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Abstract—This paper presents an isolated microgrid, with
synchronous generator(SG) based diesel generation(DG) system
in combination with solar photo-voltaic(PV). The DG supplies
power to the load directly, and a battery supported voltage
source converter (VSC) is connected in shunt at point of common
coupling (PCC). The PV array is connected at DC-link of the
VSC through a boost converter. A high order optimization based
adaptive filter control scheme is used for maintaining the quality
of PCC voltages and source currents. This controller makes the
waveform free of distortion, removes errors due to unbalances,
corrects the power factor and makes the source current smooth
sinusoidal, irrespective of the nature of load. MATLAB/Simulink
based simulation results demonstrate satisfactory performance of
the given system.

Index Terms—Battery, diesel generator, LMF, power quality, PV.

I. INTRODUCTION

URNING of fossil fuels for producing electricity has

been a major cause of global warming [1]. Thus, re-
searchers have been looking for alternative sources for electric-
ity production, which are sustainable and environment friendly
[2]. Moreover, countries are working towards making their
whole automobile fleet and electricity production sectors free
of burning fossil fuels [3]. This has led to rise in renewable
based energy systems such as PV, wind, hydro, biomass, ocean
thermal energy, tidal energy, etc. Lately, renewable energy
based microgrids are becoming increasingly popular to supply
power to urban, rural or remote areas. Such systems can be
operated with or without grid [4]. These sources are imper-
ishable and cause no harm to the environment, however, their
variable and fluctuating nature makes the task of integrating
them a real challenge [5]. This gives rise to the need of
intelligent controllers which can regulate the voltage, current
and frequency of the system in case of presence/absence of
grid or linear/nonlinear load or unbalance in the three-phase
systems, and hence, make the system more stable, reliable and
secure.

Diesel engines can be used with permanent magnet syn-
chronous generators, induction generators or synchronous re-
luctance generators, etc. [6], [7]. The best fuel efficiency is
obtained in diesel generators when they are operated at 80% to
100% of their rated capacity [8]. Diesel generators have been
source of electricity for long. In urban areas, they are used
as a back-up where as in rural areas, it is one of the primary
sources of electricity. Thus, the PV based microgrids could
be made more stable and reliable by integrating them with
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diesel generators. Many authors have worked on such systems
and proposed controllers for regulating voltage, current and
power flow [9], [10]. However, use of energy storage devices
along with PV-DG not only helps in reducing rating of DG, it
also efficiently takes care of the transients and maintains the
DC-link voltage [11].

Many researchers have proposed power quality controllers
for micro-grids. Least mean square (LMS) is an old technique
of removing noise and distortions from the signal. Based on
LMS, algorithms such as hyperbolic tangent function based
LMS [12], modified variable step filtered-x LMS (FXLMS)
based control [13], etc. have been presented in order to achieve
load leveling, voltage and frequency control and power quality
enhancement. LMF is a higher order filter as compared to
LMS, and thus, it has a higher signal to noise ratio (SNR)
[14]. The superiority of this control over conventional LMS
algorithms, in terms of mean square error (MSE) and stability,
has been presented in [15] and [16].

This paper demonstrates an adaptive filter, in a three-phase
DG-PV based isolated micro-grid. It removes the harmonics
present in the current due to the nonlinear loads, and makes it
smooth sinusoidal, thus, reducing the total harmonic distortion
(THD) as per IEEE-519 standard. A boost converter connects
PV and DC-link of VSC, and executes the maximum power
point tracking (MPPT) for PV array. The battery is directly
connected at the DC-link.

The paper is organized as follows. The system design and
modeling are presented in section II. Section III describes con-
trol scheme. In section IV, the simulated results for different
scenarios have been discussed. Section V concludes the paper.

II. SYSTEM DESIGN AND MODELING

Fig. 1 depics the configuration of the system. A two stage
PV system is supplying power to the nonlinear load, through
a VSC. The battery is connected directly at the DC-link. An
SG based DG is connected at PCC to provide support power
in case of low or absence of insolation. The components of
the system are designed as follows.

A. Source and Load Design

For supplying power to the nonlinear load varying between
10kW to 15kW, a SG of 10kW,415V,50H =z is taken to be
coupled to a diesel engine. The PV array can be designed to
give maximum power of 10kW so that both sources alone are
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Fig. 1 System model

also able to support bare minimum load. The number of series
and parallel modules to be connected can be calculated as,

Ng = ‘(ch = % ~ 20 modules (1)
Praz/Vpe  10,000/700
np = Lo = 735 ~ 2 modules  (2)

where Vi, I;np, and Pr,q, represent the open circuit voltage,
peak current and maximum power given by PV.

