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ABSTRACT

A novel integration scheme of solar photovoltaic (PV) with a large capacity doubly excited induction generator-based
wind energy system is described. The proposed scheme uses both the grid- and rotor-side power converters of doubly
fed induction generator to inject PV power into the grid. Thus, it renders a cost-effective solution to PV-grid
integration by obviating the need for a dedicated converter for PV power processing.

The system is able to feed significantly large PV power into the grid compared to an equivalent rating inverter used
in the conventional PV-grid system. The proposed scheme prevents circulating power during subsynchronous
operation during the availability of solar radiation. All these features enhance system efficiency. System stability is
also augmented due to turbine inertia, facilitating high PV penetration into the power grid. The intermittent but
complementary nature of solar PV and wind energy sources considerably improves the converters’ utilization. Besides,
the proposed scheme does not hamper maximum power point tracking of PV and wind sources except during very
rarely occurring environmental glitches, which the PV power control algorithm is suitably geared to handle. A
comprehensive system model is presented and used for designing the control strategy. The proposed scheme is
supported by analysis, simulations, and experiments on a laboratory prototype.

KEYWORDS: Converter control, dc—ac converter, doubly fed induction machine, hybrid system,maximum power
point tracking (MPPT), solar photovoltaic (PV), wind generation.

INTRODUCTION

INCREASING industrialization, growing population, and the mankind’s craving for more and more comfort have
resulted in a consistent rise in the demand for electricity. To meet this escalating demand, the number of conventional
power generating stations has increased drastically, causing enormous stress on the existing infrastructure. This has
led to a rapid depletion of conventional fuel reserves. On the other hand, growing concerns about the harmful effects
of conventional fuels on the environment have further complicated the issue and have forced mankind’s attention
toward renewable energy sources, such as solar photovoltaic (PV), wind, fuel cell stack, biomass, tidal energy, etc.,
to supplement the growing need of electric energy [1]. Out of these, solar PV and wind have emerged as popular
sources as they are both clean and cost effective sources that apparently do not require any fuel [1]-[3] (unlike fuel
cell stack, biogas, etc.). Electricity generation from wind energy and its integration with power grid is a well-
established technology.

Wind farms with doubly fed induction generators (DFIGs) are time-tested systems for widely varying wind velocity-
based variable speed turbine systems [4]. Various control schemes have been developed to enhance the performance
of wind-sourced DFIG systems, including those for distorted grid conditions, weak area electric power system, etc.
[4]-[8]. Liu et al. [7] and Xu et al. [8] have discussed elegant solutions for harmonic suppression in stator circuits
using rotor-side converter control. Nian and Song [9] have proposed a modified control scheme to smoothen out the
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overall active and reactive power output of DFIG under distorted grid voltage conditions. At the same time, in the last
couple of decades, solar PV-based power generation has also emerged as a strong option.

It is a pollution free, noise free, and maintenance free source of energy with no additional mechanical or rotating
assembly. Significant advancements and refined control strategies have been reported in the recent past for large
capacity grid-connected PV systems [10], [11]. These systems are generally either two power stage or single power
stage. Most of these configurations employ a grid-side voltage-source inverter (VSI). In the DFIG-based wind energy
system, the stator circuit carries the bulk power while the rotor provides the balance power on account of wind speed
variation during DFIG’s sub- or supersynchronous speed operation. This results in the requirement of lower rating
power converters for rotor power conditioning ,which is especially attractive in the Mega-Watt range installations of
wind energy systems [6]. Unfortunately, the converters used in the rotor circuit are not utilized effectively because of
topological and configuration constraints. During operation near the synchronous speed, rotor power is considerably
less.

Another issue with the conventional wind-DFIG system is that part of the power simply circulates in the machine
during its subsynchronous operation. In contrast with the DFIG integrated wind energy source, the inverter driven,
inertia less PV-grid interfaces result in complex penetration issues such as poor line voltage profile, reduced dynamic
stability, voltage fluctuations, and large injected power variations, etc. [12]-[14]. At the same time, the PV inverter
remains idle during the night or during very low solar radiation.

Extensive efforts have been made by researchers in the past to overcome the issues associated with both PV and wind
energy sources by proposing more advanced and refined control schemes, including their hybrid combinations [2],
[3], [15]- [18]. Kellogg et al. [2] have investigated the sizing of generators in a hybrid system, in which the sources
and storage are interfaced at the dc link, through their individual source converters.
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Fig. 1. Solar radiation and wind velocity data (per minute basis) collected from www.nrel.gov for: (a) 01 Jan.
2011, (b) 01 Apr. 2011, (c) 01 July 2011, and (d) 01 Oct. 2011 (Location: latitude—39.91°N,longitude
105.235°W).
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Fig. 2. (a) Block diagram of the conventional PV-wind hybrid systems. (b)Proposed PV-wind hybrid system.

