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Abstract—This work presents a grid-integrated hybrid re-
newable energy sources based system comprising a solar
PV array and a wind energy conversion system (WECS). The
WECS uses a position-sensorless synchronous reluctance
generator (SynRG) for the electric power generation from
the wind turbine (WT), wherein a sensorless field-oriented
control (FOC) is made use of for the maximum power
extraction (MPE). A second order flux estimation (SFE)
method along with frequency-locked-loop (FLL) is utilised
for the accurate flux estimation from the SynRG stator volt-
ages and currents. A set of back-to-back connected three-
phase two leg voltage source converter (VSC) topology
is selected for the grid integration of WECS. This system
has a common DC-link where the solar PV array and the
machine side VSC (MSC) of the wind generator, are directly
connected. The power output from the solar PV array and
WECS, is shared between the grid and the local loads. The
maximum power generation from SynRG in the WECS, is
achieved by operating the SynRG at the speed estimated
by the MPE algorithm. The maximum power is drawn from
the solar PV array by adjusting the DC link voltage, which is
decided by the algorithm. For the proper power control and
power quality improvement, the grid side converter (GSC) is
adequately controlled by implementing an observer-based
control technique. The real time validation of the system, is
carried out using a developed laboratory prototype.

Index Terms—Synchronous Reluctance Generator, Wind
Energy Conversion System, PV-Wind Hybrid System,
Sensor-less Position Estimation, Power Quality.

|. INTRODUCTION

HE desire to alleviate pollution and to reduce CO;

(Carbon Dioxide) emissions compounded with limited
availability of fossil fuels and constraints in the expansion
of conventional electricity production have led to the in-
creased demand for electricity production from renewable
energy sources. From the renewable energy family, electricity
generation from solar and wind, has become more popular [1].
The year 2017, has seen worldwide wind power installation
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of 52,492 MW, which has resulted in a global cumulative
installation of 539,123 MW [2], [3]. In India, the total installed
capacity of wind energy generation is 32848.46 MW and that
of solar is 16070.07 MW [4]. With the increase in installations
of solar and wind based renewable energy sources, the risks
associated with increased penetrations of renewable energy
sources into the existing grid have also increased [5], [6]. The
integration of solar and wind energy conversion systems to the
grid, improves the reliability of the system in terms of power
availability.

A back-to-back connected converter topology is the best-
suited for the grid integrated variable speed wind turbine
(VSWT) system, due to its enhanced performance [7]. The
prime motivation for the worldwide acceptance of this topol-
ogy, is that the grid side converter (GSC) and wind generator
are fully decoupled and it is possible to operate the generator
in full speed range. Moreover, smooth grid integration and re-
active power compensation, are also added advantages for this
topology [7]. The prime objective of using VSWT with a full-
scale converter, is that it can improve the energy conversion
efficiency, by using an effective maximum power extraction
(MPE) algorithm, which can harvest the peak power at any
wind speed. Usually, this MPE algorithm is useful when the
wind speed is within the prescribed limit.

Synchronous generators (SGs) and induction generators
(IGs) are commonly used in wind energy conversion systems
(WECS). For VSWT based on full-scale converter topology,
squirrel cage IGs (SCIGs) from induction generator family
and permanent magnet SG (PMSG) and wound rotor SG
(WRSG) from SG family, have found applications up to sev-
eral megawatts of power rating [8]-[12]. The major drawbacks
of the PMSG are the use of costly permanent magnets in its
rotor whose availability and heavy weight are major concerns.
Applications of PMSG are limited, due to the demagnetisation
issues associated with the permanent magnets when exposed
to higher temperature and opposing magneto-motive forces
(MMF). To eliminate the drawbacks of PMSG, mentioned
above, an axially laminated anisotropic synchronous reluc-
tance generator (SynRG) can be used in variable speed WECS.
Advantages of SynRG as compared to PMSG and IGs are, the
absence of permanent magnets, improved efficiency due to the
absence of rotor currents and their associated losses, ease of
control, and its rugged structure. The synchronous reluctance
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machine (SynRM) as a motor is already discussed in [13] and
[14]. Improved rotor design of the SynRM has made it more
suitable for its application as a generator (SynRG) [15].

