International Journal for Innovative
€ngineering and Management Research

A Peer Revieved Open Access International Journal
www.ijiemr.org

ELSEVIER
SSRN

201 9IJIEMR.Personal use of this material is permitted. Permission from IJIEMR must be obtained for all

other uses, in any current or future media, including reprinting/republishing this material for advertising or
promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or
reuse of any copyrighted component of this work in other works. No Reprint should be done to this paper,
all copy right is authenticated to Paper Authors

IJIEMR Transactions, online available on 1st May 2019. Link

:http://www.ijiemr.org/downloads.php?vol=Volume-08&issue=ISSUE-05

Title: PROPORTIONAL-RESONANT-INTEGRAL CONTROL TECHNIQUE FOR A PV BASED SYSTEM
Volume 08, Issue 05, Pages: 10-19.

Paper Authors

SK. MEERA BIBI, M ADI LAKSHMI DEVI
BVC INSTITUTE OF TECHNOLOGY AND SCIENCE, AMALAPURAM, A.P, INDIA

USE THIS BARCODE TO ACCESS YOUR ONLINE PAPER

To Secure Your Paper As Per UGC Guidelines We Are Providing A Electronic Bar Code

Vol 08 Issue05, May 2019 ISSN 2456 - 5083 Page 10



International Journal for Innovative

€ngineering and Management Research

A Peer Revieved Open Access International Journal

www.ijiemr.org
PROPORTIONAL-RESONANT-INTEGRAL CONTROL TECHNIQUE FOR A

PV BASED SYSTEM

SK. MEERA BIBI*, M ADI LAKSHMI DEVI?
L 2ASST.PROF, EEE, BVC INSTITUTE OF TECHNOLOGY AND SCIENCE, AMALAPURAM, A.P, INDIA

Abstract— In this paper, a new controlling technique with proportional-resonant-integral (PRI) is proposed
for three phase PV inverter system. A new design of inverter current control mitigates lower order
harmonics is presented three phase PV inverter system. A new controller has designed and presented for the
lower order harmonic compensation. In addition to that a proportional-resonant-integral (PRI) controller has
been designed. This PRI controller eliminates the dc component in the control system and introduces even
harmonics in the grid current in this topology. The proposed topology consisting of a boost section, a low-
voltage single-phase inverter with an inductive filter, and a step-up transformer has been proposed. This
topology will eliminate any lower order harmonics due to high-frequency pulse width modulation operation.
However, the non-ideal factors in the system contribute to a significant amount of lower order harmonics in
the grid current. The dynamics of the system due to the interaction between the PRI controller and the

adaptive compensation scheme is also analyzed. The proposed system has constructed in
MATLAB/SIMULINK software and the results have been shown.
Index Terms—Adaptive filters, harmonic distortion, inverters, solar energy, three phase system.

I. INTRODUCTION
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;
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. The system shown in
Fig. 1 will 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, 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.It is important to attenuate these harmonics
in order for the PV inverter to meet standards such
as IEEE 519-1992 and IEEE 1547-2003. Hence,
this paper concentrates on the design of the
inverter current control to achieve a good
attenuation of the lower order harmonics. It must
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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.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. 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 wuse 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,
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
multi-resonant 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
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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. The
advantage of the adaptive filter-based method is
the inherent frequency adaptability which would
result in same amount of harmonic compensation
even when there are shifts in grid frequency. The
implementation of adaptive filters is simple. Thus,
in this paper, an adaptive filter-based method is
proposed. This method estimates a particular
harmonic in the grid current using a least-mean-
square (LMS) adaptive filter and generates a
harmonic voltage reference using a proportional
controller. This voltage reference is added with
appropriate polarity to the fundamental voltage
reference to attenuate that particular harmonic.
This paper includes an analysis to design the value
of the gain in the proportional controller to
achieve an adequate level of harmonic
compensation. The effect of this scheme on
overall system dynamics is also analyzed. This
method is simple for implementation and hence it
can be implemented in a low-end digital
controller. The presence of dc in the inverter
terminal voltage results in a dc current flow into
the transformer primary. This dc current results in
drawing of even harmonics from the grid. If the
main controller used is a PR controller, any dc
offset in a control loop will propagate through the
system and the inverter terminal voltage will have
a nonzero average value. Thus, in this paper, a
modification to the conventional PR controller
scheme is proposed.
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Fig. 1 Power circuit topology of the 3 — ¢ PV
system for a low-voltage inverter

An integral block is used along with the PR
controller to ensure that there is no dc in the
output current of the inverter. This would
automatically eliminate the even harmonics. This
scheme is termed as proportional-resonant-
integral (PRI) control and the design of the PRI
controller parameters is provided. The complete
scheme is verified experimentally and the results
show a good correspondence with the analysis.
Experimental results also show that the transient
behavior of the system is in agreement with the
theoretical prediction.