A PV-wind hybrid system, proposed by Daniel and Ammasai Gounden [3], has a simple power topology but is only
suitable for stand-alone applications. Chen et al. [15] have proposed a multi-input hybrid PV-wind power generation
system and focused on improving the dc-link voltage regulation. Here again, the power converters are rated for the
individual source power rating. Nejabatkhah et al. [18] have proposed a low capacity multi-input port power converter
for a hybrid system to feed the dc loads. There is an interesting correlation that exists between the wind and solar
energy. The data collected from the NREL [19] website highlight an interesting complementary behavior of solar
radiation and wind velocity patterns as shown in Fig. 1.

This fact, coupled with other advantages offered by these two sources, has led the researchers to try and integrate them
resulting in what are called the hybrid solar PV-wind systems. Some of the representative hybrid configurations are
shown in Fig. 2(a). This paper is focused on a hybrid PV-wind energy generation system that overcomes several
drawbacks of the individual PV and wind energy sources described in the preceding paragraphs. An inherent advantage
of hybrid solar PV-wind energy system is the reduction in the overall variation in the power output. Unfortunately,
not many attempts have been made to optimize the operation and circuit configuration of such systems that could
reduce the cost and increase the efficiency and reliability. Further, no research ideas have been reported for large PV
integration with power capacity above its dedicated inverter rating. In the existing hybrid systems, both PV and wind
sources are associated with their own power converters [2], [15], [17] even though these converters are not properly
utilized because of highly intermittent nature of the two sources. Further, many critical issues associated with high
power penetration of the inverter coupled hybrid sources in to the grid, such as voltage variation, harmonic injection,
circulating power, and dynamic stability need to be investigated in more depth [12]-[14]. Efficiency and cost of the
hybrid systems are the other important parameters that have a significant research potential. Another promising
topology has been proposed by Qu and Qiao [20], where the dc link of the DFIG is integrated with energy storage
(supercapacitor) using a separate dc—dc bidirectional converter to address the intermittent nature of wind energy. Arani
and El-Saadany [21] have used a similar system configuration but for incorporating “virtual” inertia to improve system
stability. Unfortunately, these papers do not consider prominent features such as efficiency, reduction in circulating
power, cost, etc. Rather, they focus on the control and coordination aspects in the presence of multiple DGS. In the
backdrop of the previous discussion, this paper proposes a cost-effective, efficient, and compact integration of the
solar PV and doubly fed induction generator (PV-DFIG)-based wind turbine system as shown in Fig. 2(b). In the
proposed scheme, the grid- and rotor-side power converters associated with DFIG are also used to inject PV generated
power into the grid. Thus, the proposed configuration and control scheme provide an elegant and economical
integration of PV source and DFIG-based wind energy source.

The proposed hybrid system offers the following advantages:

1) Enhanced power conversion efficiency is realized as a dedicated inverter for the PV source is no longer required.
PV installation utilizes rotor circuit converters (VSC1 and VSC2) of the DFIG.

2) Reduction in the overall cost of the system, as one VSI and its associated control circuit (including DSP controller)
are eliminated from the conventional hybrid system.

http: // www.ijesrt.com © International Journal of Engineering Sciences & Research Technology
(7]


http://www.ijesrt.com/

s THOMSON REUTERS

i
MLIN\V 1 ]

[Heman*, 5(3): March, 2016] ISSN: 2277-9655
(I20R), Publication Impact Factor: 3.785

3) It facilitates the possible interfacing of a higher rating PV source compared to the dedicated inverter in the

conventional interface.

4) It results in increased and optimal utilization of power converters.

5) It reduces the circulating power flow in the DFIG system during low speed operation and high solar radiation. This

cuts down the losses of the overall system.

6) Maximum power point tracking (MPPT) of the PV installation is realized in conjunction with the dc bus voltage

control to extract optimum power from the PV source. The wind turbine system is controlled with the maximum power

extraction algorithm in conjunction with pitch control to avoid overloading in case of high wind velocity.

7) Variation in the grid-injected power over a day is minimized. Idle condition of PV VSl is nearly eliminated. A bare

minimum power delivery from the hybrid system is maintained throughout the day and across the seasons.

This is not true for systems fed either by solar PV or wind turbine sources alone.

8) The proposed hybrid system has scope for integration of energy storage for enhancing power quality and reliability

in terms of continuity and availability of the power supply. The overall power injection from this hybrid system to the

grid is averaged by the intermittent but complementary sources of PV and wind.

9) A modified PV power control algorithm incorporated in the control scheme can tackle any of the environmental

conditions in case of both high radiation and wind velocity level occurring simultaneously.

DESCRIPTION OF THE PROPOSED SYSTEM

This section describes the proposed integration of the solar PV and wind-sourced DFIG system and presents its
modelling and control aspects.

