IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received June 16, 2021, accepted June 21, 2021, date of publication June 28, 2021, date of current version July 6, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3092827

Symmetrical Pole Placement Method-Based Unity
Proportional Gain Resonant and Gain Scheduled
Proportional (PR-P) Controller With Harmonic
Compensator for Single Phase Grid-Connected

PV Inverters

CAGFER YANARATES © AND ZHONGFU ZHOU

Electrical and Electronic Engineering Department, Swansea University Bay Campus, Swansea SA1 8EN, U.K.

Corresponding author: Cagfer Yanarates (887912 @swansea.ac.uk)

This work was supported in part by the European Regional Development Fund (ERDF) through the FLEXIS Project.

This work did not involve human subjects or animals in its research.

ABSTRACT In this paper, a symmetrical pole placement Method-based Unity Proportional Gain Resonant
and Gain Scheduled Proportional (PR-P) Controller is presented. The proposed PR-P controller resolved
the issues that are tracking repeating control input signal with zero steady-state and mitigating of 3rd
order harmonic component injected into the grid associated with the use of PI controller for single-phase
PV systems. Additionally, the PR-P controller has overcome the drawbacks of frequency detuning in the
grid and increase in the magnitude of odd number harmonics in the system that constitute the common
concerns in the implementation of conventional PR controller developed as an alternative to PI controller.
Moreover, the application of an unprecedented design process based on changing notch filter dynamics
with symmetrical pole placement around resonant frequency overcomes the limitations that are essentially
complexity and dependency on the precisely modelled system associated with the use of various controllers
such as Adaptive, Predictive and Hysteresis in grid connected PV power generation systems. The proposed
PR-P controller was validated employing Photovoltaic emulator (PVE) consisting of a DC-DC Buck power
converter, a maximum power point tracking (MPPT) algorithm and a full-bridge grid connected inverter
designed using MATLAB/Simulink system platform. Details of the proposed controller, Photovoltaic
emulator (PVE) simulations, analysis and test results were presented in the paper.

INDEX TERMS Proportional resonant current controller, harmonic compensator, buck converter based PV
emulator, MPPT.

I. INTRODUCTION

Over the last two decades, energy generation has shown a
great tendency to utilize the renewable sources due to the
facts that depletion of the fossil fuels, increasing concern
of the environmental issues, energy security, productiv-
ity growth and reduction of the overall cost of power
generation-distribution systems as a result of technological
developments [1], [2]. Photovoltaic (PV) energy is a clean,
renewable source of direct current (DC) energy generated
from the sunlight, which attracts considerable attention due
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to remarkable advantages such as reliability and long-life,
advanced manufacturing process, static and noise-free oper-
ations, increasing efficiency, decreasing prices, flexibility
of construction and availability of government support and
incentives [3], [4]. The increasing demand of PV energy
systems has leaded to comprehensive studies in this field,
common ground of these studies aims at achieving the
increase in the efficiency, reliability and useful life-span of
the PV systems and on the contrary the reduction in cost and
space from generation to delivering of the energy [5], [6].
Single-phase PV inverter systems have been widely applied in
photovoltaic power generation. Inverter current control with
the object of injecting smooth current with less harmonics
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FIGURE 1. Current controlled PWM inverter with harmonic information.

to the grid is the key aspect of the PV power sourced grid
connected inverter (GCI) systems [7]. The main reasons of
harmonic generation in single phase PV inverter systems
are basically due to distortion in the grid voltage, switching
harmonics (high frequency) and DC-link voltage variations
arising from the MPPT [8], [9]. The basic model of closed
loop Pulse Width Modulation (PWM) current controlled
single- phase inverter with harmonic information is given
in Figure 1, where Gpr, GpwM, Ginv and Gy are PR controller,
PWM, inverter and filter transfer functions, respectively.