Sensorless control of the cage-less axially laminated reluc-
tance motor is initially reported in [16], where the estimated
angle is not used for the inverter control. In [17], a sen-
sorless torque vector based closed-loop speed control of the
synchronous reluctance motor is proposed. However, in this
interesting work, the presence of drift in the integrators affect
flux estimation during low-speed operation. Two rotor position
estimation methods, one for low speed INFORM) and one for
high speed (EMF method), are proposed in [18], wherein the
signals are superimposed with disturbances. To eliminate these
disturbances and improve the accuracy of position estimation
in [18], employing a Kalman filter is a must. Jovanovic et al.
[19], have proposed a sensorless control algorithm in which
switching ripple on the current is utilised for the detection of
variations in stator winding inductance (with rotor position).
However, this method requires a start-up technique to find the
initial rotor position ahead of commencing the control process.
For low (or zero) speed operations, rotor position estimation
using high-frequency (HF) injection methods are proposed in
[20] and [21]. A modified HF injection method along with the
concept of flux deviation is proposed in [22], which requires
the knowledge of rotor position error (between the actual
value and the estimated value) for the accurate rotor position
estimation, as the relationship between flux deviation and rotor
position depends on machine parameters and saturation. A test
voltage injection-based encoder-less control of synchronous
reluctance motor is proposed in [23], whose performance is
compromised due to the presence of audible noise. A back
EMF based reduced-order observer method is implemented
in [24], which requires online stator resistance adaptation
during the low-speed operation of the SynRM, even though the
stator-resistance adaptation is not considered for experimental
validation in this particular work. Among all the methods
reported so far, stator voltage and current based method is
found to be suitable for the VSWT applications because of its
non-intrusive nature and ease of implementation. However, for
accurate and efficient control of SynRG in VSWT applications,
there is still scope for improvement. Applications of SynRG
in variable speed wind power generation discussed in [25],
[26], require a mechanical encoder for its operation. SynRG
is more useful in variable speed wind generation when it is
used without a mechanical sensor.

Diverse combinations of wind-PV hybrid systems, are re-
ported in the present literature [27]-[30]. In the hybrid topol-
ogy presented in [27], maximum power from solar PV array
is harvested either by controlling the DC-DC converter or
the grid side inverter. However, the speed range over which
maximum power can be extracted from WT of the system is
compromised due to the uncontrolled rectifier connected to
the PMSG, and DC-DC converter remain under utilised when
there is no power generation from wind. Hybrid solar-wind
standalone systems are proposed in [28] and [29], in which
solar PV is connected to DC link through a DC-DC boost
converter. In standalone systems, maximum power extraction
depends on the state of charge (SOC) of the battery and load

demand. Whereas in a grid-integrated system such constraints
are eliminated, thus making the distributed-generation system
more valuable under all the operating conditions. Further, a
solar PV array connected to a three-phase grid through a
DC link is more suitable in terms of reduced cost, size and
efficiency [31], [32].

In this work, to overcome the issues associated with the hy-
brid solar-wind grid integrated system discussed so far, a back-
to-back connected voltage source converter (VSC) topology,
where the solar PV array is connected to the three-phase grid
through a DC link, is selected. A microgrid comprising a new
efficient position/speed sensorless SynRG based variable speed
wind generator and a single-stage solar PV array, is proposed
here. In the variable speed WECS, SynRG is controlled by
a machine side VSC (MSC) for the extraction of maximum
power from the wind turbine. A modified version of the stator
voltage and current based position estimation algorithm is
implemented, for the SynRG control. A new flux estimation
method for SynRG using a second order flux estimator along
with frequency-locked-loop (SFE-FLL) is realised in this
work to overcome the issues associated with a conventional
integrator and low pass filter. For every wind speed, there
exists a SynRG speed for which the power generated by
the SynRG is maximum. Having known the wind speed, the
generator is driven at such a speed that optimum tip speed
ratio (TSR) is achieved to harvest maximum power from the
wind turbine [33]. The speed control scheme employed for
the SynRG, is position/speed sensorless field oriented control
(FOC) thus eliminating speed sensors and making the system
cost-effective. The solar PV array is directly connected to the
DC link of the system due to its merits over a two-stage
system. The DC link voltage is adjusted so that the MPE from
solar PV array is achieved. Since partial shading condition
is neglected in this case, a well-known perturb and observe
(P&O) technique is used for drawing apex power from the
solar PV array. A reliable observer [34] based technique is
implemented for the accurate extraction of the fundamental
components of the nonlinear load currents, which results in
fast dynamics of the grid side VSC (GSC) control. The GSC
control shares active power with the grid and local loads and
maintains the DC link voltage at the value corresponding to
maximum power point of the solar PV array during the day
time. As there are no energy storage devices in the system,
the generated power is shared between the grid and the local
loads connected at the point of common coupling (PCC). The
major contributions of the paper, are as follows.

o Realisation of solar-wind hybrid grid-integrated micro-
grid using back-to-back connected VSCs without addi-
tional DC/DC conversion stages.

o Improved functioning of a wind-solar grid-integrated hy-
brid system using a new sensorless SynRG control and
observer based grid control.