A. System Description

The schematic of the proposed system is shown in Fig. 3. A wind DFIG system of 1MWcapacity is considered in this
study along with a PV generation of comparable rating. The stator circuit of the DFIG is coupled to the grid through
the circuit breaker, S2 . Normally, rotor circuit converters (both grid and rotor sides) with 25% rated system capacity
are sufficient for handling a part of the total turbine generated power over the operating range based on maximum
allowable slip [22].
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Fig. 3. Proposed solar PV-wind DFIG system

In this study, the rotor-side converter (VSC1) is rated for 250 kVA, while the grid-side converter is rated at 340 kVA.
To highlight a major advantage of the proposed hybrid system, a 380 kW capacity PV source is considered which is
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significantly higher than the grid-side converter rating (VSC2 ). Later, it is demonstrated that a PV source with much
larger rating, compared to the inverter capacity used in a conventional grid-tied PV system, can be integrated with the
wind-DFIG system without an additional dedicated inverter. Though the rotor-side converter (VSC1 ) can support
system operation over a wide speed range, pitch control is provided to ensure optimal energy extraction and protection
against excessive wind turbulence and overloading. The PV source is protected with an antiblocking diode and dc
circuit breaker S1 whose operation is integrated into the overall control strategy. In addition to this, a modified
algorithm is incorporated to control the PV power using dc-bus voltage control (rather than only MPPT control). This
protects VSC2 from overloading. Both rotor- and grid-side control are crucial for the successful operation of the
proposed system. Fig. 3 also shows the parameter descriptions of the proposed system, which have been considered
for modeling and controller design.
B. System Modeling of DFIG
Vector control is a powerful tool for controlling the desired parameters of a 3—¢ system. A reference frame
transformation technique is used with d-axis of the frame aligned with the space vector of stator flux that rotates at a
synchronous speed, wo [22], [23]. The stator and rotor equations in d—q reference frame in transformed vector form
(fdg = fd + jfq ) are given as next and used to derive the dependence of rotor power on rotor speed

. d .
l'rhp' = I',l(/‘l_., a _L'llll.\ +,/W‘u Vdgs (l)
dt
. d . | "
Udgr = Trldgr T = Ydgr +./(~"‘u ™ “"1')‘?‘11411' (2)

dt
where vdgs is the transformed stator voltage vector (and is equal to the grid voltage vector), vdgr is the rotor terminal
voltagevector (after averaging, to exclude higher order switching components), which is controlled by VSCL1 ; idgs
and idqr are the stator and rotor current vectors and wr is the rotor speed in rad/s. wdqgs and wdqr are the stator and
rotor flux vectors, related with stator, rotor currents and magnetizing inductances, Ls, Lr,
and Lm, respectively, as follows:

Vdgs = L.s itl(;.~ o Lm il[é[l‘ (3)

Vdgr = L l.th.a T Ll'it[([I" (4)

wds is the d-axis component of the stator flux (wdgs ) and in this case is equal to the stator flux vector amplitude. Thus,
for stator voltage amplitude (Vms), wds = |wdgs | = Vms/wo , assuming the stator resistance drop to be very small
compared to stator terminal voltages and wgs = 0. The reference frame transformation technique facilitates
independent control of the stator’s active and reactive power by d—g components of the rotor current. Further, these
components are dc values under steady state and hence they are easy to control with traditional PI-PID controllers
with a sufficiently large bandwidth and minimum steady-state error. In (2), replacing the rotor flux vector by (4), and
further replacing all stator current components with rotor current components using (3), the following machine model
can be derived in terms of rotor current components [24]:

dig, ' L, d
oL, — = —T,igy + wo L iy + v4, — — — Vg
af : L. dt
di,, , , L, X
0L, —— = =ty —woLl iy + v —w—1Uge  (5)
dt ' ) L;

where leakage coefficient, ¢ = 1— L?w/LsL, ; angular frequency of transformation for the rotor-side quantities is w =
d6 /dt and 6 is obtained from flux estimator.Alternatively, using phaselocked loop (PLL) with the grid supply voltage
and rotor position &; (from position encoder), an approximate flux vector location in quadrature with the grid voltage
vector can be determined [25]. In steady state, frequency of the rotor current is equal to the slip frequency, o = wo —
or . The electromagnetic torque Te generated by the machine can be determined from vector product of rotor flux and
rotor current as follows:
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T ]) 3 Lm Illl ( ) ‘{ Lm "ms s (6)
PR Vdgs? = qr
2 L ST
where p is the number of pole pairs. Using (6), the electromagnetic power P, generated at rotor speed wy is given by
:-; L," W’,' » 3
P SERITY (7)

P mseqr:
3L, w,

Thus, throughout the generation mode, the component iqr remains positive and can independently control Pe Similarly,
the stator power Ps can determined from Ps = 3/2vqsigs With the assumption that stator drop is very small and voltage
vector is in quadrature with the flux vector. Thus

3 Lm y .
I—).s' = _§L_A"IH.\,‘{[I' (8)

Where igs= -(Lm/Ls)igr

The rotor power P, can be determined as follows:

P,- : fLm (wWp — W'r)v i 9)

- msoqr
A) .
2L,  w

From (9), a very important inference can be made that, during subsynchronous operation (which happens during low
wind velocities) in the generation mode, the direction of rotor power is from VSC; toward the rotor terminals.