B. Boost Converter Design

DC-DC boost converter is used to operate PV array at MPPT
at all times. Simple and effective P&O MPPT technique is
used which perturbs the the duty ratio continuously in order
to track the maximum power point [17]. The value of inductor
needs to be designed based on the PV rating and DC-link
voltage as,

ngzgz _ (‘/out - mn)(‘/zn/vouf) (3)
AIPV X freq
700 — 580)(580/700
ot JE8O/T00) _ 3 7w ommr @)

5.88 x 10,000

where freq represents the switching frequency, Alpy is the
ripple present in PV current.

C. DC-link Design

The DC link voltage level depends on the level of AC side
voltage as,

V2V 2v2x 415
 V3m V3x1

where V1, is the AC side line voltage and m is the modulation
index. A capacitor is also placed at the DC-link to absorb the

~ 700V

(&)

Vbe

transients. The value of capacitor for 2% ripple in DC-link
voltage can be determined as,

P, 1
_ Ppc/Vpc _ 10,000/700 ~om

c C _ ~
PO e x VB 2x3ldx 14

F (6

A battery of 700V is chosen to be directly connected on DC
link. The Ah rating of battery is taken as 50Ah to provide
losses and suppress the PV power fluctuations.

D. Inductive and Capacitive Filters for VSC

To compensate the current and voltage ripples, inductive
and capacitive filters are connected in series and shunt of VSC
respectively. The inductor values can be estimated as,

\/gmeVDC

L, = ~2mH
! 12 x h x freq x AI "

@)

where h is the overloading factor, taken as 1.2. AI is the
current ripple, chosen as 3% of the VSC current. An inductor
of 2mH is placed in each phase.

The capacitive filters should be designed in such a way
that they offer low impedance at high frequencies and high
impedance at fundamental frequencies. For a 5{2 resistance
and 5uF capacitance, an impedance of 6.3652 is offered to
frequency of 5kHz and at fundamental frequency, it is 63652.
Thus, these values are used for the shunt filter.

III. VSC CONTROL

The adaptive control for regulating power quality at PCC
through VSC is shown in Fig. 2. It calculates the weight of
the active and reactive components of currents and estimates
the reference current for each phase, using the in-phase and
quadrature unit templates of voltage.
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Fig. 2 Adaptive filter for power quality improvement

A. Generating Unit Templates

As only line voltages are sensed to reduce the number of
sensors from three to two, phase voltages are estimated as,

Vsq — 2“3ab:;l'vsbc
Vsh — 7vsalz3+vsbc (8)
Vse = —Vsab—2Vsbe

Thus, the terminal voltage V; would be,

2
‘/t = \/3 (Uga + ’Ugb + U?c (9)

The in-phase and quadrature voltage templates are calculated
using V; as,

vsa

Ugp = 775’ Upp = 7t§ Ucp = 7t (10)
__ __ upp Ucep
g = 2+ 3
upg = Yger 4 Lz —per) (11)
_ V3 a (u p —Uc )
qu — ; P + b2\/§ &

B. Generating the Weight Components

The weight of load component for each phase at a particular
instant is estimated based on the weight and error at previous
instant. Thus, the weights adjust themselves automatically,
making the control adaptive.

First the error is defined based on the load current and
calculated reference current as,

epa(n) = ira(N) — Upg X Wpa(n) (12)

where wp, (n) is the weight component for fundamental active
component of phase-a. The weight is updated using the active
adaptation constant 7, = 0.0002 as,

Wpa(n + 1) = wpe(n) + 7p X Upa(n) X (epa(n)>3 (13)

Correspondingly, the errors and active weight components for
phase-b and phase-c can be determined as,

epb(n) = iry(n) — upp X wpp(n)
wp(n+ 1) = wp(n) + 7 X () X (egu(m)® O

epc(n) = Z.Lc(n) — Upe X wpc(n)
Wpe(n 4 1) = wpe(n) + 7 X tpe(n) X (epe(m))®

Similarly, the error for the reactive component of current of
phase-a is calculated using load current and reference current
as,

eqa(n) = ira(N) — Uga X Wye(n) (16)

Thus, the weights of reactive components are updated for
phase-a based on the reactive adaptation constant 7, = 0.0002
and unit template wug, as,