o An observer is used for extracting the peak of the fun-
damental load current, for the fast dynamic performance
of the GSC, during variation in load demand.

e SFE-FLL technique is proposed for the mechanical
sensor-less SynRG control for the accurate flux estima-
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Fig. 1. Proposed configuration of the system.

tion.
¢ Decoupled MPE from solar PV array and WECS, by

synchronous reluctance machine in dq reference frame, are
given as follows.

controlling GSC and MSC independently. dd .
o Extraction of maximum energy from the VSWT, by effi- @ — Ry, + wethf,
ciently controlling the shaft speed of the SynRG without d;/’tw =09 — Ryid — wl
using any physical speed/position sensors. Wh = Ldid. g — a0 2)
dcclut, _ P (T TL)
[I. SYSTEM DESCRIPTION
Tezip(Ld Lq)z 13

The proposed hybrid system, given in Fig.1, consists of
SynRG based WECS, solar PV array and utility grid. A back-
to-back connected converter topology is implemented here
for the decoupled control of SynRG and the utility grid. A
solar PV array is connected to the DC link, between the
MSC and GSC, without any DC-DC converters. The DC link
voltage (Vg.) is decided by the solar MPE algorithm (for
the extraction of peak power for the given irradiation and
temperature) and the V. is maintained at this value by the
GSC control. Local loads, interfacing inductors and R-C filters
are connected at the PCC. R-C filters and interfacing inductors
(L) are included for reducing the ripples in PCC voltages and
currents, respectively. GSC output voltages (v;1, v2, and v;3)
are generated from the Vj. by controlling GSC suitably. GSC
currents are fysc1, fvsc2 and 4,503, per phase voltages of the
grid are w41, Ug2, and w43, currents flowing into the RC filters
are if1, 12 and i3, and currents flowing into the grid are 441,
ig2 and ¢43. C'r and Ry are the capacitance and resistance of
the RC filter. State variables selected are inductor currents and
RC filter capacitor voltages. The state equations of the system
are as follows.

divsce _ _ (RmtRrp),; 1 1
;lt‘T mLm tyscz + L Ufz + T Vix
digs _ R (Rg +R1-) 1
d{f = LI; tyscx — Zgz + Uf:E - uga: (1)
dvre 1, _ 1y
dt — Cp lvscx Cr gz

where, R, and R, are internal resistances of interfacing
inductance (L,,) and grid inductance (L), respectively. x is
the particular phase (1,2,3) selected. State equations of the

where, ¥, % and L%, LY are the stator flux linkages and
stator inductances in dq reference frame. v, v%, i¢ and i%
are the stator voltages and currents in dq reference frame,
respectively. p, Rs, w,, J, T and T, are number of pole
pairs, stator winding resistance, rotor speed, moment of inertia,
load torque and electromagnetic torque of the synchronous

reluctance machine, respectively.

[I. CONTROL ALGORITHM

The primary functions of the control used in the proposed
system include maximum power extraction from WT and solar
PV array, power flow management and power quality improve-
ment. MSC control provides maximum power extraction from
the WT, and GSC control provides MPE from solar PV array
besides providing power quality improvement. Both MSC and
GSC controls are discussed in this section.

A. MSC Control

MSC controls the SynRG speed by using a speed/position
sensorless FOC technique. MSC control operates SynRG at
the speed determined by MPE algorithm, so that maximum
power is generated from WECS.

1) Reference Speed (w**) Generation: Any wind turbine
(WT) delivers maximum power, at a particular generator speed
corresponding to a specific wind speed (Vj,,), where the tip
speed ratio () is at an optimal value. The value of ), for a
specific WT, remains constant, irrespective of the wind speed.
For a wind turbine with radius r, performance coefficient (C),)

0278-0046 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2019.2942511, IEEE

Transactions on Industrial Electronics

which is a function of A\ and /3 (pitch angle), the mechanical
power generated by the WT (P,,ec) for wind speed, Vi, is
given as,

Prcen = 1.57pCp(\, B)1*Viy,® 3)

Assuming pitch angle, 5 = 0° and air density, p =
1.2Kg/m3. X is a function of the SynRG speed (w™) , and
is expressed as,

\ = rw," @

Viw

For the WT under consideration, the maximum value of the
power coefficient (Cppqz) occurs only when then tip speed
ratio is at a unique value (o) of 8.1. So, at any V,,, the
WT speed is adjusted so that A is maintained constant at \,p¢
and maximum power generation can be achieved. Hence, the
SynRG speed at which maximum power is generated for any
Vsw, 18 estimated as,

*

Ao
W =Ry (5)
'