C. DFIG Control

DFIG rotor current model (5) is nonlinear in nature and is coupled with both rotor current parameters, igr and igr. The
rotor terminal voltages vqgr and vy are controlled by VSC1 through modulation indices mgr and mg, . A sinusoidal pulse
width modulation (PWM) technique is used for both VSC1 and VSC2 . Decoupling and feed-forward compensation
are invoked to independently control the rotor circuit current components by using the following decoupled model:

li, . .
oL, = —rpiar +m
di ( 10)
oL, 2= = —Trigr + N2
where ny and n; are the new control variables related with original control parameters mq, and mg, as follows:
2
Mdr = (n1 —woLyiy)
UpC (1)
2 W Ly
Mgy = ng +wol, iy + ——V, | .
Upc Wy L.\

The dc-link voltage vpc is considered to be constant during the current control operation as it is supported by a large
capacitor bank and also controlled by VSC, with relatively less bandwidth of the dc-link voltage control. During the
entire operation, the stator flux is tightly held by grid supply voltage, and its magnitude remains constant except during
starting (for machine excitation). Hence, its time derivative is considered to

be zero. Using (10), the transfer function G;, can be derived for the control of rotor current components. Both ig and
igr have the same plant transfer function as follows:
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PI controller,Gcir is a suitable choice for the first-order plant transfer function (12), with Pl zero cancelling out the
dominant pole located at s = — r, / oL, . This results in a first-order transfer function of the closed-loop current control
system with time constant Tcr and is designed to achieve desired bandwidth ( 1/10th of the switching frequency of
VSCL1 appr ). With this understanding and using (12), the Pl compensator parameters are given by
) oL, i T
Kp, = —; K; = ; (13)

The wind turbine-driven DFIG can be controlled over a considerable speed range to achieve maximum power yield
Ps| max

(12)
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Fig. 4. Rotor-side converter, VSCi control.
without exceeding the turbine’s rated power capacity. Any conventional MPPT algorithm can be employed to track
the wind turbine’s peak power which is a function of the wind velocity vw and turbine speed w, [26], [27]. As a
supplementary functionality, DFIG can be controlled to improve line voltage profile or for reactive power support.
The stator reactive power is related to i¢r and can be independently controlled for unity p.f. operation or for the reactive
power compensation [22] as per the following relation:

3 V2 8L, VE.
(25 - §w‘0‘Ls —— E Lﬁ ld,.. (14)

In order to minimize loading of VSC1 and to avoid large current to flow, reference i can be set to zero.

The control strategy for the rotor-side converter (see Fig. 4) is based on (8), (11), and (13) and involves the control of
rotor current.

D. VSC; and PV Power Control

Starting with space vector equation in synchronously rotating reference frame, the grid-side converter (VSC;) current
model, after segregating the components into real and imaginary parts, is represented by [24]
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[ digg . — e
g5 = ~Toldg T LigWolyg T THI.{H — Udy
. (15
dl'!'*‘ . . ‘U('
Lg] = —tglgq — Lowyigy + o Myg — Ugg

where vyg and vgg are the components of the transformed grid voltages (which have same space vector as that of stator
terminal voltages). In this case, d-axis of reference frame is aligned with the voltage vector, i.e., Vg =0 and igy and
igg are the current components.

New variables yqq and yqq can be introduced in (15) to obtain the transfer function, Gig to enable the design of the inner
current loops as follows:

Gi, = I,[g(S) - qu(s) _ 1 (16)
T Vyls)  Yls)  Lestr

. p'l
Operating
Region Ipvm Ve : 3
[.m: Pp,' pl’l'n :iPl):- “'[’]',,

V py =Vpya T4V
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Fig. 5. PV power control algorithm for the proposed hybrid PV-wind system.

The modulation indices mgg and mgg can be determined as follows to incorporate decoupling and feed-forward
compensation:
2

Mgy = (.l/rly = I‘g‘-"‘u’.qg + "tly)

Voo
D( ( l 7)
Myy = ‘;; (Yqg + Lywoiay) -
Do
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Similar approach that is used to design Ggir is used to design the PI compensator, Gcig for the inner current

control loop of VSC, . Thus, elements of Gcig are

( ,.1

—9 . 8 (18)

T"i!/ Tr'iu

Where Kpig and Kjigare the PI controller’s proportional and integral parameters, respectively.

