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Abstract: This paper presents the analysis, control and design of grid connected DFIG based WECS for power smoothening with maximum
power point tracking scheme. In this rotor position is estimated through the sensor less control using rotor position computation algorithm.
Unpredictable nature of the wind causes power fluctuations that can be controlled by introducing battery energy storage system in the DC-
link between the back to back connected voltage source converters. In this system BESS is presented to supply regulated power to the grid
irrespective of wind speed. The control algorithm of grid side converter is modified for feeding regulated power to the grid. Rotor side
converter is controlled for achieving MPPT and unity power factor at the stator terminal. This developed DFIG is tested for different wind
speeds and steady state and dynamic performance test results are presented for both the PI controller and fuzzy controller.

Index Terms—Doubly Fed Induction Generator (DFIG), Battery Energy Storage System (BESS), Wind Energy Conversion System
(WECS), Maximum Power Point Tracking (MPPT), Sensor less, Power Leveling.

I. INTRODUCTION

Earth's fossil fuel energy resources such as oil, gas and coal are limited in production and are expected to use beyond their peak in the
next years, then the price of energy may continue to increase. Continually rising need of the energy in the future can be met by contributing more
renewable energy sources. Renewable sources are climate-friendly because of the nonexistence of harmful emissions to the environment [1].
From all renewable energy technologies, the wind energy is one of the lowest-priced because of improvement in power electronic controllers
[2].Fixed speed WECSs (Wind Energy Conversion Systems) using squirrel cage induction generators are most commonly used because of their
ease and low cost. From the wind turbine characteristics, one can clearly observe that for different wind speeds, the machine should run at
different rotor speeds for getting maximum power. As fixed speed induction generators are running at same speed for different wind speeds,
fixed speed induction generators (FSIG) are less efficient [3]. In FSIG the stator is directly connected to the grid, these fixed speed generators
draw large lagging reactive power. Present days, variable speed induction generators are being used to run at desired speed using power
electronic converters to improve the energy output substantially and also to achieve unity power factor [4]. DFIG (Doubly Fed Induction
Generator) is the mostly preferred variable speed WECS topology due to the reduction in the size of the power converters and also the converter
losses [5-7]. DFIG with single-stage gearbox seems the mainly interesting choice due to its energy yield divided by cost [7]. Vector control
techniques have been used to control active and reactive powers of DFIG independently [8-9]. Hybrid energy storage systems connected to wind
turbines to analyze the power quality [11].for different time scales, different energy storage technologies are compared on the basis of
operational suitability. The suitable sizing of storage and energy capacity required for specific power rating [12]. Fast wind induced power
variations are eliminated by introducing super capacitors [13-15]. The voltage fluctuations and power smoothening are achieved by integrating
flywheel with DFIG. Continuously increases the wind energy penetration in the grid [16-17]. Flywheel storage is normally preferable for the
time scale of 20 minutes [10]. Rapid improvements in Battery Energy Storage System (BESS) have totally changed its applications in high
power ratings [18]. Nowadays researchers have started introducing BESS in the WECS for reducing the power variations [19-23]. In [19-20],
authors have used separate inverter for the combination of BESS. BESS is also integrated with STATCOM for improving transient stability and
also to control the power output [21]. The same functionalities can be achieved by integrating BESS at the DC-link of DFIG. By reducing one
converter and the system becomes simple and efficient. Rotor position can be estimated by the rotor position computation algorithm [24]. The
unigueness of the work lies in the control of GSC (Grid Side Converter). The choosing of BESS is the other important aspect of DFIG based
WECS for power smoothening.

1. SYSTEM MODELING AND CONTROL PRINCIPLE

DFIG and WCS interface is shown in fig.1 BESS is connected to DC-link in between back to back two voltage source converters. Stator side
converter connected to 3-phase grid and rotor side converter is connected to the wind turbine. RSC is controlled by using voltage reference
frame. Here synchronously rotating reference frame is used along with the EPLL (Enhanced Phase Locked Loops). Rotor position can be
estimated with the help of computational algorithm that can be done at rotor side. Regulated power fed to the grid by controlling the grid side
converter and remaining power is stored in BESS. If power produced with wind is less then regulated power the BESS supply the remaining
power to the grid that is shown in fig.2.

JETIR1709069 | Journal of Emerging Technologies and Innovative Research (JETIR) www.jetir.org | 439




September 2017, Volume 4, Issue 09 JETIR (ISSN-2349-5162)

Phase

AC Y/A

Mains
I—’W‘— o—og} = H[{:Z'k

Fig.1 Proposed system configuration.
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111. DESIGNING OF VARIABLE SPEED WECS

BESS rating, voltage of BESS and converter ratings selection are much important for the successful operation of WECS. If the BESS rating
is high then the system is reliable but the cost is much high. BESS selection is very critical in the economical aspect. The rating of battery
voltage and the suitable ratings of the system is listed in appendix.

