1JSART - Volume 1 Issue 12 -DECEMBER 2015

ISSN [ONLINE]: 2395-1052

Lower Order Harmonics Reduction In A Grid
Connected Single Phase PV Inverter

U. V. Eswarudu', T. Lakshminarayana®, G. Kirankumar®
123 Department of Electrical and Electronics Engineering
123 Kakinada Institute of Technology and Science

Abstract- In this paper, a simple single-phase grid-connected
photovoltaic (PV) inverter topology consisting of a boost
section, a low-voltage single-phase inverter with an inductive
filter, and a step-up transformer interfacing the grid is
considered. ldeally, this topology will not inject any lower
order harmonics into the grid due to high-frequency pulse
width modulation operation.

However, the non ideal factors in the system such as
core saturation-induced distorted magnetizing current of the
transformer and the dead time of the inverter, etc., contribute
to a significant amount of lower order harmonics in the grid
current. A novel design of inverter current control that
mitigates lower order harmonics is presented in this paper. An
adaptive harmonic compensation technique and its design are
proposed for the lower order harmonic compensation.

In addition, a proportional-resonant-integral (PRI)
controller and its design are also proposed. This controller
eliminates the dc component in the control system, which
introduces even harmonics in the grid current in the topology
considered. The performance of the system due to the
interaction between the PRI controller and the adaptive
compensation scheme is also analyzed. The complete design
has been validated with experimental results and good
agreement with theoretical analysis of the overall system is
observed.

Keywords- Adaptive filters, harmonic distortion, inverters, solar
energy.

1. INTRODUCTION

Renewable sources of energy such as solar, wind, and
geothermal have gained popularity due to the depletion of
conventional energy sources. Hence, many distributed
generation (DG) systems making use of the renewable energy
sources are being designed and connected to a grid. In this
paper, one such DG system with solar energy as the source is
considered. The topology of the solar inverter system is
simple. It consists of the following three power circuit stages:
1) A boost converter stage to perform maximum power point

tracking (MPPT);
2) A low-voltage single-phase H-bridge inverter;
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3) An inductive filter and a step-up transformer for
interfacing with the grid.

Fig. 1 shows the power circuit topology considered.
This topology has been chosen due to the following
advantages: The switches are all rated for low voltage which
reduces the cost and lesser component count in the system
improves the overall reliability. This topology will be a good
choice for low-rated PV inverters of rating less than a
kilowatt. The disadvantage would be the relatively larger size
of the interface transformer compared to topologies with a
high-frequency link transformer [1].

The system shown in Fig.1will not have any lower
order harmonics in the ideal case. However, the following
factors result in lower order harmonics in the system: The
distorted magnetizing current drawn by the transformer due to
the nonlinearity in the B—H curve of the transformer core, the
dead time introduced between switching of devices of the
same leg [2]-[6], on-state voltage drops on the switches, and
the distortion in the grid voltage itself.

There can be a dc injection into the transformer
primary due to a number of factors. These can be the varying
power reference from a fast MPPT block from which the ac
current reference is generated, the offsets in the sensors, and
A/D conversion block in the digital controller. This dc
injection would result in even harmonics being drawn from the
grid, again contributing to a lower power quality.
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Figure 1 Power circuit topology of a single phase low voltage
PV inverter
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It is important to attenuate these harmonics in order
for the PV inverter to meet standards such as IEEE 519-1992
[7] and IEEE 1547-2003 [8]. Hence, this project concentrates
on the design of the inverter current control to achieve a good
attenuation of the lower order harmonics. It must be noted that
attenuating the lower order harmonics using a larger output
filter inductance is not a good option as it increases losses in
the system along with a larger fundamental voltage drop and
with a higher cost. The boost stage and the MPPT scheme are
not discussed in this paper as a number of methods are
available in the literature to achieve a very good MPPT [9]-
[13].