Il. LOWER ORDER HARMONICS AND

FUNDAMENTAL CURRENT CONTROL
In 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. Lower Order Harmonics
1) Odd Harmonics: The dominant causes for the
lower order odd harmonics are the distorted
magnetizing current drawn by the transformer, the
inverter dead time, and the semiconductor device
voltage drops. Other factors are the distortion in
the grid voltage itself and the voltage ripple in the
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dc bus. The magnetizing current drawn by the
transformer contains lower order harmonics due to
the nonlinear characteristics of the B-H curve of
the core. The exact amplitude of the harmonics
drawn can be obtained theoretically if the B-H
curve of the transformer is known. The phase
angle of the harmonics due to the magnetizing
current will depend on the power factor of
operation of the system. As the operation will be
at unity power factor (UPF), the current injected
to the grid will be in phase with the grid voltage.
However, 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. 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

v B i 2Viacta

eror = hr T,
Where td is the dead time, Ts is the device
switching frequency, and Vdc 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 on the relative magnitudes of

(1)
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the distortions due to the magnetizing current and
the dead time.

2) 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
Fig. 2, d 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. This shift would mean an asymmetric
nonlinear saturation characteristic which causes
the transformer magnetizing current to lose its
half-wave symmetry. The result of this is
occurrence of even harmonics. The dc in the
system can be eliminated by using the PRI
controller which is discussed next.

Fig. 2 Generation of an inverter ac current
reference from an MPPT block

www.ijiemr.org
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Fig. 3 Occurrence of nonzero average in current
reference due to a fast changing power reference
from MPPT

B. Fundamental Current Control

1) 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, Gl as indicated in Fig. 4. The
modified control structure is termed as a PRI
controller. Here

Gr=— (2)

K.s

5% + w3

Grr (‘} = h_,u + (3)

The plant transfer function is modeled as

i':d c
R.+sL.

l:J—_:pliml ':‘) =

(4)

PO | PRI
: G, ¥ Controller

! ) i
- . =
G.”Il' - i t'r'JIII'HIf

Fig. 4 Block diagram of the fundamental current
control with the PRI controller

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
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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 include
the filter inductance and the leakage inductance of
the transformer. Rs are 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
= Qin 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 as
explained in Section II-A. 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.

2) Design of PRI Controller Parameters: The
fundamental current corresponds to the power
injected into the grid. The control objective is to
achieve UPF operation of the inverter. The main
control block diagram is shown in Fig. 4. First, a
PR controller is designed for the system assuming
that the integral block is absent, i.e., KI = 0.
Design of a PR controller is done by considering a
Pl controller in place of the PR controller. The PI
parameters are chosen based on the plant transfer
function and the required current controller
bandwidth. The PI controller parameters are then
plugged in for the PR controller parameters.

14T
Gpi(s) = fap-_g—lf. (5)

With the PI controller as the compensator
block in Fig. 4 and without integral block, the
forward transfer function will be

www.ijiemr.org

The pole in (6) is canceled with the zero given by
the PI controller. Then, the following relations are
obtained:

L. (
Tt (7
. g h_;ll Vie (
Glorw 'L“’:I - sT R.-,- . “8)

If wbw is the required bandwidth, then Kp1 can be
chosen to be

- LMy 'R-.-T
Ky = —5——. ©)
"de
Now, if the PI controller in (5) is written as
) . K
G]}[':\S]I :.:r"x_v] +TI {ID‘)
Then, Kil is given as
K,y = Wow B (11)
""d:-

For the PR controller, the expressions
obtained in (9) and (11) are used for the
proportional and resonant gain, respectively. Thus

