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Abstract—This work presents a frequency adaptive damped
second order generalized integrator (FA-DSOGI) for power
quality (PQ) improvement in AC microgrids. The presented
microgrid comprises a wind and solar photo-voltaic (PV) based
energy generation, which is coupled to the single-phase AC grid.
A non-linear local load is coupled at the point of common
coupling (PCC) with the grid. A battery energy storage (BES) is
also connected to the DC link through a bidirectional converter
(BDC) which can support the local load when the grid is not
available. A hill climbing based maximum power point tracking
(MPPT) technique is utilized for optimum power extraction
from both wind and solar PV based energy sources. A back
electromotive force (BEMF) based sensor-less field oriented
control (FOC) technique is utilized for controlling the speed of
permanent magnet synchronous generator (PMSG) based wind
generator. The FA-DSOGI based control technique is utilized
for extracting the fundamental load component from the
distorted load current and the generation of switching pulses for
the VSC. The performance of the presented system is confirmed
using the developed laboratory prototype.

Index Terms—Frequency Adaptive Control, Damped SOGI, AC
Microgrid, Wind Power Generation, Solar Power Generation

L INTRODUCTION

The electrical energy has evolved as a vital necessity for
the human beings. With increasing industrialization, the
demand for electrical energy is further increasing.
Conventionally, fossil fuel based energy sources have been
utilized for electricity generation, however, their increased
usage has resulted in global warming [1]. The burning of
conventional energy sources also emits harmful flue gases,
which would adversely affect the living beings. The utilization
of renewable energy sources presents an appropriate solution
to mitigate the aforementioned challenges. Owing to their
efficient utilization and economic viability, wind and solar
photo-voltaic (PV) based power generation systems are
receiving greater attention in recent days. However, the
intermittency associated with these sources, poses serious
challenges to the grid stability. In such a scenario, the
integration of multiple distributed energy sources, improves
the system reliability.

Wind energy generation systems (WEGS) require a
generator for electricity generation. Owing to the higher
efficiency, smaller size and lighter weight, the permanent
magnet synchronous generator (PMSG) is widely used as the
electric generator among a wide variety of electric generators
[2]. However, for the WEGS application, the PMSG speed

also needs to be varied continuously under varying wind speed
for the optimum power extraction. As the field oriented
control (FOC) technique provides an excellent speed control,
the same has been utilized here for energy generation using
WEGS. The FOC technique requires the speed and position
information for their implementation. An encoder is generally
utilized for this purpose, however, as its use reduces the
reliability and increases the cost, the speed and position
information needs to be estimated [3]. Due to the simplicity of
implementation and better performance under medium and
high speed operation, a back EMF based technique is utilized
in this work for speed and position estimation.

A maximum power tracking technique (MPPT) is required
for the optimum power extraction from the wind and solar
based energy sources. A number of MPPT techniques are
present in the existing literature for this purpose. A hill
climbing based MPPT technique varies the control variable in
the direction of peak power and is widely used due to their
ease and effectiveness of implementation [4]. As for WEGS,
the output power varies with generator speed and for solar PV
generation, the output power varies with solar PV array
voltage, the hill climbing technique generates the reference
generator speed and reference solar PV voltage, which need to
be controlled for optimum power generation. Although the use
of MPPT extracts the optimum power, the intermittency is still
associated due to uneven power generation from these sources
[5]. In order to meet this issue, battery energy storage (BES) is
introduced at the DC link using bidirectional converter (BDC).
The power flow from the battery is regulated such that the
battery would feed the power during energy deficit condition
and would absorb when excess power is available. The BES
can also support the local load when the grid is not available.

For grid connected systems, the power quality (PQ) has
always remained an important parameter [6]. However, the
increase in non-linear loads and power electronic equipment,
seriously affect the PQ. Such equipment pollute the AC grid
and affect the performance of sensitive equipment coupled to
the same point of common coupling (PCC). Therefore, an
effective control scheme is required for controlling the grid
side converter (GSC), which feed the active power into the
grid. The control scheme also performs the function of PQ
improvement by maintaining unity power factor and
minimizing the current total harmonic distortion (THD).