It is crucial to state that distortions in the current for
the single-phase GCI systems are particularly caused by the
PWM control of the inverter and variations in the DC-link
Voltage [9]. Considering that the fundamental grid voltage

= V2 V1 cos (wot + ¢), the fundamental grid current

ig V2 I cos(wot) the inverter output voltage va =
V2 Vliwcos(wot + ¢ — ¢1), the DC side instantaneous power
Py. (i.e., PV array output power) and the instantaneous
inverter output power Pj,, for the single-phase inverter PV

system can be obtained as

. dev
Py = Vpvlpy — vaCdc
dt
) dvpy dvpy
= Vpvlpy — vaCdc dr vaCdc dr (1
Piny = Viniy

= «/_Vl-lwcos (wot + ¢ — (pl) «/ilgl cos (wot)
= Vilgcos (9 — ¢1) + Vy, I3 cos Qwot + ¢ — 1)

@ZmﬁmZ) )

h=2

Where Vl Il thw’ CUO, (p’ §01, VPV’ ipv, CdC7 va, G[7\)7 .g’
f’nv represents amplitude of the fundamental grid voltage,
amplitude of the fundamental grid current, amplitude of the

fundamental inverter output voltage, fundamental angular
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frequency, power angle, inverter voltage leading angle,
PV voltage, PV current, DC-link capacitance, DC component
of the PV voltage, AC component of the PV voltage,
grid current harmonics and inverter voltage harmonics,

respectively.
For a single-phase PV system, neglecting the inverter and
DC-link capacitor losses gives Pg. = Pjp,. Ignoring the

high order term Vv,,dV,, / dt in the DC side instantaneous
power and considering the relatlonshlps of |va| > |vpv
2] > [ wna v > i
obtained in (1) and (2) yields

my

1 71
g

. V.
- [z

cos 2wot + ¢ — (Pl)j| 3)
dc Vpv
which confirms that the PV source output (the DC-link
voltage) pulsate at twice the grid frequency and amplitude of
its variation is proportional to fundamental amplitude of the
inverter output voltage V,, , and fundamental amplitude of the
grid current Igl.

The inverter output voltage harmonics induction is strictly
dominated for the injected current in the grid, since DC-to-AC
inversion is executed by the application of the PWM scheme
using non-linear semiconductor devices. In general terms,
the PWM current controlled single-phase inverter output
voltage v;,, can be expressed as

i

Vinv = ApwmVpy = < pwm + Z pwm) Vv + i;PV)

1
- dpwm VPV + dpwm Vpv + VPV Z pwm

h=2
n
1 h
+Vpy Z pwm = Viny T Z Vinv “
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where dpym, d;wm, and d;lwm are the PWM signal, funda-
mental component of the PWM and harmonics of the PWM,
respectively. In theory, formation of the PWM harmonics
D heo d[i‘wm occurs around the switching frequency and its
multiples that corresponds to generation of the high order
harmonics [10]. However, practical applications show that
the PWM harmonics contributes to low order harmonic
distortions due to dead-time and non-linear ON-OFF switch-
ing [10], [11]. Eq (4) indicates that variation v, will introduce
harmonics in the inverter output voltage and it mainly
contains even harmonics at the double of the grid frequency
2w shown in (3). The term d;lwmﬁpv in (4) implies that odd
current harmonics injection is inevitable in single-phase PV
inverter systems with the frequency of (2k + 1) wg, k =
1,2,3,... [9]. The second order harmonic on the DC side
will be converted as a third-order harmonic on the grid side
that is the primary problem for the single-phase PV inverter
systems. The main purpose of this study is to eliminate
the 3" order harmonics in grid side that stems from 2"
order harmonic component in PV side caused by the Dc-link
voltage variations due to MPPT.

According to the IEEE Std 519-1992, total harmonic
distortion (THD) shall be less than 5% of the current at the
fundamental frequency at rated power output of the inverter
and the distortion limits of the individual harmonics shall be
less than 4%, 2%, 1.5%,0.6% and 0.3% for 3™ to 9, 11 1o
15t 17t to 215t 23 to 33 and the odd harmonics above
33" respectively [12]. Achieving of this objective presents
some considerable challenges in practice. Evaluating the
performance of the single-phase GCI controller systems that
is supplied with PV array DC under varying environmental
conditions with the use of real PV panels in series or parallel
according to the needs is practically impossible due to the
lack of control over the irradiance and temperature and
the requirement of large area, hence the use of PVEs has
become compulsory [13]-[15]. A wide range of research
papers have discussed the various controllers thoroughly by
using conventional or advanced design techniques for the
single-phase GCI systems [16]—[22].