A .Selection of battery voltage
In general DC-link voltage of the VSC should be greater than twice the peak of phase voltage [25]. Battery voltage is selected by
considering the voltages at both GSC and RSC. DFIG operating speed range for WECS is in between 0.7p.u to 1.3p. u. thus the maximum
operating slip is 0.3. The maximum RMS phase voltage of the rotor (V,) is given as,
Vi = SmaxVp () @)
Where, stator phase voltage V,, = 230V, Spax =0.3,
Nr/Ns = rotor to stator turns ratio=1/2.
By substituting the above values, we get rotor phase voltage (V,) as 34.64V. Star delta transformers is used between GSC and grid with
2:1 turns ratio. So, that phase voltage at GSC (Vgsc) = 66.67V. Vgsc is more than V,, so the DC-link voltage should be selected based on Vgsc.
The DC -link voltage is estimated as,
Ve =(2v2/m) Vese (2)
Maximum modulation index of VSC is chosen as 1 for linear region. So the value of Vg by (2) is 188.57 V. By considering the battery
voltage for the minimum state of charge (SOC), and also considering the availability of the battery in the system, the nominal battery voltage is
selected as 240 V.

B. Design of Battery Energy Storage System (BESS)

If the size of the battery is large it increases the reliability but initial investment is more. If the rating of the battery is small it affects the
reliability. So that for satisfactory operation of the WECS appropriate BESS is necessary. By considering wind profile at the site the storage
capacity of BESS is selected. The average power is chosen from particular wind site from past wind data. The excess power stored in to the
BESS when the generated power from the DFIG is more than regulated power. Energy is taken from the battery when

power generated less than regulated power. The wind speed at turbine height is calculated by using formula [23],
\%

o= Er 3)
Where, V is the new wind speed at a height h, V is the old wind speed at a height of hyand n is terrain factor. Here a terrain factor of
0.13 is selected for the wind speed calibration. The average power may be calculated by considering every day or a month. The rating of the
battery bank is Ep = 2L (Pmi * ) 4
where, P,; = excess power stored into the battery at every instant and t; is the time period chosen as 5 minutes in this case. P, is calculated as,
Pmi:Pinst'Pavg )
Where Pj, = instantaneous power at any instant and P,,,= average power fed to the grid.

C. Selection of voltage source converter rating

The power flows are different in RSC and GSC because of BESS in the DC-link. When the wind turbine is in shut down condition the
maximum power flows through the GSC and the BESS is feeding the total power to the grid. This constant power generation is normally chosen
as average power which is 3.85kW in this case. Therefore, the GSC rating is selected as 3.85kVA. RSC rating depends upon the reactive power
supplied from the rotor side to get unity power factor at the stator side and also the rotor active power. The DFIG draws a lagging volt ampere
reactive (VAR) for its excitation to build the rated air gap voltage. It is calculated from the machine parameters that the lagging VAR of 2kVAR
is needed when it is running as a motor. In DFIG case, the operating speed range is 0.7p.u. to 1.3p.u. So the maximum slip (Spax) is 0.3. For
achieving unity power factor at the stator side, reactive power of 600 VAR (S;a*Qs = 0.3*2kVAR) is needed from the rotor side (Qrmax)-
Maximum rotor active power is Sy.*P. The power rating of the DFIG is 5 kW. Therefore, the maximum rotor active power (P max) is 1.5kW
(0.3*5 kW=1.5 kW). So the rating of the VSC used as RSC, Sq iS estimated as,

Srated = \/Pr max2 + Qr max2 (6)
Thus kVA rating of RSC, S;4q is calculated as 1.615 kVA.

IV. CONTROL STRATEGY
GSC, RSC and sensor less operation of DFIG control algorithms are explained in this section. The control of GSC and RSC is shown in
schematic diagram presented in fig. 2.
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A. RSC control

Both the active and reactive power independent control is achieved by the RSC. By RSC control maximum power point is achieved. It is
controlled in voltage oriented reference frame. By controlling the d and q axis reference currents active and reactive powers are controlled
respectively. Here Pl (Proportional Integral) speed controller is used to get the direct axis rotor reference current (14*), this is obtained by

processing speed error in Pl controller. Speed error (wey is the difference between reference and estimated rotor speeds (w,* and w).
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Fig.2 Control algorithm of the proposed WECS.