Synchronous reference frame theory and instantaneous
reactive power control theory have been used in the past for
this purpose, however, they utilize multiple frame



transformations [7]. Some of the signal processing techniques
are being utilized nowadays for PQ improvement. Recently,
the delayed signal cancellation (DSC) technique utilizing
multiple DSCs has been presented in [8]. The presented
method provides an excellent performance, however, the use
of multiple DSCs increases the computation burden and,
therefore, require high end processor for their implementation.
A least mean fourth (LMF) based technique for PQ
improvement in a grid interface system is presented in [9].
Owing to the fourth order optimization, this method provides a
good dynamic performance, however, it exhibits a poor
steady-state performance and DC offset elimination ability. A
second order generalized integrator (SOGI) is also being used
for fundamental load current component extraction [10]. The
SOGI provides two orthogonal components i.e. in-phase
component which acts a band pass filter and quadrature
component which acts as a low pass filter (LPF). As the
quadrature component acts as a LPF, it is unable to reject the
DC offset. The answer to this issue lies in the use of two
cascaded SOGIs, however, this increases the computational
burden and also introduces transition delay [11]. A damped
SOGI based control structure with the capability of faster
convergence, good noise and DC offset rejection capability
and improved steady state response is presented in [12].
However, the presented damped SOGI is unable to perform
under frequency variation. Therefore, a frequency adaptive
damped SOGI (FA-DSOG]I) is proposed in this work for PQ
improvement in the presented system. The presented wind-
solar-BES based AC microgrid utilizing FA-DSOGI based
control structure is developed in the laboratory. It has been
realized from the experimental results that this system meets
the IEEE-519 standard [6].

II.  SYSTEM CONFIGURATION AND CONTROL

Fig. 1 shows the configuration for the presented microgrid.
The presented system comprises a PMSG based WEGS, a
solar PV based energy generation, BES connected to the DC
bus using BDC and single phase AC grid connected to the DC
bus through the grid side converter (GSC). A BEMF based
sensor-less FOC method is applied for the speed control of
WEGS. The solar PV array is directly coupled to the DC bus
and form a single stage topology which improves the system
efficiency by eliminating the intermediate stage converter. The
DC link voltage is varied such that peak power is harnessed
from solar PV array. A hill climbing algorithm is employed
for peak power extraction from the WEGS and solar PV array.
A FA-DSOGTI based control is utilized for improving the PQ
through controlling the GSC. The BDC converter is controlled
through the hysteresis controller. An elaborated discussion on
the employed control techniques is presented as follows.

A. MPPT

A hill climbing based MPPT technique, which varies the
control variable in the direction of maximum power, is utilized
here for the optimum power extraction. The governing
equations for the hill climbing MPPT technique are expressed
as follows.
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where, CV, is the reference control variable; ACV is the
change in control variable and P is the power and AP is the
change in power. The control variable for WEGS is the
reference generator speed (mger), whereas, the control
variable for solar PV generation is the PV array voltage
(varef)-

B.  Control of WEGS

The control of WEGS comprises rotor speed and position
estimation and speed control of the PMSG as shown in Fig.2.

CV,;(n)=CV_ (n-1) - AStep; if {

1) Estimation of Rotor Speed and Position
A BEMF method is utilized for estimating the PMSG
speed and position.

Stator voltages in af0 frame (v, and vg) are estimated using
the DC link voltage (V) and switching pulses using (Sci, Scs,
Scs) as,

\ \
v,= (2scl-sc3-scs),vﬁ:%[ﬁ(zsa-scs)] 3)

The sensed stator currents (igena and igens) are expressed in a0
frame (i, and ip) as,
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The stator fluxes (y, and yp) are estimated as,
v, = [e,dt= (v, + Ry, e, wy=[eydt=[(v,+Riij Jdt (5)

where, e, and ep are the BEMFs and R; is the stator resistance.

The generator speed (®g) and position (0,) are estimated as,
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where p is the PMSG pole pairs.

2) Speed Control of PMSG
The speed of the PMSG is regulated using the FOC
method. The g generated from the hill climbing MPPT
technique is compared with the m, and inputted to the speed PI
controller for the generation of the reference quadrature axis
current (Igef) as,

Iqrcf = [Kpm +&j (('Ogrcf - (Dg ) (7)
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where, K, and Kj, are the speed controller gains.

As the PMSG does not require external excitation due to
presence of permanent magnets on the rotor, the reference
direct axis current (Iarer) is set as zero.