The number of algorithms developed to extract the
disturbing current and inject solely the smooth current to
the grid has been proposed in literature. Among these the
synchronous reference frame (SRF) and the instantaneous
reactive power (IRP) theories are the most addressed
applications in literature [23], [24]. The problem associated
with the applications of these theories for the single phase
PV system is the existing of the one phase variable only that
obliges the creating of another virtual orthogonal variable
with a 90 degree phase shift operation at the fundamental
frequency [25]. In addition to those common theories, another
proposed technique for the current control and the compen-
sation of the selected harmonics is the adaptive control which
contains several algorithms within itself such as the Least
Mean Square (LMS) [26], the Decorrelation Normalized
Least Mean Square (DNLMS) [27] and the Fractional
Normalized Least Mean Square (FNLMS) [25]. Even though
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the adaptive control method has higher efficiency, its concept
remains a challenge in terms of complexity and requirement
of large number of calculations.

Alternatively, the Hysteresis Controller that is simple to
implement and has fast response time with a drawback of gen-
erating variable switching frequency [28], [29], the Predictive
Controller that tracks a reference signal with zero steady-state
error with the drawbacks of its dependency on the accuracy
of the system model to generate the reference current
prediction precisely [30], [31], the Proportional-Integral
(PI) Controller that is very simple and has the ease of
implementation with drawbacks of inadequacy in tracking
a sinusoidal reference signal with a zero steady-state error
and having a poor disturbance rejection capability [29]. The
Proportional-Resonant (PR) Controller proposes a solution
to current control and harmonic mitigation problems asso-
ciated with the aforementioned control techniques for the
single-phase GCI systems [17], [19].

In this paper a novel PR controller is designed by using
notch filter dynamics based symmetrical pole placement
method. The proposed PR controller design technique offers
an alternative with its unprecedented approach. It delivers
an outstanding performance in current control and harmonic
mitigation for the single-phase PV inverter systems. It con-
sists of a resonant path and an external proportional gain.
The external proportional gain stands for a regulator for
varying system parameters such as inverter input voltage
(Vy4c) and filtering inductor (L;,,) shown in Figure 1 and
can be altered easily for different applications. The resonant
path has unity proportional gain and adjustable integral gain.
These parameters are independent of V. and L, that means
the proposed PR controller establishes more robustness and
reduction in the computational complexity and consequently
the proposed PR controller provides cost-effectiveness and
simple implementation.

The paper is organized as follows. Section 2 introduces
the overall system together with discussion and comparative
analysis of designing and operational principle of the
proposed PR controller. Section 3 is devoted to design and
control of the DC-DC buck converter based PVE and MPPT
algorithm (Perturb & Observe method). Section 4 contains
simulation results and discussions.

Il. PROPOSED PR-P CONTROLLER AND HARMONIC
COMPANSATOR DESIGN

The PR controller has gained its popularity and become
widely used current regulator for grid-connected single-phase
systems [22], [32], [33]. The PR controller offers several
advantages, such as resolving the computational burden and
complexity due to removal of Park transformations, providing
great convenience and simplicity to implement [34].

Figure 2 shows a circuit diagram of a single-phase
PVE supported grid connected inverter. A buck DC-DC
converter-based PV emulator is employed as the PV source.
The PV source is connected to the grid using a full bridge
DC-AC converter. The MPPT algorithm is employed to

93167



IEEE Access

C. Yanarates, Z. Zhou: Symmetrical Pole Placement Method-Based Unity Proportional Gain Resonant

1Soltech 1STH-215-P
W/m* °C

L Filter

iy 4 Vo
PI B Mathematical
i Model of PV
Controller lpy Array DC Link L _P_V_I:lzeft_ei o
Capacitor
PWMua l PV Emulator
[ ittt \
JUL [
O
()
1yl

==:}

1
1
! pll
! =
| |
| [
1
T
! JUL
__________________________ 4 | S — - - - -
lpV X v va T T T TPWva .
VPV q » lgrid

MPPT " Inverter

Algorithm Vov* | Control Veria

FIGURE 2. PVE based single phase grid-connected inverter system.

maintain the voltage at the maximum power point of the PV
source, which is then input to the PV inverter so that the
PV inverter can control the DC link voltage following the
maximum power point voltage. The inverter also controls
the inverter output current injection to the grid.