2) Pulse Generation for MSC: Fig.2 shows the MSC con-
trol for the SynRG. MPE algorithm yields the reference speed
(w;"*) at which SynRG will be able to deliver maximum
power. FOC technique, which controls the speed of SynRG,
compares this reference speed with the estimated speed to
determine the three phase currents (i),;, %59, %.,3). These
currents are tracked using hysteresis current controller, which
delivers switching pulses (S,1-Sy¢) to the MSC devices. In
this work, the speed and position are estimated accurately by
making use of terminal voltages and currents of the machine,
thereby eliminating the use of speed and position sensors. The
FOC control is implemented using two current sensors (for
iw1 and 4.92) and one voltage sensor (for Vj.). Sensed DC
link voltage (Vg.), and the switching pulses Sy,1, Sw3, and
Sws of the MSC are used for the reconstruction of SynRG
stator voltages (Vy1, U2, and v,3) as follows.

Vw1 = Vdc(2Sw1 — Sw3 — SwS)/3
Vw2 = Vdc(2sw3 - Swl - SwS)/?) (6)
Vw3 = Vdc(2sw5 - Swl - SwB)/?’

Estimator
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Fig. 2. MSC control.
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Fig. 4. Space vectors of SynRM.

The estimated stator voltages and sensed stator currents are
converted to their corresponding values in stationary reference
(aB) frame as follows.

) (7

The stator flux components (1)<, 2) in stationary (a/3)
reference frame of SynRM are calculated as,

Yo = /(v;}, — % Ry)dt; ¥P :/(vg — B R)dt  (8)
———— N————

ca
w S

For the accurate estimation of ¢ and 2, a generalised
integrator based second order flux estimator (SFE) is im-
plemented. The block diagram of the SFE along with FLL
for the frequency adaptation, is shown in Fig.3. SFE extracts
g and 1/)5} accurately, only when the center frequency (w)
of SFE is equal to the frequency (w{,) of the input air-gap
voltage (g, = [e2e2]T). As w¢ is unknown, and it varies
with the shaft speed of the SynRG, an FLL is used for
estimation of w;,. For frequency adaptation, FLL makes use
of the frequency error which is the product of the error of
input signal from its filtered value (g,,(s) — €,(s)) and the
quadrature component of the filtered input signal. This error
is minimised (so that w = w¢) using an integral controller
with a linearised gain. In Fig.3, M and ¢ are the coefficients
of the SFE and FLL, respectively. Here, the selected values of
M and g are 1.4142 and 50, respectively. The SFE takes the
airgap voltage (¢, = [ €2]7) and after integration it outputs
2 and V.

The angle (0¢)) of the stator flux-linkage space vector (1))
and its speed (w;,) are estimated as,

0¢, = arctan(y2 /1) 9
o dOg  pa(dyd/dt) — o8 (dyg /dt)
== or 1o

From Fig.4, the angle 6] is estimated as,

0 = sin”! <\/ (L) P10 = (Lzuf/ma)?) -
1—(LE)7/(Ld)
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where, [7,[2 = (i€)2 + (i£)2 and [ihu[2 = (4)? + (¥2)2.

For the selected axially laminated anisotropic (ALA) type
SynRG, the ratio (L%)?/(L<)? is very small and is neglected.
Moreover, for an ALA type SynRG, due to the large air-gap,
L% is considered as constant. So (11) is written as,

gy s (L0 oul /10

From (9) and (12), the rotor position (0¢) and speed (wf) of
the SynRG are estimated as,

12)

e _ 407
Todt
The stator reference currents are generated from their reference
components (i%* and 7%*) in dq reference frame using the
rotor position angle in (13). The difference in the sensed stator
currents from its reference value is passed through a hysteresis
pulse generator, which generates MSC gating pulses.

0c = 6:

w 03) w (13)

B. GSC Control

A detailed description of the control algorithm, used for
generating the gating pulses for GSC is discussed in this
section.

1) MPE from Solar PV Array: To utilise the solar PV array
effectively, the maximum power needs to be harvested from it.
From the reported MPE techniques it is found that the perturb
and observe method is the best if the partial shading is not
considered. The prime function of MPE logic, is to adjust
the DC link voltage to V,,,, (MPE voltage of the solar PV
array) at which the power generation from solar PV array is
maximum. If the system in Fig.1, is operated with V. = V,,,;,p
then, the largest power (Paspg) is produced from the solar PV
array for that given irradiation. The logic of the P&O technique
is as follows.

if APy =0 then Vipp—new = Vinpp—old

elseif APp, >0

{ if AV, >0 then Vipp—new = Vinpp—old + AVipp

else V;npp—ne’w = Vmpp—old — ‘/rnpp

else (14)
if AVpy >0 then Vipp—new = Vinpp—otd — AVimpp
else ‘/mpp—new = Vmpp—old + Avapp

end

where, Ava = va—new - va—old» A‘/;)U = Vmpp—new -
Vinpp—ota and AV, is the step change in solar PV array
voltage (V).