With the previous compensator parameters, the closed-loop transfer function of the current control loop Gc. can be

reduced to first order with unity gain as follows:

1

GeL(s) = —.
( ) T,-,'y s+ 1
vpc Was assumed to be a constant for the design of inner current control. In the proposed scheme, PV power is
controlled by regulating vpc and ensuring that the operation does not shift to the over modulation range. Fig. 5 shows
the proposed modified algorithm for the control of PV power. This algorithm incorporates MPPT (like conventional
methods) for optimum power and also precise power control (unlike conventional methods) depending upon the
operating mode (DFIG sub- or supersynchronous speed), environmental conditions, and VSC, loading. Plant model
for the PV terminal (dc link) voltage control can be determined from the power balance condition across the dc and
ac ports of VSC; as follows:

]\”p,‘g - I\'[,'y -

(19)

il . 3
P]’\' = d_tE(D('l'[-)(‘ T PI T élvdy/’l/g' (20)

Assuming the inner current control loop of VSC2 to be considerably faster (Tcig is small), the reference, i*qq is used as
the controlling parameter for dc-bus voltage regulation. v2pc is a state as well as an output variable while i*4q is the
control variable and input to the inner current control loop. Using a new variable pn , the transfer function Gy can be
written as follows:

. /2. (8) 2
(I' \S) = D( - — 21
V)= Pu(s) _ Cpos (=)
where iy is related to psas follows:
i;q = —(-p+Pv - B,). (22)
i 'J“ my

Rotor power P, [using (9)] and PV power Ppy from measurement may be provided for feed-forward compensation to
improve dynamic response against disturbances. The loss component of the converter and that of dc-link cannot be
measured. Therefore, the integral term is added with a lead compensator to achieve zero steady-state error and
sufficient phase margin. A phase boost (¢neost ) at the required cut-off frequency

(wcv) of the gain plot can be designed such that wcy = 0.1t0 0.3 x 1/T¢jg. Thus, Gev has the following form:

: hs+r/a _
Gey(s) = :S—J- (23)

r=uweyv \/5.. G =
where . -
and h is adjusted such that the gain plot cuts the frequency axis at wcv .

The control scheme proposed in this paper, for the grid-side converter, differs from the conventional control schemes
in the following respect:

1 + Sin @yost

1 — sin Opoost
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1) in the proposed system, the control scheme presented for grid-side converter has been incorporated with a special

(modified) PV power control algorithm and not just a conventional MPPT control;

2) an additional control loop has been incorporated in the proposed system to tackle the “worst case” environmental

impact (i.e., high solar radiation and high wind velocity existing at the same time) by automatically adjusting VSC;

loading;

3) during most of the time, the PV and the wind systems operate at MPP. However, during a harsh sunny day and

heavy wind conditions occurring simultaneously, the PV operating point shifts fromMPPso as to avoid overloading
of VSC; .

VSC; control strategy is shown in Fig. 6, which includes grid-side inner current control and outer dc-link (PV terminal)
voltage control. It also incorporates the PV power control algorithm shown in Fig. 5 to ensure optimum utilization of
both converters. The reference power generation block (A) provides the value of P« to the PV power control algorithm
which, in turn, provides the reference dc-link voltage (V *dc) to the active power loop (B) in Fig. 6. During most of
the day time operation, reference P remains higher than the maximum power available with PV panels. Table | shows
the parameters of the hybrid system under study and final form of controllers determined from the previous procedure.
The parameters given in Table | are used to determine the controller elements. Dynamic behavior of various control
loops can be examined from the Bode plots for both the VSCs as shown in Fig. 7.

Vg

o
—————————————————————— dq |mp
PV Power to
Algorithm abe | e
(Fig. 5)

Fig. 6. Proposed control strategy for the grid-side inverter, VSC:

TABLE | CONTROL DESIGN PARAMETERS

FElement Parameter Flemont Parameter

Turbine nominal I MW Muagnetizing 30 mH
power Inductance L,
Nominal voltage 60 vV Pole pairs 2
Nominal S50 Hz Stator resistunce /7, 40 mi2
Trequency
Turbine speed 200 Rotor resistunce /7, 32 2
range 1ROO v/min
Switch freq. of 7 kHz VSO, filter (£, and 200 g H,
VSC, and R,) 15 m$?
VSCy
PV capacity SN0 kW ransformer ratio 1:2

NIN2
Viar oot 640V VEC, current
1000 W/im? contralles Cergr (8) -

20389320

Ve range SRO-710 V VEC, current

conualler e

VSO, capacity 250 kVA DC-bus voltage
controller Zinn ( '.'N‘.:'ll‘.',lﬁ? )
VSO, capacity 340 KVA Perturbution AV 0s v
Stator O.6mit Algorithm update O ms
inductance L, rite
Rotor inductance 0.6 mH
L,
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POWER CONVERSION ANALYSIS OF THE PROPOSED SYSTEM

In this section, power conversion analysis is presented to highlight the relation between PP V and PV SC2 and to
conclude about their ratings. Fig. 8 shows the power conversion process in various stages of the proposed hybrid
system (during most of the day time), shown as per actual power flow direction. Complementary nature of solar
radiation and wind enables the interfacing of a large PV installation in the proposed system with a capacity

significantly higher than the grid-side converter (VSC; ) rating. From (7) and (9)

Mageitade (dB)

Fig. 7. Bode plots for the designed compensators ofVSC2 andVSC: control
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Fig. 8. Power conversion process in various segments of the proposed hybrid PV-wind-energy system during most
of the day (as per actual power flow direction indicated by P*r Plsc2, etc.).