There has been considerable research work done in
the area of harmonic elimination using specialized control. In
[15]-[22], multi resonant controller-based methods are used
for selective harmonic elimination. The advantage of these
methods is the simplicity in implementation of the resonant
blocks. However, discretization and variations in grid
frequency affect the performance of these controllers and
making them frequency adaptive increases overall complexity
[21], [22]. Also, as mentioned in [19], [21], and [22], the
phase margin of the system becomes small with multi resonant
controllers and additional compensation is required for
acceptable operation. The study in [23]-[25] considers the use
of repetitive controller-based harmonic elimination which
involves complicated analysis and design. As mentioned in
[26], the performance of the repetitive controller is very
sensitive to frequency variations and needs structural change
for better performance, which might affect the stability.

In [27]-[31], adaptive filter-based controllers are
considered for harmonic compensation. The study in [27] uses
an adaptive filter to estimate a harmonic and then adds it to the
main current reference. Then, a multiresonant block is used to
ensure zero steady-state error for that particular harmonic
reference. Thus, the study in [27] uses both adaptive and multi
resonant schemes increasing overall complexity. Similar
approaches are found in [28] and [29] which add the harmonic
current reference estimated using adaptive filters and use a
hysteresis controller for the reference tracking. Usage of a
hysteresis controller makes it difficult to quantify the
effectiveness of this scheme. The study in [30] uses an
adaptive filter-based method for dead-time compensation in
rotating reference frame, which is not suitable in single-phase
systems. The method proposed in [31] requires an inverse
transfer function of the system and is proposed for grid-
connected topology assuming the connection to be purely
inductive.
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1. LOWER ORDER HARMONICS AND
FUNDAMENTAL CURRENT CONTROL

This section discusses the origin of the lower order
harmonics in the system under consideration. The sources of
these harmonics are not modeled as the method proposed to
attenuate those works independent of the harmonic source.
The fundamental current control using the proposed PRI
controller is also explained.

A) Origin of Lower Order Harmonics

a) Odd Harmonics

dFPeJJ.J st
| MPPT
¢ S

Figure 2 Generation of an inverter ac current reference from
an MPPT block

The magnetizing current lags the grid voltage by 90-.
Hence, the harmonic currents will have a phase displacement
of either +90- or —90- depending on harmonic order. The
dead-time effect introduces lower order harmonics which are
proportional to the dead time, switching frequency, and the dc
bus voltage. The dead-time effect for each leg of the inverter
can be modeled as a square wave error voltage out of phase
with the current at the pole of the leg [2]-[6]. The device
drops also will cause a similar effect but the resulting amount
of distortion is smaller compared to that due to the dead time.
Thus, for a single-phase inverter topology considered, net
error voltage is the voltage between the poles and is out of
phase with the primary current of the transformer. The
harmonic voltage amplitude for a hth harmonic can be
expressed as

4 EI":‘]('frf
hr T

where ty is the dead time, Ts is the device switching frequency,
and Vg is the dc bus voltage. Using the values of the filter
inductance, transformer leakage inductance, and the net series
resistance, the harmonic current magnitudes can be evaluated.
Again, it must be noted that the phase angle of the harmonic
currents in this case will be 180~ for UPF operation. Thus, it
can be observed that the net harmonic content will have some
phase angle with respect to the fundamental current depending
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on the relative magnitudes of the distortions due to the
magnetizing current and the dead time.

b) Even Harmonics

The topology under consideration is very sensitive to
the presence of dc offset in the inverter terminal voltage. The
dc offset can enter from a number of factors such as varying
power reference given by a fast MPPT block, the offsets in the
A/D converter, and the sensors. To understand how a fast
MPPT introduces a dc offset, consider Figs.2 and 3. In boost is
the duty ratio command given to the boost converter switch,
Vpv and ipv are the panel voltage and current, respectively,
Ppv is the panel output power, Vg is the rms value of the grid
voltage, sin @ is the in-phase unit vector for the grid voltage,
and i" is the reference to the current control loop from an
MPPT block. As the power reference keeps on changing due
to fast MPPT action, the current reference may have a nonzero
average value, which is illustrated in Fig. 3 for a step change
in power reference which repeats.