2) GSC Gating Pulse Generation: The hysteresis current
control used for controlling the GSC, requires an accurate
reference grid currents (igy,ig0,%y5) estimation. The GSC
control shown in Fig.5, makes sure that the grid currents follow
the reference currents. The grid current amplitude is decided
from the amount of power generated from the renewable
sources (solar PV array and WECS), the amplitude of the
fundamental component of the load current (I;) and the loss
component (/.4.). The main purpose of the loss component is
to maintain V., and its magnitude is decided by the deviation
of Vg from its reference value (V). The value of V; is set

based on:
Vit — { Vinpp  if Ppw >0

Vie_ref Otherwise (15)

where, V. oy is the DC link voltage reference, when output
power from solar PV array becomes zero.

The DC link voltage PI (Proportional and Integral) controller
takes the DC link voltage error (V;.* — Vy.) and generates the
loss component (I.4.).

The phase voltages at PCC (vg1, vg2, and v43) are estimated
from the sensed line voltages at PCC (vg;; and vg;2), as follows
[35].

” 2 1
[”91 Ug2 Ugi‘)} :% -1 1
-1 -2

] [vgn vae ]” (16)

The peak of the PCC phase voltage, Vg, is estimated as,

Vop = {(2/3)(%12 + 7)922 + 0932)}1/2 (17)

The in-phase (up1, up2 and uy,3) and quadrature-phase (ugq1,
Ugz and ug3) unit templates of the PCC phase voltages are
estimated as follows.

Vg1 v Vg3
g9°. — . _ g
Upl = V7, Up2 = V77 Up3s = Vi (18)
gp gp gp
0 -1 1
1
[Ug tge ugs)T = 7 500 =L [uprupe ups]” (19)
_3 11
2 2 2

The feed-forward components of the grid current reference
(Iepy and I.,,) are estimated using P,,, SynRG output power
(Py) and the amplitude of the PCC phase voltage (V) as

follows.
2P,

QPPU . —
cw — 3‘/91)

3Vop

Icpv = (20)
An observer is proposed for accurately extracting the fun-
damental component of the load current, which is shown in
Fig.5. The observer can reconstruct the required fundamental
component and other harmonic components from the sensed
load current effectively. The periodic phase ‘a’ load current
(irq) can be expressed as,

ira(t) = Z Ipak sin(kwt — ¢y)

keN*

2n

where I,,(t) is the magnitude of k" harmonic component
of the load current, w is the angular frequency, and ¢y, is the
phase angle of £t harmonic component of the load current.
Number of harmonics (N) present in i7, are finite for the
considered application.

Itk =0 Vk ¢ {1,2,...,N} (22)
This is represented by the model,
S0 ... 0 R 0 ... 0 Zl“
go-| 7 Y xees | U ] fsew
000 .. Jy "o o Ry W 23)
ia)=(1 0 1 0 . 10).X() "
where,
_ 0 kw\. , _ [ sin(kw(t—t;)) —cos(kw(t—t;))
Te = ( —kw 0 )Rk - ( cos(kw(t —t; sin(kw(t —t;)) > 24)
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The solution of (23) is expressed as,

X(t) = [im(t) inat(t+2) . ipan(t) inan(t+ 22 }Tr(t ~t) (25)

w

The linear estimate of load current (2 La) 18,

iz(t) = AX(t) + L(iLa (t) - 2La (t)) (26)
ipa(t) = CX(1)
where, L is the gain of the observer.
The X (t) in (26) is finally represented as,
X(t) = (A— LC)X(t) + Liza(t) 27)

From the observer output, the fundamental components (i1,
i1, tLc1) Of the load currents, are selected. The quadrature
components (uq1, Ug2, Ug3) along with zero crossing detector
and sample and hold blocks are used for extracting the
fundamental peaks of load currents (Irq1, Irp1, I1c1) from
their fundamental signals. Average of estimated individual
fundamental peaks of load currents (I;), is calculated and
is used for the generation of the reference grid currents.

The amplitude (I,,) of reference grid currents, is estimated
as,

(28)

Igp =TI+ Icqe — (Icpv + Icw)

The reference currents, for GSC gate pulses generation, are
estimated as,

Pk S — P
g1 = Lgp X Up13 Ggo = Igp X Upa; gz = Igp X ups  (29)

The deviations of grid currents (41, g2 and ¢43) from their
references obtained from (29), are processed through hystere-
sis PWM generator as shown in Fig.5, which produces the
gating pulses for the GSC devices.

