 5.  Vector control scheme of the rotor-side converter (θr = ∫(ωs - ωr)dt). 

B.  Control of Stator-Side Converter 

The stator-side converter control scheme also consists of 
two cascaded control loops. The inner current control loops 
regulate independently the d-axis and q-axis components of 
the stator-side converter AC output current, igd and igq, in the 
synchronously rotating reference frame. The outer control 
loops regulate the active power and reactive power exchanged 
between the stator-side converter and the grid. 

    1)  Inner Current Control Loops 

With the d-axis aligned to the grid voltage vector vs (vsd = 
vs, vsq = 0), the following d-q vector representation can be 
obtained for the stator-side converter 

dt

di
LiLvdv gd

gqsdcds 222 −+= ω               (42) 

dt

di
LiLvd gq

gdsdcq 2220 −−= ω              (43) 

Following the same procedure as in (34)-(39), the references 
for vgd and vgq can be obtained by the following feedback 
loops and PI controllers. 

sgqsgdgd
gdi

gdpgd viLii
s

k
kv +−−⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
+= 2

** )( ω   (44) 

gdsgqgq
gqi

gqpgq iLii
s

k
kv 2

** )( ω+−⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+=     (45) 

where igd
* and igq

* are the reference values of the converter 
output current obtained from the outer power control loops. 

    2)  Active Power Control 

Ignoring the power losses in the converter, the active and 
reactive powers from the gird-side converter are given by 

( ) gdgdgqgqgdgdg ivivivP ⋅=+⋅= 5.15.1       (46) 

( ) gqgdgqgdgdgqg ivivivQ ⋅−=−⋅= 5.15.1      (47) 

Since the d-axis voltage is maintained constant, the active 
power exchanged between the stator-side converter and the 
grid is proportional to igd. The following control law can be 
used for the rotor-side converter to regulate the active power. 

)( **
gg

Pgi
Pgpgd PP

s

k
ki −⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
+=         (48) 

    3)  Reactive Power Control 

Equation (47) shows that the reactive power exchanged 
between the stator-side converter and the grid is proportional 
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to -igq. The following control law can be used for the stator-
side converter to regulate the reactive power. 

)( **
gg

Qgi
Qgpgq QQ

s

k
ki −⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
+−=        (49) 

Fig. 6 shows the overall vector control scheme of the stator-
side converter. The compensated outputs of the two current 
controllers, vgd and vgq, are used by the PWM module to 
generate the gate control signals to drive the IGBT switches. 

 
Fig. 6.  Vector control scheme of the stator-side converter. 

C.  Control of Battery Converter 

Neglecting the losses in the power converters, the battery, 
filtering inductors and the transformer and the harmonics due 
to switching actions, the power balance of the integrated wind 
power generation and energy storage system is governed by 

dt

dv
CvivPPP dc

dccdcgrb ==−−       (50) 

The objective of the batter converter is to maintain a constant 
voltage at the DC link, so the ripple in the capacitor voltage is 
much less than the steady-state voltage. Equation (50) can be 
rewritten as 

dt

dv
CVPPP dc

dcgrb ≈−−         (51) 

If the powers injected to the two back-to-back voltage source 
converters are assumed constant at any particular instant, the 
power from the battery converter is responsible to change the 
capacitor voltage. Therefore, the transfer function from Pg to 
vdc is given by 

sCVsP

sv

dcb

dc

⋅
= 1

)(

)(
         (52) 

Considering the battery voltage can be assumed constant at 
any instant and  

bbbbb iVivP ==                  (53) 

equation (52) becomes 

sCV

V

si

sv

dc

b

b

dc

⋅
= 1

)(

)(
                 (54) 

Equation (54) suggests that a linear first-order dynamics exists 
between the battery current and the DC link voltage. 
Therefore, the reference value of ib can be generated using a 
voltage feedback control and a PI control scheme as follows. 