Assume that a certain amount of dc exists in the
current control loop. This will result in applying a voltage with
a dc offset across the L-filter and the transformer primary. The
net average current flowing in the filter and the transformer
primary loop will be determined by the net resistance present
in the loop. This average current will cause a dc shift in the B—
H curve of the transformer [33]-[35]. This shift would mean
an asymmetric nonlinear saturation characteristic which
causes the transformer magnetizing current to lose its half-
wave symmetry. of this is occurrence of even harmonics.
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Figure 3 Occurrence of nonzero average in current reference
due to a fast changing power reference from MPPT
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Figure 4 Block diagram of the fundamental current control
with the PRI controller
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B) Fundamental Current Control
a) Introduction to the PRI Controller

Conventional stationary reference frame control
consists of a PR controller to generate the inverter voltage
reference. In this paper, a modification to the PR controller is
proposed, by adding an integral block, G, as indicated in
Fig.4.3. The modified control structure is termed as a PRI
controller.

Here
Gy =—=L
s
K5
Gpr(s) = Kp + W
The plant transfer function is modeled as
Lr:ic-
Gplant(8) = 5————.
plan ( ) R.u 7 .‘51"[;‘.,-

This is because the inverter will have a gain of Vdc to
the voltage reference generated by the controller and the
impedance offered is given by (Rs + sLs ) in s-domain. Rs and
Ls are the net resistance and inductance referred to the primary
side of the transformer, respectively. Ls includes the filter
inductance and the leakage inductance of the transformer. Rs
is the net series resistance due to the filter inductor and the
transformer.

The PRI controller is proposed to ensure that the
output current of the system does not contain any dc offset.
The PRI controller introduces a zero at s = Oin the closed-loop
transfer function. Hence, the output current will not contain
any steady state dc offset. This is necessary in the topology
considered because the presence of a dc offset would result in
a flow of even harmonics The following section explains the
design of PR controller parameters and proposes a systematic
method of selecting and tuning the gain of the integral block in
the PRI controller.

111. ADAPTIVE HARMONIC COMPENSATION

An adaptive filter is a system with a linear filter that
has a transfer function controlled by variable parameters and a
means to adjust those parameters according to an optimization
algorithm. Because of the complexity of the optimization
algorithms, most adaptive filters are digital filters.
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A) Adaptive Harmonic Compensation

In this section, first the LMS adaptive filter is briefly
reviewed. Then, the concept of lower order harmonic
compensation and the design of the adaptive harmonic
compensation block using this adaptive filter are explained.
Next, complete current Fig. 6. Step response of closed-loop
transfer function G, PRI for different values of K; .
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Figure 5 Structure of a generalized adaptive filter with
adaptation weights w;

a) Review of the LMS Adaptive Filter

The adaptive harmonic compensation technique is
based on the usage of an LMS adaptive filter to estimate a
particular harmonic in the output current. This is then used to
generate a counter voltage reference using a proportional
controller to attenuate that particular harmonic. Adaptive
filters are commonly used in signal processing applications to
remove a particular sinusoidal interference signal of known
frequency [37]. Fig.6 shows a general adaptive filter with N
weights. The weights are adapted by making use of the LMS
algorithm.

In any adaptive filter, the weight vector w is updated
such that the performance function moves toward its
minimum. Thus

win+1) =w(n) — ,u‘?(e(-r'z)j).

In (29), u is the step size. The convergence of the
adaptive filter depends on the step size u. A smaller value
would make the adaptation process very slow whereas a large
value can make the system oscillatory. Delta is defined as the
gradient of the performance function with respect to the
weights of the filter. The final update equation for weights of
an LMS adaptive filter can be shown to be [37]

w(n + 1) = w(n) + 2ue(n)x(n).