I*dr(n) = I*dr(n) + kpd [Wer(n) - Wer(n - 1)] + kidwer(n)

Where Ky, kig are the proportional and integral gains of speed proposed. we.(n) and we.(n-1) are the speed errors at n" and (n- 1)"
instant. 1g*(n) and 15*(n-1) are the direct axis rotor reference currents at nth and (n-1)" instant.

()

Using rotor position computation sensor less algorithm the rotor speed (w,) of DFIG is determined this is discussed in section c.

Reference speed (w,*) is chosen for achieving MPPT. The reference rotor speed is estimated using tip speed ratio (TSR) control using
wind speed. The reference quadrature axis rotor current (I5*) is selected to maintain the reactive power to zero at stator terminals. The direct and

quadrature axis rotor currents (lg. and Iy,) are calculated from sensed rotor currents (i, ,irp, and i) as,

2
lyr = 3 [1rasm65“p + IppSin (eslip -

2
Igr = 3 [1racoseslip + i CoS (eslip -

2m

Where slip angle (64p) is calculated as,

es"p =9e'9r

The voltage angle 6, is calculated using EPLL (Enhanced Phase Locked Loop) as shown in Fig. 3. The rotor position 6, is calculated
using RPCA sensorless algorithm as discussed in section C. The direct and quadrature axis currents at the rotor side (lg- and l) are controlled
close to reference direct and quadrature axis currents (Ig*and I,*) by using two controllers. The direct and quadrature axis current errors at the
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(10)

2m

3]

3

3

3

8)
)

rotor side (lger and lqe) are estimated from the actual currents and reference currents of direct and quadrature axis.

Fig.3. Enhanced Phase Locked Loop (EPLL).
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Rotor currents are processed through the PI controller to obtain rotor voltages (V4 and qur).
Vldr(n) = Vldr(n - 1) + kpdv{lder(n) - Ider(n - 1)} + kidvlder(n) (11)
qur(n) = qur(n - 1) + kpqv{lder(n) - Iqer(n - 1)} + kiqvlqer(n) (12)

Where Kpqy, Kigy are the proportional and integral gains of direct axis current projected. kg, Kigy are the proportional and integral gains of
quadrature axis current projected. I (n) and lgr (N-1) are the direct axis current errors at n™ and (n-1)" instant. V4 (n) and V4, (n-1) are direct
axis rotor voltages at n" and (n-l)th instant. lger (N) and Iger (N-1) are the quadrature axis rotor current errors at n" and (n-l)th instant. qu, (n) and
V', (n-1) are quadrature axis rotor voltages at n"™ and (n-1)" instant. Direct and quadrature axis rotor voltages (V¢ and V') are added with the
compensation terms for achieving reference rotor voltages (Vq* and V*) as,

Var*= Vo' -(We-Wr)oLilgr (13)
Vqr*: Vqr"(We'Wr) (I—mims+0|—r|dr) (14)
These reference direct and quadrature voltages (Va*, Vo) are converted into three phase reference rotor voltages (Ve*,Vin*, Vic*) as,
V= Vdr*Sineslip+ Vg* COseslip (15)
e g 2T * 2T
Vip*= Vg Sln(eslip - ?)+ Vqr cos (eslip - ?) (16)
Vie*= Vg™ sin (esnp + 2?ﬂ)+ Vg™ cos (Oslip + Z?ﬂ) (17)

These three phase rotor reference voltages (Vi,.*, Vin*, Vi.*) are compared with triangular carrier wave of switching frequency for

generating the PWM signals for the Insulated Gate Bipolar Transistors (IGBTs) of the RSC.

B.GSC control

The importance of this work lies in the control of GSC. On the voltage oriented reference frame control of GSC is realized. By
controlling the Direct and Quadrature grid currents the real and reactive powers fed to the grid are controlled respectively. Direct axis grid
current are determined from reference power (P*).

* 2 *
Fag = (3) Ay, (18)

I*qq is selected as zero to get unity power factor at AC mains. From the sensed grid currents the actual direct and quadrature grid
currents (l¢gand lyg) are estimated. The errors in direct and quadrature grid currents (lgeq and lgeq) are processed through P1 controller as shown as,

Vldg(n) = Vldg(n) + kpdv[ldeg(n) - Ideg(n n 1)] + kidvIdeg(n) (19)

qug(n) = qug(n) + kpqv [Iqeg(n) - Iqeg(n N 1)] + kiqvlqeg(n) (20)

Where Kpqy, Kigy are the proportional and integral gains of direct axis current controller. kpq\,, kiq are proportional and integral gains of
quadrature axis current controller. I (n) and lgeq (N-1) are direct axis current errors at n" and (n-1)" instant. Vd%1 (n) and Vdg1 (n-1) are the direct
axis grid voltages at "™ and (n-1)" instant. lgeg (M) and lgeq (N-1) are the quadrature axis grid current errors at n™ and (n-1)" instant. ngl (n) and
ngl (n-1) are the quadrature axis grid voltages at n™ and (n-1) ™ instant.