        )( **
dcdc

vi
vpb vv

s

k
ki −⎟

⎠

⎞
⎜
⎝

⎛ +=        (55) 

The inner current control loop is to force the battery current 
to follow the reference produced in (55) using a PI scheme, as 

given by  

)( *
bb

bi
bpb ii

s

k
kd −⎟

⎠

⎞
⎜
⎝

⎛ +=                           (56) 

Fig. 7 shows the overall structure of the battery converter 
controller. 

 
Fig. 7.  Control scheme of the battery converter. 

IV.  SIMULATION RESULTS 

To verify the control strategies designed above, a single 
machine infinite bus (SMIB) power system, as shown in Fig. 1, 
is used for simulation studies in MATLAB/Simulink. A 2MW 
DFIG wind turbine system is connected to the stiff grid 
through a step-up transformer and transmission lines. The 
proposed integrated power generation and energy storage 
configuration is used. The parameters of the DFIG wind 
turbine are given in the Appendix. Two scenarios are studied 
where the output power to the grid and the wind speed are 
changed. 

A.  Case I: Change in Output Power to Grid 

The wind turbine operates at a constant speed with the 
DFIG’s input mechanical power Pm = 2MW. The reference 
output power from the generator stator is set as Ps,ref = 1.8MW 
and Qs,ref = 0, respectively. The reference output power from 
the stator-side converter is initially set as Pg,ref = 0.24MW and 
Qg,ref = 0.1Mvar. The reference active power is changed to 
0.3MW at 1s and to 0.2MW at 3s, while the reference reactive 
power is changed to 0.2Mvar at 5s. This case can simulate the 
operation condition where there is a change in the load while 
the power from the stator terminals is maintained constant. 
This operation condition is good for the shaft due to a constant 
electromagnetic torque. The simulation results are shown in 
Fig. 8. 

As shown in Fig. 8-a, the DFIG’s input mechanical power 
and the stator’s output power are kept constant; according to 
the control method discussed before, the DFIG’s rotor current 
is constant correspondingly, as shown in Fig. 8-c. The battery 
initially discharges a small amount of power, as shown in Fig. 
8-a, at a low current (Fig. 8-d) through the rotor-side converter 
to meet the difference between the stator output power and the 
input mechanical power. As the stator-side converter increases 
its output power, the battery discharges more power to balance 
the increased power difference. However, when the output 
power from the stator-side converter decreases to 0.2MW, the 
battery starts to be charged (Fig. 8-d) and a certain amount of 
power is delivered to the battery. The power of the stator-side 
converter is controlled by its d-axis current, as shown in Fig. 
8-c, which agrees with (47). The change in the output reactive 
power (Fig. 8-b) doesn’t affect the battery current (Fig. 8-d), 
but the q-axis current of the stator-side converter (Fig. 8-c). 
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Fig. 8-d shows that the voltage across the DC-link capacitor 
undergoes very slight disturbances as the battery current 
changes, which suggests that the battery can help stabilize the 
DC-link voltage.  

 

(a) Input mechanical power, DFIG stator output power, rotor power, battery 
power and stator-side converter output power 

 
(b) DFIG stator output reactive power and stator-side converter output 
reactive power 

 
(c) Rotor currents ird and irq, and stator-side converter currents igd and igq 

 
(d) Currents i1, i2 and i3, and DC-link voltage Udc 

Fig. 8. Simulation results in the case where the output power to the grid is 
changed. 

B.  Case II: Change in Wind Speed 

In this case, the wind turbine operates at varying speeds, 
which means the input mechanical power to the DFIG is 
changing. In the simulation, the input mechanical power is 
initially set to Pm = 2MW and then changed to 1.7MW at 1s, 
to 2.3MW at 3s, and back to 2MW at 5s. The reference output 
power from the generator stator terminals is set as Ps,ref = 
1.8MW and Qs,ref = 0, respectively. The reference output 
power from the stator-side converter is set as Pg,ref = 0.24MW 
and Qg,ref = 0.1MVar. The simulation results are shown in Fig. 
9. 