(a) High solar radiation, low wind speed. (b) Low solar radiation (or during nights), high wind speed.

Following the circuit conventions of Fig. 2, one can write

Pysca = Py — P (25)

From (7)—(9), it is clear that the steady-state power balance equation of a DFIG is a function of rotor speed “wr .’
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B

During the day time, wind velocity is generally low and solar radiation level is high. Under these conditions, the wind
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turbine system is controlled with MPPT and operates below the synchronous speed “w,” Hence, during the generating

mode of operation, i.e., Pe is —ve, which results in the following power flow in the various stages:

1) P, becomes +ve: machine receives power through the rotor circuit as per (24), it is proportional to the slip speed;

2) Ps becomes —ve: machine delivers power through stator to the grid as per (7) and (8);

3) Ppy is +ve: the solar PV generated power splits into two components, one goes toward rotor circuit and the other

toward the grid-side converter;

4) Pysco is +ve: it is the differential power flow through VSC as per (25). The PV generated power can be bifurcated

into two parts for the purpose of understanding as follows:

Ppy = Ppv1 + Ppyo (26)

where the component Ppy; is directed to the rotor circuit of the machine through VSC: during the subsynchronous
operation and may be considered as compensation power of the rotor circuit. The Ppy2 component corresponds to the
bulk surplus power injected into the grid through VSC2 . In this case, power flow is represented by

Ppvy =P, (27)
|Ps| = |Pe| + | Ppvi1| (28)
Pysca = Ppya. (29)

Turbine power versus speed (Pe versus oy ) characteristic of the DFIG wind system consists of the constant low speed
region, the maximum power extraction region, and the constant nominal speed region. During the low wind velocity,
turbine operates in between the region of constant low turbine speed up to the synchronous speed of the maximum
power extraction region. Referring to Fig. 8(a) and from (28) and (29), it is clear that the solar PV power is injected
into the grid via two paths.During this region, the machine receives power through VSC; as per (24) and it is finite.
Also, as Ppy 1 = Pvsc1 , the following relation can bededuced:

Pysca < Ppy. (30)

From (30), it may be concluded that the PV capacity can be more than VSC, rating. This is graphically depicted in
Fig. 8(a). In other words, if VSC; is considered as the PV inverter of the conventional PV-grid system, then with the
proposed hybrid integration, the installed PV capacity can be increased beyond the inverter rating. In the conventional
grid tied system, the VSC regulates the dc-link voltage by incorporating power balance between the ac and dc ports
(of the VSC). However, in the proposed hybrid system configuration, the PV power not only compensates the dc-link
losses to regulate its voltage indirectly through VSC, , but also the PV power is bifurcated into two parts depending
upon the mode of operation, unlike a conventional DFIG system. One part of the PV power flows through the rotor
circuit (VSCs ) and the other part is injected into the grid through VSC2 . This provides an opportunity to install a PV
source with power capacity more than the VSC, KV A rating. This is not the case with existing hybrid solutions. The
proposed configuration drastically reduces the circulating power that is common in conventional DFIG systems and
hence enhances the overall efficiency. During low radiation and high wind velocity phase, the turbine operates at
supersynchronous speed (i.e., Py is —ve) and the PV power is not significant to overload VSC, even though rotor
power Pr is also routed through VSC2 . This condition is depicted in Fig. 8(b). Though rare, both wind and solar
radiation may be high simultaneously. During this condition, control scheme of Fig. 6 is capable of optimally utilizing
VSC2 by reducing the PV power generation. The proposed hybrid system also provides scope for incorporating energy
storage for further enhancing the power quality and reliability to improve the continuity and availability of the power

supply.