In this work, the location of SynRG and solar PV array
cannot be too far as the DC link is common. Hence, there
could be shadow flickering effect of the rotating wind turbine
blades on the solar PV arrays, which may affect the solar
PV output power. By correctly placing the SynRG and solar
PV array and modifying the MPE algorithm suitably, shadow
flickering effect can be minimised.

V. EXPERIMENTAL PERFORMANCE

The proposed wind-solar based hybrid grid-connected sys-
tem and its control, have been tested on a developed prototype
in the laboratory as shown in Fig.6. The variable speed WECS

Phase voltage extraction

Feed forward
com%onents

x| P

used in the prototype comprises a 3.7 kW SynRG, a variable
frequency drive (VFDO75E43A) controlled induction motor
(IM) and a three-leg VSC as MSC. Shafts of SynRG and IM,
are directly coupled to each other. Variable speed command to
the drive is provided from the MATLAB/Simulink for emula-
tion of WT. A 2.5 kW solar PV array is emulated using a solar
PV emulator (AMETEK ETS600x17DPV) whose parameters
(irradiation and temperature) can be changed online with the
help of a host PC. A digital signal processor (ASPACE-1103) is
interfaced to MATLAB/Simulink platform using another host
PC, for the real-time execution of the control techniques. For
the real-time realisation of the system parameter variation, the
control desk platform of the dSPACE-1103 is used. The ADC
channels of dSPACE-1103 controller receive sensed voltage
and current signals from the respective Hall-Effect voltage
and current sensors (LV-25P, LA-25A). The gating signals
to the IGBT (Insulated-Gate Bipolar Transistor) switches,
used in MSC and GSC, are generated by the dSPACE-1103.
These signals are given to the respective gate driver circuits
of the IGBT switches after providing necessary isolation
and amplification using optocoupler circuits. A 220 V, 50Hz
utility grid is realised through a three-phase autotransformer
connected to 415V, 50Hz supply. A three-phase full-bridge
diode rectifier fed R-L load is used for the validation of
GSC control algorithm. Steady-state waveforms of microgrid
are monitored using a power quality analyser, and dynamic
responses are observed on a digital storage oscilloscope.

A. Steady State Performance

Steady state behaviour of the hybrid grid-connected system
at a steady wind speed and solar irradiation of 10 m/s and 700

an AR
Sk B 3]
=~ ﬁ Opto-coupler board

ﬂ -
| L
A 7
ar PV e
Emulator

Fig. 6. Photograph of laboratory prototype.
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Fig. 7. Steady-state performance at a wind speed of 10 m/s and solar irradiation of 700 W/m? (a) Grid power (P,) along with vy, and ig1 (b)
Load power (Pr) along with vy, and i, (c) Power from SynRG (P,,) (d) Power from solar PV array (P,.) along with V. and I,,,, (e)-(f) Harmonic

spectra of load current and grid current.

W/m?, respectively, is discussed in this section. Figs. 7(a)-(b)
show the power levels along with corresponding line voltages
and currents at grid and load terminals, respectively. Figs. 7(c)-
7(d) show the power generated from the SynRG and solar
PV array, respectively. Out of the total power generated by
solar PV array and WECS, load takes 202W (Fig.7(b)) and
the rest is flowing into the grid (Fig.7(a)). The power flowing
into the grid is taken as negative. In Fig.7(d), V. is held at
Vinpp (for a single-stage configuration, Vg, = V) for the
given solar irradiation of 700W/m?2, so that maximum power
is harvested from it. Load current waveform in Fig.7(b) is
non-sinusoidal, however, the GSC control maintains the grid
current waveform sinusoidal which is depicted in Fig.7(a). An
uncontrolled rectifier fed R-L load connected at PCC takes a
nonlinear current with a THD of 27.6% which is shown in
Fig.7(e). GSC control provides optimum switching pulses to
IGBT switches of the GSC so that the grid current THD is
maintained at 2.2% (shown in Fig.7(f)), which is within the
limit as per the IEEE 519 standard [36].