Initially the battery discharges a very low current through 
the rotor-side converter (Fig. 9-d) because the DFIG’s input 
mechanical power is slightly less than the total output power 
(i.e., the stator output power plus the stator-side converter 
output power), as shown in Fig. 9-a. As the input mechanical 
power decreases to 1.7MW, the battery discharges more 
power to balance the increased power difference. However, 
when the input mechanical power increases to 2.4MW, the 
battery starts to be charged (Fig. 9-d) and a certain amount of 
power is delivered to the battery. The rotor-side converter 
outputs power from the rotor. The active power of the rotor-
side converter is controlled by its d-axis current, as shown in 
Fig. 9-c, which agrees with (28). The change in the input 
mechanical power affects the reactive power slightly as shown 
in Fig. 9-b, which is reflected in the change in q-axis current 
(Fig. 9-c). As the input mechanical power is changed back to 
2MW, the battery starts to discharge again. Fig. 9-d shows that 
the voltage across the DC-link capacitor undergoes slight 
disturbances as the battery current changes, which suggests 
that the battery can help stabilize the DC-link voltage.  

Because the input wind power changes and the stator output 
power is kept constant, the DFIG switches between the 
subsynchronous mode and the supersynchronous mode during 
the operation period, which can be seen from Fig. 9-e. When 
the DFIG operates in the subsynchronous mode, the generator 
rotor accepts active power from the DC link and the required 
power will be supplied by the battery, which means that the 
rotor-side converter operates in the inverter mode. On the 
other hand, as the DFIG works in the supersynchronous mode, 
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active power will be delivered from the rotor to the DC link. 
In this mode, whether the battery is charged or discharged will 
depend on the difference between the rotor output power and 
the grid-side converter output power. If the rotor output power 
is larger than the grid-side converter output power, the battery 
will accept the remaining power. While the rotor output power 
is less than the grid-side converter output power, the battery 
will export the rest of the power. Since the DC-link voltage is 
controlled by the battery converter, the output power of the 
stator-side converter will not depend on the rotor-side output 
power. That explains why the stator-side converter output 
power is not affected by the rotor-side power variations.  

 
(a) Input mechanical power, DFIG stator output power, rotor power, battery 
power and stator-side converter output power 

 
(b) DFIG stator output reactive power and stator-side converter output 
reactive power 

 
(c) Rotor currents ird and irq, and stator-side converter currents igd and igq 

 

(d) Currents i1, i2 and i3, and DC-link voltage Udc 

 
(e) Rotor speed and the slip 

Fig. 9. Simulation results in the case where the wind speed is changed. 

V.  CONCLUSION 

An integrated power generation and energy storage system 
has been presented for doubly-fed induction generator based 
wind turbine systems. A battery energy storage system is 
connected to the DC link of the back-to-back power converters 
of the doubly-fed induction generator through a bi-directional 
DC/DC power converter. The battery is charged if there is 
excess power and can supply power to the load if the power 
demand is higher than the input mechanical power form the 
wind. The energy storage device is controlled so as to smooth 
out the output power as the wind speed varies or maintain a 
desirable power output. Control algorithms are developed for 
the grid-side converter, rotor-side converter and battery 
converter, and the control strategies are tested on a simulation 
model of a 2MW DFIG wind turbine system developed in 
MATLAB/Simulink. The model contains a DFIG wind 
turbine, three power converters build with individual IGBT 
switches, a DC-link capacitor, and several controllers. 
Simulation results show that the integrated power generation 
and energy storage system can supply steady output power as 
the wind speed changes. As the wind speed is constant, the 
wind turbine can output varying power due to the existence of 
the battery. This study suggests that the integrated power 
generation and energy storage system is good for intermittent 
wind power generation. 
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APPENDIX 

Table I. System parameters used in the simulation 

Parameters Values (p.u.) Parameters Values 
Lls 0.171 Vdc_nom 1200 (V) 
Llr 0.156 C 0.06 (F) 
Lm 2.9 Vnom 575 (V) 
Rs 0.0071 Pnom 10 (MW) 
Rr 0.005 Vbattery 600 (V) 
  np 6 
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