Wga(n + 1) = wea(N) + Tga X Uga(n) X (eqa(n))S (17)

where e, is the error, and wg, is the reactive weight compo-
nent for phase-a. Thus, weights for phase-b and phase-c can
be determined on similar lines as,

egp(n) =ipp(n) — ug X wqb(ng (18)

wap(n + 1) = wep(n) + 74 X ugp(n) x (egn(n))

eqe(n) =irc(n) — tge X Wee(n)

Waeln + 1) = wge(m) + 7 X tgo() X (eqe())?
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C. Generating Reference Currents

After calculating the active and reactive weights of all the
phases separately, the total active component w,, is deter-
mined by the average of all components as,

Wpa + Wpp + Wpe
3

The net active component for calculating reference signal
would be determined by subtracting the PV component from
total weight. Thus, the active reference current component for
each phase can be found using the net active component and
the respective in-phase unit template as,

wsp ==

(20)

i;a = (wsp - wpv) : upa

i;b = (Wsp — Wpv) * Upb

e = (Wsp — Wpo) + Upe

2L

The total reactive component of each phase is calculated as,
o Wqa + Wqb + Wyc
Weg = ————————
3
This is used to find the reactive component of the reference

of each phase, after subtracting the terminal voltage weight,
using the respective quadrature unit templates as,

(22)

iZa = (wsq - wvt) * Uga

iZb = (Wsq — Wot) * Ugp

i;c = (Wsq — Wyt) " Uge

(23)

Once the active and reactive components of each phase are
obtained, the net reference current for each phase is calculated
as,

Bsa = Tna T igas oy = Gpp T igy; Gse = Gpe +ige 24)
These are compared with the actual senses phase currents
sq,lsh,isc- The error is passed through the hysteresis con-
troller, which gives fast response in transients, in order to
generate the gating pulses for VSC.

IV. SIMULATION RESULTS

The proposde micro-grid is simulated in MAT-
LAB/Simulink and the responses for change in load,
load unbalance and PV variation are observed.

A. Steady State Operation

The steady state response where the load is constant, and
is supplied power by both DG and PV, is shown in Fig. 3.
The DC side parameters i.e. PV voltage, current and power,
DC-link voltage and battery current can be seen in Fig. 3(a). It
can be noted that PV is operating in MPPT at solar insolation
of 500W/m?. The load and DG side voltage and currents
are shown in Fig. 3(b). The internal parameters of the control
wy, and ey, are also shown in the same figure. The THD in
currents and voltage are presented in Table I.

B. Effect of PV variation

The response of system to PV insolation change is depicted
in Figs. 4(a) and (b). At t = 1s, insolation rises from
500W/m? to 1000W/m?, raising the PV power from 4.2kW
to 8.4kW approximately, as seen in Fig. 4(a). Since the load
current is constant, this leads to decrease in the net active
weight of the DG current, thus, reducing the current drawn
from DG. The same is depicted in Fig. 4(b). The DC-link and
AC voltages are maintained constant by battery and VSC.

C. Effect of Demand Variation

The effect of change in load is demonstrated in Figs. 4(c)
and (d). The DC side voltage current and power remain same,
as their is no change in the solar insolation. It can be observed
from Fig. 4(d), that the reduction in load simply lowers down
the current drawn from DG, as the active weight component
has been decreased by the VSC controller. The quality of
current and voltage are regulated all the time.

D. Effect of Unbalance

A single-phase open circuit fault is created in phase-a. The
response of system is shown in Figs. 4(e) and (f). As net
load has reduced, the source current of each phase is reduced,
but it is still maintained balanced and pure sinusoidal by the
controller. The system smoothly recovers and quickly reaches
normal steady state, with normal DC and AC voltages.

L L
.57 0.58 0.59 0.6 0.61 0.62 0.63 0.64 0.65 0.66 0.67

Fig. 3 Steady State Response of DG-PV micro-grid

TABLE 1
TOTAL HARMONIC DISTORTIONS
Parameter Signal THD
Load Current tLa 26.69%
DG Current isa 2.05%
PCC Voltage Vsab 3.67%
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Fig. 4 Dynamic Response of DG-PV micro-grid

V. CONCLUSION

An isolated SG based DG and PV hybrid micro-grid has
been presented here, with a battery suppported VSC connected
at PCC. Three-phase adaptive control is used for power quality
improvement through VSC. The given system and control have
been simulated in MATLAB/Simulink environment and results
demonstrate their satisfactory performance in both steady state
and dynamic conditions.
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