B. Effect of Solar Irradiation on System Behaviour

This section explains the effect of variation in solar irra-
diation on the system behaviour and test results are depicted
in Figs.8(a)-(d). The system considered here, is operating at
solar irradiation of 500 W/m? and a wind speed of 10 m/s.
The maximum power is extracted from both the renewable
energy sources (Solar PV array and WECS), and is distributed
between the local loads and grid which is depicted in Fig.8(a).
The power produced by SynRG (P,), power output of solar
PV array (P,,), grid power (FP;) and the load power (Fr)
are shown in Fig.8(a). In this case, P, < P,, + P, therefore,
excess power generated is flowing into the grid, which is taken
as negative power. Once the solar irradiation is increased from
500 W/m? to 700 W/m?, MPE algorithm generates a new
reference voltage (V;,,,) and the GSC control adjusts the DC
link voltage to V,,pp, so that maximum power is harvested
from the solar PV array. As P, and Py, are fixed, excess power
produced from solar PV array due to increase in irradiation, is
fed to the grid (P, increases in the negative direction), which
is shown in Fig.8(a). Among the intermediate current signals
(components of reference grid currents), which are depicted
in Fig.8(b), only the solar power feed-forward term (I.p,) is
affected by the increase in solar irradiation. The rise in I,
increases the magnitude of the reference grid currents (as per
(28)) so that 74, increases (shown in Fig.8(c)). Corresponding
signals (i1, Te and 07) of the SynRG, along with I,,, are
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Fig. 8. Dynamic behaviour (a)-(d) under variation in solar irradiation (e)-
(f) under wind speed variation (g) under wide variation in Vs, (h) under
variations in both Vs, and solar irradiation.

depicted in Fig.8(d), which confirms the decoupled operation
of the WECS and solar PV generating system.

C. Effect of Wind Speed on System Behaviour

This section explains the variable wind speed operation of
the proposed solar-wind hybrid grid-connected system. Figs.
8(e)-(f) show the behaviour of the system during wind speed
variation. The system is exposed to a wind speed of, V,, = 10
m/s, and a solar irradiation of 500 W/m?2. The powers gener-
ated from solar PV array and WECS are sufficient to support
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Fig. 9. Dynamic behaviour (a)-(d) at variation in load current (e) when Py,

at load terminals. (h) Accuracy of speed and position estimation.

the local nonlinear load demand, so that excess power is fed
to the grid. Once Vi, is increased to 12 m/s, MPE control
of WECS generates a new reference speed (corresponding to
maximum P,). SynRG is run at that speed by the position
sensorless MSC control so that MPE is achieved from WECS
which is depicted in Fig.8(e). From Fig.8(e), it is clear that the
estimated speed (w;") and torque (I¢) are increased with the
increment in wind speed, so that maximum power is generated
by SynRG, while the DC link voltage remains unaffected.
Hence, P, increases and the excess power is absorbed by
the grid as shown in Fig.8(f). In this case, only the wind
feed-forward component (I.,,) increases due to the increase
in power generation from SynRG. The performance of the
system, is also tested against a wide variation in wind speed.
Fig.8(g) shows the corresponding variations in w*, P, and
Vic. From the variations in w;* and P, shown in Fig.8(g),
it is obvious that, with the variations in Vj,,, MSC control
operates the SynRG at the reference speed generated by the
MPE algorithm so that maximum power extraction is achieved;
however, V. remains unaffected.

D. Effect of Wind Speed and Solar Irradiation on System
Behaviour

This section validates the behaviour of proposed solar-wind
hybrid grid integrated system for simultaneous variations in
Vsw and solar irradiation. Fig.8(h) shows the behaviour of the
system for stochastic changes in both wind speed and solar
irradiation. Due to the combined actions of MPE algorithm
and GSC control, maximum P, is exported for every wind
speed and solar irradiation as shown in Fig.8(h). As the load
consumes a constant power, variations in P, and P,, are
reflected in the grid power (as shown in Fig.8(h)).

E. Variation in Load Demand

In this section, the system behaviour has been tested
against a sudden increase in load power demand, while power
generation from wind and solar remain unchanged. Fig.9(a)

(€3] (h)
> Py + Ppy (f) when P, and P, are unavailable (g) under unbalance

shows that, as the load power is increased, since P, and P,
are constants, P, is reduced. With the increase in P, load
current increases and as per the control, only the grid current
is reduced while the grid voltage and V. remain constant.
Variations in the components constituting the reference grid
current are depicted in Fig.9(b). The reduction in grid current
(shown in Fig.9(c)),as per (28), is due to the increase in load
current component, I;. Furthermore, the effect of variation
in load power, on SynRG control, is given in Fig.9(d). Due
to the decoupling provided by back-to-back connected con-
verters, variation in load current has no effect on the SynRG
parameters (i1, 1 and 6¢ ), which is clear from Fig.9(d).

F. Performance of System at Extreme Conditions

Extreme conditions considered here, are i) P, > (P, +
P,y), ii) P, and P,, are unavailable, and iii) under unbalance
at load terminals.