Direct and quadrature axis grid voltages (Vdg1 and ngl) are added with the compensation terms for achieving reference direct and
quadrature axis grid voltages (Vqg* and Vqg*). Three phase reference grid voltages (vg.*, Vgo*, V™) are calculated from the reference direct and
quadrature voltages (Vqg*, Vqg*).These reference grid voltages (Vg.*, Vgo*, Vgc*) are compared with PWM signals and then these pulses are fed to
the GSC.

C. Rotor position computation algorithm

In this algorithm, rotor current (i;) makes an angle 65 with the stator co-ordinate system and the rotor current (i;) makes an angle 6, with
rotor co-ordinate system. The angle between the stator and rotor is calculated as (0,) est= (05~ 6,). The schematic diagram of sensor less scheme is
shown in fig.4. The rotor currents are transformed from three phase to two phase (i, and i.s) by using the Clarke’s transformation.

cos 0, = —%— 21
" Frrerig “
sinf, = —F (21)
izra+izr6
The unit templates of rotor currents aligned to the stator coordinate system (cos6y, sin6,) are calculated as,
cos By = —=% (23)
Zrsati?rsg
sin B = —f__ (24)
Zrsati®rsg

Where i, and i are the rotor currents aligned in stator coordinate system is calculated as,
Veg — Rgigg — weLgi
sB sisB elsisa (25)

i =
rsa We Lm

Vsa — Rslso( - UL)elesB

irsB = (26)
("‘)ELm
Stator currents (iss, isp), stator voltages (Vsa, Vi) are transformed into two phase system using Clarke’s transformation (isq, isg, VS«
and vgg ). The unit vectors of rotor position angle are computed as
CoS (B1,)es=C0S (B5)cos(8,) + sin(B) sin(6,.) 27
Sin (0,)es=Sin (05)cos(0,) — cos(0;) sin(6,) (28)
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Fig. 4. Rotor Position Computation Algorithm.

V. FUZZY LOGIC CONTROLLER

Fuzzy Logic Controller (FLC) design even though PI controller can play an significant role in stability of the power system and
especially for damping of inter area oscillation, the best performance of the PI controller and hence the performance of the DFIG depend on a
appropriate choice of the PI gains. Tuning the Pl gains to make optimal operation is difficult task, especially, when the process is nonlinear and
may change during operation. Fuzzy controller introduces a systematic technique to control a nonlinear procedure based on human experience.
The fuzzy controller operation is based on its capability to simulate several role implications at the same time procedure, and the output results
are significantly comprehensive. FLC controller is shown in fig.5 and it has Fuzzifier, Inference, Knowledge base and Defuzzifier. FLC has a
five membership functions for the error, change in error and the output. The basic fuzzy sets of membership functions for the variables are as
shown in the Fig.6a, 6b and 6¢. The fuzzy variables are expressed by linguistic variables they are positive large (PB), positive small (PS), zero
(ZE), negative small (NS), negative large (NB), for all three variables. The rules are set based upon the knowledge of the system and the working
of the system. The rule base adjusts the duty cycle for the PWM of the inverter according to the changes in the input of the FLC. The number of

rules can be set as desired. The numbers of rules are 25 for the five membership functions of the error and the change in error (inputs of the FLC)
shown below.
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Fig.5. fuzzy logic controller.
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Fig. 6a. membership functions of error.
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Fig. 6b. membership functions of change in error
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Table2: FLC Rules

e/Ae NB NS ZE PS PB
NB PB PB PB PB PB
NS PB PB PS PS PB
ZE ZE ZE ZE PS PB
PS NS NS NS NS PB
PB NB NB NB NB PB

VI. SIMULATION RESULTS

The steady state and dynamic behaviors of regulated power DFIG based WECS is presented in this part. Test results are recorded in
terms of line voltage (Va,), grid currents (lg, g and lg), stator currents (lg,, ls, and Ig), GSC currents (Igsca, lgser @and lgse), rotor currents (l, e
and I¢), stator power (Ps), Grid Power (Pg), GSC power (Pgsc), battery voltage (Vy,), battery current (lp), quadrature axis rotor current (lg,), direct
axis rotor current (ly), quadrature axis reference rotor current (I4*), direct axis reference rotor current (d;*), rotor speed (wy), reference rotor
speed (w,*) and wind speed (V,,). The power that is discharging from the battery through GSC and RSC are considered as positive.