Thus, from a set of known input vector x(n), a signal
y(n) is obtained by the linear combination of x(n) and the
weight vector w(n) as in (26). Signal y(n) is an estimate of the
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signal d(n) and the weight vector is continuously updated from
(30) such that the LMS error e(n) = d(n) — y(n) is minimized.

This concept can be used to estimate any desired
frequency component in a signal d(n). The adaptive filter used
for this purpose will take the reference input x(n) as the sine
and cosine terms at that desired frequency. The weight vector
will contain two components which scale the sine and cosine
and add them up to get an estimated signal y(n). The weights
will then be adapted in such a way as to minimize the LMS
error between d(n) and y(n). In steady state, estimated signal
y(n) will equal the frequency component of interest in d(n).

b) Adaptive Harmonic Compensation

The LMS adaptive filter discussed previously can be
used for selective harmonic compensation of any quantity, say
grid current. To reduce a particular lower order harmonic (say
iy) of grid current:

1) iy is estimated from the samples of grid current and phase
locked loop (PLL) [38] unit vectors at that frequency;

2) A voltage reference is generated from the estimated value
of iy ;

3) Generated voltage reference is subtracted from the main
controller voltage reference.

Fig.6 shows the block diagram of the adaptive filter
that estimates the kth harmonic iy of the grid current i. The
adaptive block takes in two inputs sin(kwo ) and cos(kwo t)
from a PLL.

These samples are multiplied by the weights Wcos
and Wsin. The output is subtracted from the sensed grid
current sample, which is taken as the error for the LMS
algorithm. The weights are then updated as per the LMS
algorithm and the output of this filter would be an estimate of
the kth harmonic of grid current. The weights update would be
done by using the equations given next, where Ts is the
sampling time, e(n) is the error of nth sample, and x is the step
size

e(n) =i(n) — ik (n)

1 or ) 2
sin kw,t /’? ’ l
é\»—»fg”“ ~—E
S
cos kwot _ — f

pay

TWEDS Wsm

| LMS Algorithm I

Figure .6 Block diagram of adaptive estimation of a particular
harmonic of grid current
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Figure 7 Generation of voltage reference from estimated ki,
harmonic component of current using the LMS adaptive filter

Wecos(n + 1) = Wcos(n) + 2ue(n)cos(kwonTs )
Wsin(n + 1) = Wsin(n) + 2ue(n)sin(kwonTs )

¢) Computation of Kagapt

Based on the estimated net kth harmonic in the grid
current, the voltage reference vkref is generated by
multiplying the estimated harmonic with kadapt. The effect of
this voltage reference is that it results in an amplified voltage
at that harmonic frequency at the inverter terminals and this
will inject a current at that frequency in the primary side. The
reflected secondary current will oppose the original current
that was present in the secondary and hence there will be a net
reduction in that particular harmonic in the grid current.
Consequently, the primary side current will be more distorted.
The amount of reduction of the harmonic in grid current will
depend on Kagapt.

t’mr‘}qt:O . itk ot byec bt
A kadapt ‘plant GAF '
________________ Ysec, k1)

Figure 9 Block diagram for calculating K agapt

To calculate Kagapt, the control block diagram shown
in Fig.9 is used. This block diagram is derived using Fig. 8 by
considering the control variable to be regulated as the kth
harmonic in secondary current. While deriving this harmonic
control block diagram, the fundamental reference i, is set
to zero and Gpg, = Gpr + G, . Here, ipri,k is the kth harmonic in
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primary current, isec,k is the corresponding reflected
secondary current. The net kth harmonic in the secondary is
given by isec,k — isec,k(0) , which is estimated by the adaptive
filter to give iseck,t . isec,k(0) is the kth harmonic current
flowing when there was no compensation.