1) P, > (P, + P,,): Fig.9(e) shows the dynamic
behaviour of the system, when Pr, > P, 4 P,,. The system
considered is operating at an irradiation of 300 W/m? and
Vsw is less than the cut-in speed (P, = 0). Power generated
from solar PV array ( P,, = 615.84 W), is greater than the
load power demand (P,, > Pr), hence the surplus power is
fed to the grid. As the excess power available is very small,
ig1 is also very small and is 180° out of phase with vy
waveform as shown in Fig.9(e). Once Py, is increased so that,
Pr, > P,,, the grid started supporting the load by supplying
power. Therefore, 441 reverses its direction, becoming in phase
with vg1, as shown in Fig.9(e). Under both conditions unity
power factor operation is maintained, which is obvious from
the phase relationship between vy and ¢41. This confirms
the expandability of the GSC control under extreme case of
P, >P,+ P, pU-

2) P, and P,, are Unavailable: In Fig.9(f), transition of
DC link voltage (V) from Vi,,pp, to Ve rey is shown. In this
case Vg, is less than the cut-in speed (P, = 0) and solar PV
array is exposed to a solar irradiation of 500 W/m?. As P,, >
Py, , the excess power available is fed to the grid. Once power
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generated from solar PV array is reduced to zero, due to lack
of solar irradiation, the DC link voltage reference is changed
from Vi, to Ve rep = 360 V, as shown in Fig.9(f). From
this moment onwards, the grid feeds the load as can be seen
from the grid current direction. GSC acts as a DSTATCOM
(Distribution Static Compensator) and corresponding converter
current (4,5.1) waveform is shown in Fig.9(f). Throughout,
UPF operation at PCC is maintained.

3) Unbalace at Load Terminals: Fig.9(g) shows the per-
formance of the system under extreme condition of unbalance
(phase ‘a’ terminal of load is disconnected) at load terminals.
During this condition, P, decreases, and as P,, and P,
are fixed, the extra power available flows into the grid (P,
increases). It is depicted in Fig.9(g), where, once i1, becomes
zero, 141 increases due to the increased power flowing in to
the grid. From Fig.9(g), it is confirmed that the load unbalance
has no effect on the PCC voltage (v41) and current (z41). Both
remain sinusoidal.

G. Accuracy of Sensorless Control

In this section, the reference speed of SynRG is increased,
and the accuracy of the SynRG control is validated using the
test results shown in Fig.9(h). The upper part of Fig.9(h),
shows the actual waveforms of reference speed, actual speed,
estimated position and the actual position of the SynRG, and
its enlarged view during the transition (speed change) is shown
in the bottom part. Initially, the estimated speed and position
are coinciding with their actual values. Once the reference
speed is increased, estimated speed and position are adjusted
so that they again coincide with their reference values as de-
picted in Fig.9(h). From Fig.9(h), it can be concluded that the
estimations are accurate enough to confirm the effectiveness
of the system’s control.

V. CONCLUSION

A wind-solar hybrid renewable energy sources based micro-
grid system, integrated with the main grid has been presented
in this work, wherein the hybrid renewable sources are capable
of delivering maximum power under varying wind velocities
and solar irradiation. SynRG is used for the generation of
electrical power from the WECS. Maximum power extraction
from WT for different wind speeds, using position sensorless
FOC on SynRG, has been tested on a developed laboratory
prototype. A back-to-back power converter topology, used in
the proposed system has provided a decoupled control of
the MSC from the GSC. Test results have confirmed that
disturbances in the grid side does not affect the operation of
the WECS. Experimental results for varying solar irradiation
support that solar PV array, directly integrated into the DC
link, is operated at its full efficiency by adequately controlling
the DC link voltage, which is decided by the MPE algorithm.
Fast and accurate estimation of the fundamental peak of the
nonlinear load current is achieved by the proposed observer-
based algorithm. The proposed solar-wind hybrid grid inte-
grated system provides a reliable and efficient power flow
control along with power quality improvements.

APPENDIX

The system parameters used in the proposed topology is
given in Table L.

TABLE |
SYSTEM PARAMETERS

Solar PV Array

Open circuit voltage, Vo 430 V

Short circuit current, Is. TA

Peak power, PyrpE 2.5 kW
SynRG parameters

Power rating 3.7kW

Voltage rating and frequency 220V, 50Hz

Speed and number of pole pairs 1500rpm and 2

Rated current 16.3A

Resistance of stator winding, Rs 250

Direct and quadrature axes inductances 99.47 & 10.15 mH

Grid side

Rated grid voltage and frequency 220 V, 50 Hz
RC filter values Cr and Rp 10 uF and 5 Q
Interfacing inductor and DC-link capacitance 4mH, 2200 pF
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