A. Steady state performance of proposed WECS

Test results are presented for a specific wind speed in all three cases such as sub-synchronous, synchronous and super synchronous
speeds as shown in Figs.7-9. In this study, a regulated power is selected as 1.25 kW. So, the grid power is maintained as 1.25 kKW irrespective of
the wind speed. Fig 7a to 7c at the fixed wind speed of 7m/sec. For getting MPPT from the wind turbine the reference rotor speed is selected as
0.7 p.u. from the fig 7a to 7c we observe that the grid power is maintained at 1.25kw and stator power is 0.902kw due to the low wind speed and
the remaining power is coming from the BESS. For the fixed wind speed of 8.5m/sec. For getting MPPT from the wind turbine the reference
rotor speed is selected as 0.86 p.u. From the fig 8a to 8c we observe that the grid power is maintained at 1.25kw. Stator power is more than the
reference power that is 1.486kw so the excess power stored in to the BESS. For the fixed wind speed of 9.15m/sec. For getting MPPT from the
wind turbine the reference rotor speed is selected as 1500rpm from the fig 9a to 9c we observe that the grid power is maintained at 1.25kw.
Stator power is more than the reference power that is 2.247kw so the excess power stored in to the BESS .Fig. 10 shows the effective working of
sensor less algorithm at different rotor speeds.

B. Dynamic performance of WECS at change in wind speed

Test results are also presented for dynamic changes in wind speed as shown in Figs. 11. Fig. 11 demonstrates the successful operation of
proposed DFIG based WECS for the increase in wind speed. With the increase in wind speed, reference rotor speed is increasing for achieving
MPPT operation. So the actual rotor speed is increasing because of the speed FLC controller as shown in Fig. 11(a). So the power generation
increases from the stator (Ps) as shown in Fig. 11(a). The grid power (Pg) is maintained at fixed value. At reduced wind speeds, the stator power
is less. So, the battery is discharging through GSC. As the rotor speed increases, stator power increases, so the GSC power is reversed and the
battery is charging. As shown in Fig. 11(b), the rotor currents have changed their phase sequence the speed varying from sub-synchronous to
super-synchronous speeds. Battery current flowing through GSC and RSC are getting reversed with an increase in the wind speed as shown in
Fig. 11(c).
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Fig.7a. Grid voltage and current at fixed wind speed 7m/sec.
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Fig.7c. GSC voltage and current at fixed wind speed 7m/sec.
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Fig.9b. Stator voltage and current at fixed wind speed 9m/sec.
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Fig.10. Steady state performance of the sensor less algorithm of constant power DFIG based WECS at fixed wind speeds (a)-(b) rotor speed
(wy), unit

Templates of rotor currents aligned to rotor axis (sin(®;)), unit templates of rotor currents aligned to stator axis (sin(®s)) and unit vectors of
rotor position angle (sin(®y,)).
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Fig.11. Dynamic performance of proposed DFIG based WECS under rise in wind speed, 11 (a) rotor speed (w;), grid power (Pg), stator power
(Ps) and GSC power (Pgsc).
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THD comparison Table:

FIG.7 Pl FLC
Grid V&I 19.33 18.26
Source V&I 36.81 24.67
Stator V&I 52.79 23.58
FIG.8 Pl FLC
Grid V&I 19.33 18.26
Source V&I 36.81 22.61
Stator V&I 52.79 23.58
FIG.9 Pl FLC
Grid V&I 22.87 18.26
Source V&I 36.81 22.61
Stator V&I 52.79 23.58
FIG.11 Pl FLC
Rotor current 30.77 24.42

VII. CONCLUSION

In the proposed DFIG based WECS FLC is used to control the RSC. So that the THD is reduced and power quality is improved. The
control algorithm for RSC has been implemented for sensorless and to get MPPT. The control algorithm for GSC is designed to feeding
regulated power to the grid. This WECS has been found advantageous for supplying regulated power to the grid even under reduced wind speeds
and also at high speeds with the help of BESS.

APPENDIX

AWRIM- 3.7kW, R=1.32 ohm, L;:=6.832mH, R,=1.7080hm, L,;=6.832mH, R.=419.646 ohm, L,=0.219H, J =0.1878 kg-m?, stator to rotor turns
ratio N,/Ns=1/2, stator

rated rms current 1,=12 A, rotor rated rms current 1,=18 A.

B. DC Machine- R,=1.3 ohms, R=220 ohms, L,=7.2mH,

L+=7.5mH, K,=1.3314.
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