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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

1. 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.
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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].

. dA

Vsabe = Rylsabe +%bc (L
. i

Veabe = Rylpape +#bc (2)

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

. dA
Vea = Rylgq = ws/lsq + d;d (3)
=R.i A ‘MJ 4
Vsq slsq T W Agq + dt 4)
. dA
Vig = Ryipg = (0 = 0,) Ay + =4 )
Vyg =Ry + (0 — 0)4 g (6)
rq rtrq s r)”rd dt

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

Asa = Ligisq + Ly (isq +ipg) = Lyisq + Liyirg (7
ﬁsq = Llsisq +Lm(isq + irq) = Lsisq +Lmirq ®)
Ara = Lipirg + Ly (igq +ipg) = Liyigq + Lyipg ©)

(10)

where L, = L + L,, L, = L, + L,, are the stator and rotor
inductances, Ly, L; and L,, are the stator leakage, rotor leakage
and mutual inductances, respectively. The electromagnetic
torque produced by the generator can be expressed as

T, = np (ﬂsqisd - j'sa'isq )= anm (isdirq - isqird ) (1D
where n, 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

Arg = Liyipg + Ly (igg i) = Lypigg + Lyiyg

Py =—1.5-(vqisy +vsqisq) (12)
0y = 150 ygisq — Vsaisy) (13)
and the active and reactive rotor powers into the rotor are
B =15 (vgirg + Vygiyg ) (14)
Oy =1.5(ygira = Vrdirg) (15)
The electromechanical dynamic equation is given by
npjdc%sz—Te—mem (16)

where T,, is the mechanical torque provided to the machine,
the electromagnetic torque 7, is in the opposite direction of
mechanical torque, w,, is the rotational angular speed of the
lumped-mass shaft system and w,, = n,w,, D,, 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, @, is
Wglip = W5 - O = SO 17

B. Modeling of Power Converters

Time-average models are developed for two back-to-back
voltage source converters in the rotating d-g 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 w, are as follows.

. di
Vid = ddlvdc + a)lLlqu -L drtd (18)

=d -y —Ldii 19
Vrg = Aq1Vdc DLlrg 1dt 19)

where @w; = w; — o, 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.
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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 w; are as follows.

digq

Ved =dgVae + rloig, —Ly ——

dt 20)

. dig,
Veg = quVdc - a)Zlngd - 127 (21
where w, = w; 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 i; = dy;i,y
+ d,riy, from the DC-link, while the stator-side converter
draws i, = dgie + dgpie, 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

di
v, =L, 7;’ +(1=dy g, (22)

M (23)

i =iy—ij—iy=(1=dp )iy —iy =i = C

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

vi =Vo— Ry, - i), - K——+ A-expl— Bli,dt) (24
b=Yom R b= K p(= Blipdt) (24)
SOC = 100(1 —M]
0

(25)
where, R}, is the internal resistance of the battery, V,, 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 g-axis rotor current
components, iy and i,, 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, v;. The stator
flux linkage vector 4 is then aligned with the g-axis, i.e., Ay =
As = Lyiys and Ay = 0. Considering (3)-(10), we can get the
following relationships.

isq = —Lyirq ! Lg (26)
isg = Ly (g —irg )/ L 27)
P, =15 0,2 iy ! Ly (28)
Qy = 1.5 0Ly (ig = ims) ! L (29)

. dird
Vrq = Ryipg +OL, dr

—(0, - o, )(aL,i,q + 120, /LS) (30)

. . di

Vyg = Ry + 0L, piy, + (0 — @, )L, d’td (31)

where i, is the exciting current and can be calculated from
s = Vsd ~ Tslsd (32)

a)S Lm
and ois a constant
2
LL.—L
O. = ST ‘m (33)
LSL}"

Equations (28) and (29) indicate that with the stator voltage
oriented control scheme P, and Q, are directly related to the d-
axis and g-axis components of the rotor currents respectively
and can be independently controlled by regulating the rotor
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current d- and g-axis components, i, and i, respectively.
Consequently, the reference values of i, and i, 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 g-axis voltages produced by the converter
are proportional to the corresponding duty cycles of the pulse-
width modulation signal. In (30) and (31), i, and i, and i,,
are cross-coupling terms for v,; and v,, respectively. If these
terms are regarded as disturbances and considered separately,
it is possible to define