Let G(s) be the transfer function between vk,ref and
ipri,k . This can be expressed from Fig 9 as in (34). Here,
Gplant(s) is the plant transfer function as given in (4)

G(s) = Gplant(s)
1 + Gplant(s)GPRI(s) . (34)

Gar(s) is the equivalent transfer function of the
adaptive filter tracking kth harmonic of the grid current. In
order to model Gag(s), consider an adaptive filter which tracks
a dc value in a signal. This dc tracking adaptive filter can be
modeled as a firstorder transfer function with unity gain and
with a time constant Ta which depends on the parameter u.
This transfer function is designated as Gag,0 (s) and is given in
(35). In order to obtain the transfer function of the adaptive
filter tracking kth harmonic, low pass to bandpass
transformation [36] is used to transform (35). This gives
Gar(s) as in (36)

1
Gar.o(s) = 1aT
= i1
2s
Gar(s) = T
AF(S) = e oe t (kwo 2T,
isec,k,t (S) sz "El"ntl:-lpr.G{SJG!_«-lF (-‘-‘7),’(?1
Vi -5 kad;—lpl G(s)Gar(s)/n

For the ky harmonic, let the steady value for the transfer
function in (37), evaluated at frequency k,, have a magnitude
al

with a < 1. Then

'fr'z‘{-.k.r ;

(_} 'llv'irr:)

Lsec, k.

=y

‘ Kadapt G(jkw,)Gar (jkw,)/n |

14 k:—ldaptG(jkiﬁn)G_-l F U ‘El"wo )/T’!
As G.-'\ F (jk"-‘-"n} =1

8] n
I —a G(.}LW‘UH

‘If'ad apt —
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The transfer function G(jkwo ) for harmonics can be
approximated As

1
|Gpri(fkw, )|
1

©

|G (Ghw,)| ~

= |G (jkw,)| =~

Using (41) in (40), the final expression for kadapt can be
obtained as

X =
kﬂt’ii—lpt TR ”-hjr
1l -«
10
GLI.C

g0 =
§. N / \\ cLPRI
% 20 / \\
g1 - e
= .)U/ \\\

58-——-_._.,_“ :
5 45 TR
s TS
@ 0 \___.,\.{:-.._._______‘_h
£us \\

.00 “H\‘H—“‘__"-——-——
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Figure 10. Comparison of an approximate and actual
fundamental inverter ac current control transfer function for
Ta=0.03s, Kagapt = 25.6.

For a given value of a < 1, it can be shown that, the
original kg harmonic in the grid current gets reduced by a
factor of 1/(1 — a). Thus, K. Can be chosen from (42)
depending on the amount of reduction required. The residual
distortion after adaptive compensation can be determined as

Isec,K T = Isec,k(0) % (1 — a1).

B) Interaction between the PRI Controller and the
Adaptive Compensation Scheme

It can be recalled that while designing K, K; and K; ,
the control block diagram considered in Fig.8 did not include
the effect of adaptive compensation. In fact, from Fig. 9, it can
be observed that the primary current control is linked to the
adaptive compensation section and the actual transfer function
for the primary current control including the model for
adaptive compensation is

A T
A tpri
Gr'f.a:_.é—
pri
_ Gpr Gplani
1 -F Gpl-:mt (GPR = G}' . n GAF 'If-adapt /'1’1:]
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To ensure that the fundamental control loop
performance is not affected appreciably, the Bode plots of the
transfer function G, a given in (44) and the one used in (14)
are compared. Fig.5.10 shows the two Bode plots for the
design values as in Table Il. As it can be observed, there is no
appreciable difference in the two plots.

Note that the extra term appearing in the actual
transfer function will modify the overall response near the
harmonic frequency range, third harmonic in Fig.5.10. At all
other frequency range, the response is practically the same.