These reference currents are converted from dq0 to abc
reference frame and compared with the stator currents for
generating the switching signals (Sci-Sce) using the hysteresis
controller.

C. Control of DC Link Voltage and BDC

The Vg is controlled in such a way that the optimum
power is harnessed from the solar PV array. When the grid is
available, the V4. is controlled by the GSC and the output of
the Vg controller is taken as weight of the DC loss component
(Wioss) whereas when the grid is unavailable, the Vg is
controlled by the BDC and the controller output is taken as
reference battery current (Iyrer). For controlling the Vi, the
Vouer from the hill climbing MPPT technique is compared
with the V4. and the error is fed to the V4 PI controller. The
controller output is given as,

K. W, ..; grid is available
Kpdc + - (varef - Vdc ): o g e q . . ( )
s Ii¢ 5 grid is unavailable

where, Kpac and Kiqc are the V. controller gains.

During grid unavailability, the Iperis generated from the Vg
controller whereas when the grid is available, the Tper is set
externally according to the required energy demand. Once the
Ibrer 1S generated, it is compared with the battery current (Ipa)
and the battery current error (Iperr) is fed to the hysteresis
controller for generating the switching signals (Sy, and Sy;) for
the upper and lower switches of the BDC as shown in Fig. 3.
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Fig. 3. Control of DC link voltage and BDC

D. Control of GSC

Fig. 4 demonstrates the control strategy for the GSC. The
control of GSC comprises the estimation of the load
component, estimation of the net weight component,
generation of reference grid current and generation of the
switching signals for GSC. The FA-DSOGTI is used here for
estimating the fundamental load component.
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Fig. 4. Control of GSC

1) Estimation of Load Component

The load current active power component is estimated
using the FA-DSOGTI control structure. The structure of the
frequency adaptive damped SOGI (FA-DSOGI) is shown in
Fig. 5. The proposed control structure estimates the filtered
fundamental load components (iis) and rejects the harmonics
from the distorted grid current. The transfer function for the
FA-DSOGI is given as,

0 (stp)
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The state space equations for FA-DSOGI are expressed as,
di .
d_::S: k2(‘oestlll (10)
di . .
-5 = Pl T O 1 (11)
diy, . .
% = 013 -Plig TR 0 1, (12)

where, m.s is the estimated grid frequency in rad/sec and p is
the damping factor. iy, ip, i3, i4, 1is and i are the extracted
load components.

The load component (Wieaq) is estimated by sampling and
holding the ijs1 at every instant when the filtered quadrature
component of the grid voltage (vgfi) crosses zero value.
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Fig. 5. Control structure of FA-DSOGI

2) Estimation of Net Component
The feed-forward terms are employed for improving the
dynamic performance of the presented system. The estimation
of the net component comprises the DC loss component
(Wiess), wind feed-forward component (Wwg), PV feed-
forward term (Wpvsr), battery feed-forward term (Wggssr) and
load component (W¢).

The Wiess is estimated as the output of the Vg4 controller.
The Wwir, Weyer and Wegssr are given as,

P P P,
Vw’ W = %7 Waes = \B/ES (13)

t t t

W=

where, Pw, Ppy and Pggs are the power output from WEGS,
solar PV array and BES respectively. V; is the terminal
voltage at PCC.

The net component (Wye) is calculated as,

W™ Wi Wi “Wovee -W,

loss Wi PVIf BAT{f

Wload (1 4)

3) Switching Pulse Generation
For the generation of switching pulses, the reference grid
current (isf) is evaluated as,

V .
— afil H — *
u p V > lsref u P Wnet

peak

(15)

where, U, is the in-phase unit template, vqq is the filtered in-
phase component of the grid voltage and Ve is the peak
value of the grid voltage.

This iger is compared with the sensed grid current (is) using
the hysteresis controller for generating the switching pulses
(S1-Sy) for the GSC.

III.  PERFORMANCE OF FA-DSOGI

The performance of FA-DSOGI is realized under distorted
load current and frequency change. It can be visualized from
Fig. 6(a) and Fig. 6(b) that the FA-DSOGI effectively extracts
the fundamental load current and tracks the variation in
frequency respectively.