SIMULATION VERIFICATION

Dynamic performance of the complete control scheme for various stages of the proposed hybrid PV/DFIG system is
evaluated in this section. The complete system described in Section 11 is modeled in MATLAB-Simulink software for
validation of the proposed PV-wind hybrid system. The parameters listed in Table I are used for the simulations. To
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evaluate the important aspects of the proposed system, wind velocity and hence turbine speed are varied in the regions
of subsynchronous and supersynchronous speed as shown in

Fig. 9(a) by keeping turbine-machine combined inertia very low and directly controlling the speed parameter of the
inbuilt MATLABmModel. Similarly, solar radiation is also varied so as to cover most frequently occurring events
(including worst events) as shown in the same figure. Solar PV breaker, S1 is excited at time t = 1 s with radiation
1000 W/m2 and later changed to 500 W/m2 at t = 3.5 s and 700 W/m2 at t = 4.7 s, respectively. The proposed PV
power control algorithm described in Section Il determines the dc-link voltage as per the situation and controls it using
VSC2 dc-link voltage controller as shown in Fig. 9(b). Before exciting the PV-side breaker (S1), dc link is regulated
at a nominal value of 670 V. A rotor-side converter is activated at time t = 0.5 s. When machine is operating in
subsynchronous mode, the PV power is routed through both rotor-side and grid-side converters. Hence, in spite of
large power flow, the PV source still operates at MPP (controlled by the algorithm in Fig. 5) and adjusts the dc-link
voltage at vMP as shown in Fig. 9(b) during time intervals t = 1-3 sand t = 3.5-5 s. However, during supersynchronous
operation, the PV algorithm controls the flow of PV power so as to prevent the overloading of VSC2 by controlling
dc-link voltage and hence PV terminal voltage. This may be seen during the interval t = 3-3.5 s. Fig. 9(c) shows the
behavior of rotor current with respect to slip speed and is responsible for the extraction of maximum turbine power
using stator power control. The rotor active power PRt and reactive power QRt are shown in Fig. 9(d). It brings out a
very important observation that during low wind speed (i.e., wr < wo ), the rotor power is positive and flowing into
the rotor circuit through VSC1 . During the day time when the solar radiation is high, part of PV power is shared by
PRt and only remaining PV power is fed by VSC2. The reactive power support is to achieve unity p.f. operation on
the stator side. Fig. 9(e) shows the stator active and reactive power components. The current feedback of VSC2 is also
used to determine the PV power reference P+ (see Figs. 5 and 6). During normal operation, VSC2 controls the PV
terminal voltage at MPP as shown in Fig. 9(f). But during high wind velocity and high radiation occurring
simultaneously, the algorithm (see Fig. 5) limits the VSC2 power at its maximum rated capacity as can be seen during
time interval t = 3-3.5 s. Small oscillations are observed during this interval as point of operation lies on the stiff slope
of PV power. Fig. 9(g) shows the PV generated power. The complete system injects considerable amount of power
into the grid from both wind and PV sources as shown in Fig. 9(h). Clearly, the total PV-wind hybrid system power
is enhanced due to the contribution of the PV power. Analytically derived controllers in Section Il show satisfactory
tracking performance as revealed from Fig. 9(b), (i), and (j) for dc-link voltage, VSC2 and VSC1 currents,
respectively. Steady-state performance of the proposed hybrid system over a day has been evaluated using the wind
and solar radiation data [see Fig. 1(b)]. Power balance equations have been used to determine power flowduring
various stages corresponding to the per minute data of solar radiation and wind velocity. MPPT has been assumed for
both PV and wind sources unless the power flow through VVSC2 reaches its rated capacity. Fig. 10(a) shows the power
flow in various sections, e.g., rotor power Pr (the same as power through VSC1 ), VSC2 power, turbine generated
power Pe , and PV power PP V . It is observed from the plot that during most of the day time both PV and wind
turbine operate in MPPT mode. Their complementary nature helps to achieve optimum power yield from both the
sources without overloading any of the converters in the proposed system. It is also observed that for a short time
around 9.00 A.M., the PV power can be controlled using the proposed algorithm so as to avoid the overloading of
VSC2 . The same data are used to determine the loading of VSC2 over the day and results are plotted in Fig. 10(b) for
every minute. It is observed that the operational cloud is dense during light loading. Further, there are very few
operating points, which need to be clamped at the rated capacity of VSC2 to avoid its overloading. This results in an
overall reduction in power loss because of the PV control algorithm. The efficiency performance of the proposed
PV/wind system is evaluated using the data provided in Fig. 1(b) and compared with the conventional distributed PV
and wind sources (with DFIG) of similar capacity. Typical plots of the conversion efficiency of the converters and
machine with respect to their loading have been used for the analysis and comparison of the two cases: 1) conventional
PV-inverter and wind-DFIG system where sources are associated with their individual power converters; and 2)
proposed hybrid system of PV/wind sources (see Fig. 2). The results are shown in Fig. 10(c).