As the value of Kugap determines the amount of
compensation, the stability of the closed-loop transfer function
is analyzed as Kagap: Varies. This is done by looking at the
Routh array of the denominator polynomial in the closed-loop
transfer function as given in (44). Now, (44) as a function of
Kadapt 1S determined by the transfer function

bys® 4+ bys' +bys® +bys® 4 bys

U as o o +ad st
|

Gr'z’ ;

[ Coefficient Value | Coefficient Value |

ag 151 x 107

by 12.86 a5 12.0

by 103 s 3982 + 19.05k, dapt

by 1.286 x 107 a3 1.297 x 107

by 2.346 x 107 a3 10°(2782 + 1880, dape)

by 1.127 x 1072 a1 1.133 x 1012
ag 3.757 x 1013

Table: 1l Coefficients in the primary current control transfer
function Gc l,a

The coefficients in (45) are provided in Table II. The
first column elements of Routh array for the denominator in
(45) are

1511 50107
12.9
3830 + 19.05k,qapt

2928 ]()Gkadapt + 1.39 x 1010
3830 + |9.05‘E\‘-ad:\pt

7.8 % 10782, 00 + 4.9 x 10" kygape + 2.4 x 10'7
222.8 x 10%k,dapt + 1.39 x 100

7 % 10"k, + 3.6 x 107 Kadape + 1.8 x 10>
6.2 % 10°k2 g, + 3.9 % 10 kaqape + 1.9 x 1012
3.757 x 1013

As can be observed from (46), there is no sign change
in the first column for positive Kugsp: . This means that the
system will be stable for all positive values of Kygap: , Which is
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selected using (42). Thus, the interaction between the PRI loop
and the adaptive compensation scheme would not affect the
stability of the system, and also as observed from Fig.10 the
response for the design values is practically unaffected.

IV. SIMULATION RESULTS

This section contains the simulation results validating
the design procedure proposed in this paper. All the simulation
results correspond to one of the four cases of current control
that are listed in Table IV

Case 1
(Case 2
Case 3
(Case 4

No de offset compensation and no adaptive harmonic compensation

No de offset compensation but adaptive harmonic compensation is implemented
DC offset compensation is implemented but no adaptive harmonic compensation
Both de offset compensation and adaptive harmonic compensation are implemented

Table IV four cases of inverter current control

Case 1 has just a PR controller and will have the
highest lower order harmonic distortion. Case 2 contains a PR
controller and adaptive harmonic compensation. Case 3
contains only a PRI controller but the LMS adaptive filter is
disabled. Case 4 contains both the methods proposed in this
paper, i.e.,, the PRI controller and adaptive harmonic
compensation using the LMS filter and the proportional
controller. This case will have the least lower order harmonic
distortion.

(a)

(b)

Figure 11 comparison of grid current (a) case 1: No dc offset
compensation and no adaptive harmonic compensation(b)
Case 4: Both dc offset compensation and adaptive harmonic
compensation are implemented
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Figure 12 comparison of grid current harmonic spectrum for
case 1-No DC offset compensation and No adaptive harmonic
compensation case 4-Both DC offset and adaptive harmonic
compensation are implemented (when there is no dc offset in
control loop)

The distortion is due to the lower order odd
harmonics caused predominantly by the distorted transformer
magnetizing current. Fig. 11 shows the grid current and sensed
grid voltage with voltage sensor gain of 0.01 V/V for the
current control method of case 1 as indicated in Table I. The
presence of lower order harmonics can be seen from Fig. 11
shows the same set of waveforms when the proposed control
scheme is used, which corresponds to case 4 with adaptive
compensation applied to third harmonic alone. The
improvement in the wave shape can be observed due to the
attenuation of the third harmonic.

The harmonic spectrum of the grid current waveform
in Fig. 11 is shown in Fig. 12 The reduction in the third
harmonic can be observed from the spectrum in Fig.12. The
summary of the total harmonic distortion (THD) of the grid
current waveform in Fig. 11 is given in Table V.