, , di
Vyg = Tipg + 0L, d’td (34)
, di
Vig = Ty + oirﬁ (35)

Equations (34) and (35) indicate that 7,; and i,, independently
respond to v,; and v,, , respectively, and act as two linear first-
order dynamic systems. If a proportional-integral (PI) control
scheme is adopted to produce the references for Va and v,q’
based on a current feedback control, i.e.,

Vrd = (krdp + o J (ijd —ipq)

N

(36)

'

k.,
_ qi |,.x .
Vrq = {qup e (irg = irg)

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

: Kpai \ o L,
Vid = (krdp + gdz j (lrd - lrd) - (a)s {(ﬂ‘rqu I ms\J (3%)
)
&

Koi ) s
_ qi | . . .
Vrg = [qup + T (qu - qu) + (ws — Oy )OLrlrd

(37)

(39

2) Active Power Control

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

i:d = (szp + K j (P -F)

(40)

3) Reactive Power Control

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

* sti *
lyg = stp +T (Qs _Qs)

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

(41)

Ss
s
P (L2 e/Ls ([
a - -l
3 Active L
g % Power Id
s.ref Controller] !rdref Controller

’-

Voltage
Source

I Converter

— Lo ref
vt Reactive | 4" |
= Power —»()—>| c tq I

z Controller] *+ _T ontoner
Qs qu

Fig. 5. Vector control scheme of the rotor-side converter (6,

=l(@ - w)d).

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 g-axis components of
the stator-side converter AC output current, i,; and i,,, 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 vy (vyy =
Vs, vy = 0), the following d-g vector representation can be
obtained for the stator-side converter

di lgd

Vg = ddzvdc + lngq L2 r (42)
) digq

0= quVdc - wlelgd -L d_ (43)

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

*

kqq
ng =[k dp +T] (lgd d)_wleigq+vS (44)

* kng E . .
Vog = k +_s (lgq—lgq)+a)sLZlgd 45)

where i, and i, 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

Py = 1.5 (Vggigq +Veqigq)=1.5 Veqiga (46)

Qp =1.5(Vggigq = Vedigg )= —1.5Vaigg (47)

Since the d-axis voltage is maintained constant, the active
power exchanged between the stator-side converter and the

grid is proportional to i, The following control law can be
used for the rotor-side converter to regulate the active power.

k
iga :{kpgp Pg’J(P -P,)

3) Reactive Power Control

(48)

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

*

kowi )
log = _[ngp + &] (Qy — Q) (49)

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

dt
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

By~ P~ P, =vgi. = Cvge (50)

dvdc

P,—P.—P, =CV,, (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 P, to
Vae 18 given by

Vae(s) _ 1

B,(s) CVy.-s
Considering the battery voltage can be assumed constant at
any instant and

(52)

By =vpip =Vl (53)
equation (52) becomes

VdC(S) _ Vb 1 (54)

ib (S) Vdc C-s

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

. k,;
lZ = (kvp + %) (V;C —Vg.)

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

(55

given by
dy = (kbp +’%j iy =iy) (56)

Fig. 7 shows the overall structure of the battery converter
controller.
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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 P, = 2MW. The reference
output power from the generator stator is set as Py f = 1.8MW
and Qs = 0, respectively. The reference output power from
the stator-side converter is initially set as Py = 0.24MW and
Qgrer = 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 g-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.
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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 P,, = 2MW and then changed to 1.7MW at 1s,
to 2.3MW at 3s, and back to 2MW at Ss. The reference output
power from the generator stator terminals is set as Py, =
1.8MW and Q.r = O, respectively. The reference output
power from the stator-side converter is set as Pg s = 0.24MW
and Qe = 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 g-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.
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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
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Parameters Values (p.u.) Parameters Values
L 0.171 Ve nom 1200 (V)
L 0.156 C 0.06 (F)
| 2.9 Viom 575 (V)
R, 0.0071 Poom 10 (MW)
R, 0.005 Vbattery 600 (V)
n, 6
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