IV. RESULTS AND DISCUSSION

The performance of the presented wind-solar-BES based
AC microgrid utilizing the FA-DSOGI based control structure
is validated experimentally using the developed laboratory
prototype. A dSpace 1202 is utilized for implementing the
control of the presented system. The ratings of the system
parameters are enumerated in Appendix.
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A. Steady State Performance

The steady-state behavior of the presented system is shown
in Fig. 7. It can be anticipated from Fig. 7(a) that owing to the
implementation of FOC, the stator currents of the PMSG are
sinusoidal. With the tracking efficiency above 99%, an
excellent MPPT performance of the solar PV array is
exhibited in Fig. 7(b). It can be visualized from Fig. 7(c) that
even when the load current is distorted, the grid current is
sinusoidal. This has been achieved through the
implementation of the FA-DSOGI based control structure. An
effective BES charging through BDC is depicted in Fig. 7 (d).
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Fig. 7. Steady-state performance of the presented system

B.  Dynamic Performance

The dynamic performance for the wind speed (vy) change
is depicted in Fig. 8 (a). As the v, is changed from 12 m/s to
8.4 m/s, the wg also changes such that the peak power is
harnessed from the WEGS. The WEGS power (P,) decreases
for reduction in vy. The Wwsr also follows this variation. Fig.
8(b) shows the variation in the weight component with the
variation in vy. Since the solar PV generation and local load
are constant, no variation in Wpyg and Wi is realized.
However the Wy and consequently the injected grid power
decreases with reduction in v, and vice-versa.
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Fig. 8. Dynamic performance under wind speed change



The dynamic performance of the system for the solar
insolation variation is depicted in Fig. 9. It can be anticipated
from Fig. 9(a) that the reduction in insolation from 1000 W/m?
to 500 W/m? reduces the I,y to around half of the previous
value. A marginal drop in V,, is observed for insolation
change, however, the P, reduces significantly. The Wpyyr also
follows the change, however the Wwg and Wieaq remain
unperturbed. With the reduction in PV power, the power input
to the grid also reduces and results in the reduction of Wy
Various system parameters are restored to the previous values
once the solar insolation is restored to 1000 W/m?,
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Fig. 9. Dynamic performance under insolation change
C. PQ Performance

The PQ performance of the presented system is shown in
Fig. 10. It can be realized from Figs. 10 (a-f) that a non-linear
load with a current THD of 13.3 % is connected to the grid.
However, the grid current THD is 2.4 %, which is within the
limits stated under the IEEE-519 standard. The PQ
performance when both the sources i.e. wind and solar are
feeding the grid and load is shown in Figs. 10 (g-i). A grid
current of 14.26 A with THD of 3.2 % is fed to the grid under
this scenario.

The PQ performance when BES is feeding the grid and
vice-versa is shown in Figs. 10(j-0). The grid draws a power
of 1.3 kW at a THD of 4.9 % while charging the BES whereas
when BES is feeding the grid, a power of 1.03 kW at THD of
4.2 % is fed to the grid. It can be realized that under all
scenarios, the grid current THD remains within the limits
stated in the IEEE-519 standard and, therefore, shows the
efficacy of the presented control structure.

Fig. 10. PQ performance

V. CONCLUSION

Experimental results for the wind-solar-BES based AC
microgrid under various operating scenarios validate the

effectiveness of the FA-DSOGI based control structure. The
steady-state and dynamic performances are found to be
satisfactory. The presented FA-DSOGI has successfully
extracted the fundamental load component and alleviated the
noise signal. The hill climbing MPPT technique has
effectively extracted the optimum power from the WEGS and
solar PV array. The FOC for the speed control of the PMSG
and BEMF technique based rotor speed and position
estimation has been well implemented. By the virtue of the
FA-DSOGI, the presented system provides an improved PQ
performance and the grid current THD remains within the
limits stated under IEEE-519 standard.
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APPENDIX

PMSG Parameters: 3hp, 230 V,n=4, R=1.5 Q, L~ 3.5 mH
PV Array Parameters: Vo= 465V, [=4.8 A, Viy=400.45 'V,
[mp=5.498 A, Prp=2201.81 W

FA-DSOGI Parameters: ki=1.4, k,=1.2, p=0.42

Ripple Filter: Rr=5Q, C¢= 10 puF
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