Without compensation

With compensation

tity
Qaxngy (Case 1) (Case?)
Grid current THD 8.20% 4.97%
Magnitude of third harmonic 7.34% 347%

Table V Comparison of grid current THD and its third
harmonic content For cases 1 and 4 when there is no dc offset
in the control loop

As mentioned in the TableV , the THD in the grid
current has been brought to less than 5% by just using third

Www.ijsart.com



1JSART - Volume 1 Issue 12 -DECEMBER 2015

harmonic compensation. The third harmonic was reduced
from a value of 7.38% to 3.47%. If necessary, by adding
adaptive compensation blocks for the higher harmonics, the
THD of grid current can be further improved.
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Figure 13 comparison of grid current (a) case 1-No DC offset
compensation and No adaptive harmonic compensation case
4-Both DC offset compensation and adaptive harmonic
compensation are implemented

(a)

(b)

Figure 14 comparison of grid current when there isa DC
offset in control loop (a)case 1-No DC offset and No adaptive
harmonic compensation (b) case 4-Both DC offset and
adaptive harmonic compensation are implemented
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Figure 15 comparison of grid current harmonic spectrum when
there is a dc offset in control loop For case 1-No DC offset
compensation and No adaptive harmonic compensation case
4-Both DC offset and adaptive harmonic compensation are
implemented

For the same situation, Fig.13 shows the primary
current and the sensed grid voltage. Primary current for case 1
is of a better quality, as can be seen from Fig. 13(a). This is
because the dominant cause for distortion in this system is the
distorted transformer magnetizing current. This was drawn
from the grid in case 1. From Fig. 13(b), it is clear that the
harmonics are added to the primary current and it is more
distorted. In other words, the distortion has been transferred
from the grid current to the primary-side current, which
improves the grid current as seen in Fig. 11(b).

The control loop was not having any offset for the
results shown in Figs. 11 and 12. In other words, the
performance would have been the same even when the PR
controller was used in place of the proposed PRI controller. To
show the effectiveness of the PRI controller, an offset was
added to the control loop. As explained in Section I, this
offset will introduce even harmonic in the grid current. Thus,
the next set of waveforms shown in Figs. 14 and 15 is for the
case when the control loop contains a dc offset. Here, the
distortion in the uncompensated case, i.e., case 1 is very
pronounced due to the presence of significant even harmonics
in addition to the odd harmonics as can be seen in Fig. 15(a).
Fig. 14(b) shows the grid current for the same situation but
with full compensation, i.e., case 4. It can be clearly seen that
Fig. 14(a) has even harmonics whereas in Fig. 14(b) the even
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harmonics are practically negligible. This is confirmed in the
spectrum of grid current shown in Fig. 15. In the dc in primary
current is compared when the primary current control loop has
a dc offset. As it can be observed, the PRI controller
practically eliminates the dc component.

V. CONCLUSION

Modification to the inverter current control for a grid
connected single-phase photovoltaic inverter has been
proposed in this paper, for ensuring high quality of the current
injected into the grid. For the power circuit topology
considered, the dominant causes for lower order harmonic
injection are identified as the distorted transformer
magnetizing current and the dead time of the inverter. It is also
shown that the presence of dc offset in control loop results in
even harmonics in the injected current for this topology due to
the dc biasing of the transformer.

A novel solution is proposed to attenuate all the
dominant lower order harmonics in the system. The proposed
method uses an LMS adaptive filter to estimate a particular
harmonic in the grid current that needs to be attenuated. The
estimated current is converted into an equivalent voltage
reference using a proportional controller and added to the
inverter voltage reference. The design of the gain of a
proportional controller to have an adequate harmonic
compensation has been explained. To avoid dc biasing of the
transformer, a novel PRI controller has been proposed and its
design has been presented.

The interaction between the PRI controller and the
adaptive compensation scheme has been studied. It is shown
that there is minimal interaction between the fundamental
current controller and the methods responsible for dc offset
compensation and adaptive harmonic compensation. The PRI
controller and the adaptive compensation scheme together
improve the quality of the current injected into the grid.

The complete current control scheme consisting of
the adaptive harmonic compensation and the PRI controller
has been verified experimentally and the results show good
improvement in the grid current THD once the proposed
current control is applied. The transient response of the whole
system is studied by considering the startup transient and the
overall performance is found to agree with the theoretical
analysis. It may be noted here that these methods can be used
for other applications that use a line interconnection
transformer wherein the lower order harmonics have
considerable magnitude and need to be attenuated.
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