K, — GJIJ\\'YR.-,-T (12)
- LIf.:.c'
Whw P:s
K, = 2= (13)
]'"dt-

For the complete system with an integral
block, i.e., the PRI controller, the PR parameters
will be same as in (12) and (13). The following
procedure is used to select the value of Kl in (2).
The integral portion is used to ensure that there
will not be any steady-state dc in the system.
Hence, the overall dynamic performance of the
complete system should be similar to that with the
PR controller except at the low-frequency region
and dc.The closed-loop transfer function for Fig. 4
IS given as

ifs)

G pr1 = -
14T Vie . i*(s)
Gt’m’w ["‘] - (-ﬁ p1 ) . “6)
: sT Ry + 5L . Gphun Gpr (14)
I+ G[}lil[]l (GE"]R L GF } .
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Without the integral block, the closed-loop
transfer function would be

G)lnan[’]{
G.pp = L . (15)
LPR 14 G]J]a'.'l'.LG])H
Let (4) be modified as,
, M _
Ghlam — ﬁ (16)

Where M = Vdc/Rs and T is as defined in (7).

The numerators in both (14) and (15) are
the same. Thus, the difference in their response is
only due to the denominator terms in both. The
denominator in (14) can be obtained as

Ts'+ (1+MK,)s® + (T + M(K, + K;))s”
s(1+ sT)(s* +w?)

df_‘Il])E” =

, . L
w1+ MKy)s + M Krw,
T s(1 4 8T)(2 +w?) 17
Similarly, the denominator in (15) is given by
Ts* +(1+MK,)s* + (2T + MK, )s
denpp = : _ _
(1+ .‘iT](.‘i‘ + u,'(—}}
'J.;‘ ‘ u{r‘_}
+ — l: '{'H'JJ +J1} ”., . (18}
(1+sT)(s" +w;3)

The numerators in (17) and (18) are the
characteristic polynomials of the closed-loop
transfer functions given in (14) and (15),
respectively.

Let the numerator polynomial in (17) be written as

(s + p)(ewg +bs’ +es+ d)
=as' +(b+ c'Lp)s:J’ +(c+ F_a}_;}sg + (d+cp)s+dp (19)

Where p corresponds to a real pole. Equating (19)
with the numerator in (17), the following relations
can be obtained:

a=T

b=1+MK, —Tp

c=wT +M(K, + K;)—(1+ MK, )p— Tp*

d= MK;w?/p. (20)
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If p is such that it is very close to the
origin and the remaining three poles in (14) are as
close as possible to the poles of (15), then the
response in case of the PRI controller and the PR
controller will be very similar except for dc and
low frequency range. Thus, the remaining third-
order polynomial in (19) should have the
coefficients very close to the coefficients of the
numerator in (18). In that case, using (20), the
following conditions can be derived:

1+ MK,
P << f (21}
K; < K, (22)
Ky =p(K, +1/M). (23)

Thus, (21)—(23) can be used to design the
value of KI. Fig. 5 shows the comparison between
the Bode plots of the system with the PRI and PR
controllers validating the design procedure for the
values given in Table II. As it can be observed,
the responses differ only in the low frequency
range. The system with the PRI controller has zero
gain for dc while the system with the PR
controller has a gain of near unity. The step
response of the closed-loop system with the PRI
controller can be seen in Fig. 6. As can be
observed, increasing Kl has an effect of
decreasing the settling time up to a certain value.
Beyond that, the system becomes under damped
and settling time increases with increase in KiI.
This plot can be used to tune the value of KiI
further, after the design from (21) to (23).

With PRI Controller
With PR Controller

Magnitude (dB)

Phase (deg)

30 —
10 10 10' 10 10 10 10 10°
Freauency (Hz)

Fig. 5 Comparison of a Bode plot of the closed-
loop transfer function with the PRI and PR
controllers
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Ki=50
Ts=0.231s

Fig. 6 Step response of closed-loop transfer
function Gc I,PRI for different values of Kl
I1l. SIMULATION RESULTS

Fig 10 inverter output voltage

Fig 11 grid side three phase load current

Fig 7 simulation diagram of proposed three phase
system

Fig 12 grid side three phase load voltage

Fig 8 DC link voltage

Fig 13 grid voltage

Fig 9 DC link voltage and reference voltage, - — n
g g g Fig 14 grid side active power

modulation index
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Fig 15 PV panel outputs: power, voltage, duty

cycle and irradiance

CONCLUSION

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.
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. 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
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adaptive compensation scheme together improve
the quality of the current injected into the grid.
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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