It is observed that during the day light time the power conversion efficiency of the proposed hybrid system is

substantially higher compared to the conventional distributed generation.
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A laboratory prototype of the proposed PV-wind hybrid system is developed to evaluate the important aspects of the

system. Fig. 11 shows a 2.5 kW DFIG machine with back-to-back
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Fig. 9. Simulation results for: (a) machine mechanical speed and radiation pattern applied to the hybrid system;
(b) dc-link voltage controlled by the algorithm (see Fig. 5) via VSC: ; (c) rotor current performance under
different machine speeds; (d), (e) active and reactive components of rotor and stator power; (f) loading of VSC: ;
(9) PV power generation; (h) power injected into the grid; (i) VSC: current components; (j) rotor current
components; (k) PV terminal voltage and current
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WANDHARE AND AGARWAL: NOVEL INTEGRATION OF A PV-WIND ENERGY SYSTEM WITH
ENHANCED EFFICIENCY.
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Fig. 10. Simulation results with per minute data provided in Fig. 1(b) over a day for: (a) power flow in various
sections (Pe , Pr, Pvscz, and Prv ); (b) VSC2 loading in kilowatt; (c) efficiency analysis to compare the benefits of
the proposed hybrid system with conventional distributed generation having individual source converters.
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Fig. 11. Experimental results: (a) subsynchronous operating mode showing A-ph rotor current and voltage, A-phase
stator voltage, and sine transformation angle for rotor quantities; (b) subsynchronous mode showingA-ph stator
voltage and current and sine transformation angle; (c) supersynchronous mode showing the same parameters as in (a).
converters connected to its rotor circuit. TMS320F28035 controller is used. It acquires the required feedback signals,
e.g., de-link voltage, stator voltages, rotor currents, PV current, etc., using signal conditioning circuit via analog
channels. Internal PWM modules of the controller are used to drive the back-toback converters through isolated driver
circuits. 1/0 pins are used for the operation of power contactor through an electromagnetic relay. Encoder pulses
provide information about the position and speed through a quadrature module. The complete control strategy (see
Figs. 4,5, and 6) is discretized and coded into the TMS320F28035 controller. For the convenience of experimentation
and to clearly show the power flow in various sections of the system, the rotor current, iqr is controlled to operate the
system in constant stator power mode as per (8) irrespective of the rotor speed, unlike conventional MPPT control of
the DFIG. The dc motor driving the DFIG is controlled to cover the operation from subto supersynchronous speed.
Fig. 11(a) shows the steady-state waveforms during subsynchronous operation for the A-phase rotor current and
voltage in synchronization with “sinf,” where 8 is the transformation angle obtained using the position encoder and
PLL on grid voltages. This is displayed using a DAC (with the help of PWM pin of the controller and the R—C filter).
The results show that the rotor power is +ve and reactive power is controlled to achieve unity p.f. at stator. The stator
power injected in to the grid can be seen in Fig. 11(b), which also shows unity p.f. operation. The rotor speed is later
changed to above synchronous speed and the corresponding results are shown in Fig. 12(c), which indicate reversal
of rotor power flow direction. However, the stator parameters’ waveforms maintain the same trend as before.
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Fig. 12. Experimental results showing stator power, rotor power, and PV power over the complete operating
range.

Fig. 12 shows the experimental results for power flow in various sections of the system, captured using a PM6000
power analyzer. These waveforms cover the operating range from subto supersynchronous mode. It may be observed
from the figure that, during subsynchronous operation, the rotor power is positive and is responsible for diverting part
of the PV power (and hence relieving the grid-side converter, up to some extent). This enables the PV to operate at
MPP. It is also observed that the proposed PV power control algorithm works satisfactorily over the complete range
ensuring that the solar PV operates in power control mode during supersynchronous speed to avoid overloading of
VSC;

CONCLUSION

Nature has provided ample opportunities to mankind to make best use of its resources and still maintain its beauty. In
this context, the proposed hybrid PV-wind system provides an elegant integration of the wind turbine and solar PV to
extract optimum energy from the two sources. It yields a compact converter system, while incurring reduced cost. The
PV generated power can be routed to the grid using both the rotor and grid-side converters of the wind-DFIG system,
during its subsynchronous operation. It has been verified that unlike the conventional wind-DFIG system, the
circulating power is significantly reduced with PV-DFIG integration at the dc link.

Enhanced efficiency is observed compared to existing PV/wind hybrid systems. It is demonstrated that the proposed
hybrid system provides an opportunity to integrate a higher capacity PV source than can be done through a dedicated
converter as in a conventional solar PV system. Simulations and experimental results have shown that the proposed
system optimally uses the daily available energy from solar and wind sources making the best possible utilization of
its converters. Due to limited laboratory resources, a small, low power prototype has been used for validation. It is
expected that some advantages of the proposed scheme (e.g., high converter utilization, reduction in circulating power,
enhanced stability due to turbine inertia, etc.) will be more pronounced for high-power PV-wind farm systems.

There is also a scope of designing the DFIG-wind turbine more optimally for the hybrid solution presented. The
proposed hybrid combination can also render a neat stand-alone energy solution with minimum storage and can, in
fact, be developed as a dispatchable source. Overall, the proposed system makes good use of the nature’s
complementary behavior for wind velocity and solar radiation. Sometimes this complementary trend may break down,
in which case the proposed control scheme is well equipped to prevent converters’ overloading at the cost of
momentary loss of PV power. Such instances, however, are expected to be rare.
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