The ideal PR controller transfer function with its param-
eters proportional gain (Kp), integral gain (Kj) and the
resonant frequency (w, ) is represented by:

s
Gpr () = Kp + K; Pt (5)
The ideal PR controller transfer function frequency
response attains a phase shift and an infinite gain only at the
resonant frequency (w, ) that sets the steady-state error to zero
and consequently enables to track sinusoidal reference signal
efficiently at any specified resonant frequency. However,
the ideal PR controller causes stability issues due to the
infinite gain in applications [25]. Prevention of this problem
is achieved with implementation of a non-ideal PR controller
generated by introducing damping to the ideal transfer
function [18], [19]. The non-ideal PR controller transfer
function with addition of the bandwidth (w.) around the ac
resonant frequency (w, ) is represented by:
2weS

G —Kp+Kj——"
Pr () = Kp ' 2wsta?

(6)

The non-ideal PR controller produces a finite gain at the
resonant frequency w, but it is still large enough to provide
a very small steady-state error that is almost zero [19]. The
single-phase inverter control process is comprised of three
parts basically which are DC-link voltage controller, grid
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synchronization and current controller. Block diagram of the
inverter control including all parts is given in Figure 4.
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FIGURE 3. Notch filter and PR controller magnitude response in general
form.

The general frequency magnitude response in dB of a notch
filter and a PR controller is given in Figure 3. Resonant path
of the proportional resonant (PR) controller is a notch filter.
The logic behind the design process of the PR controller in
the study is based on the ground of the notch filter dynamics
and subsequently taking the reciprocal of the generated notch
filter transfer functions at intended frequencies.

Proposed notch filter design process containing applied
parameters and their functions is given in Figure 5.
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Frequency response of the notch according to varying &
and k is given in Figure 6. The parameter k is set to adjust
the width of the notch, the damping ratio (£) is set to adjust
the depth of the notch and the natural frequency (wj,) is set
to adjust the location of the notch that refers to resonant
frequency for the PR controller. In [35], the value of & is
recommended as 0.001 and the value of k is chosen in the
range of 1 to 5 considering the location of dominant poles for
providing sufficient damping and preventing high frequency
issues [16].

First, the variable (k) will be defined as the ratio of each
pole is away from the natural frequency. The larger value of k
corresponds with a wider notch and can be adjusted according
to the requirement. An unrealizable transfer function G (s)
that is lightly damped (§= 0.0001) pair of zeros centered
at the natural frequency (w,= 50Hz) that corresponds to the
resonant frequency of the PR and the k (k = 2) for the
application is given by:

52 + 2Ewys + @2
— = (7
w,

n

G(s) =

First pole s; with a cut-off frequency k times larger than
the natural frequency is given by:

kwy,
= 8
51 ST ko, (®)
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Second pole s, with a cut-off frequency k times smaller
than the natural frequency is given by:

Wn
k

9
s+% ©)

sy =

Addition of both poles s1 and s to the transfer function
G (s) results in a formation of a second-order band-stop filter
whose transfer function Gy (5) is given by:

Groren (8) = G (5) .51.52

252+2§a)2ns+a)3. ke, _ %w (10)
w5 s+kop s+

Figure 7(a) shows the frequency response of the unre-
alizable transfer function that is constituted with a greater
order of numerator than denominator given in (7). There is
a gain rising at 40 dB/decade since there are two unanswered
zeros, thus the high frequency signals are to pass through
altered. Figure 7(b) shows that addition of a pole with a
cut-off frequency that is k times larger than the natural
frequency dragged the high frequency magnitude down
by 20 dB/decade. Figure 7(c) shows that addition of a
complementary pole with a cut-off frequency that is k times
smaller than the natural frequency bended down the high
frequency magnitude by 20 dB/decade to the zero dB.

The transfer function of the proposed PR controller Gpg (s)
is the reciprocal of the notch filter transfer function Gyzch, (5)

93169



IEEE Access

C. Yanarates, Z. Zhou: Symmetrical Pole Placement Method-Based Unity Proportional Gain Resonant

50 | —
o
3
s 0
°
2
=
g -50 -
s
—C]
-100 :
180 .

w
[l
T

L

Phase (deg)
8

N
[

50 -
o
=
% 0
2
€ — =1
& -50 ———¢=05 |
= =01
€=0.0001
100 ; :
180 :
S 135 F 1
S
o 9F i
(2]
2
o 45} 1
0 S — L .l
10" 102 10° 104
Frequency (rad/s)
(a) Frequency response with varying ¢.
0
—~ 20 E
[an]
ho)
o 40 b
E
T 60| k=111
& k=2
= 8ot k=3 |
k=4
-100 I i I I
90 : : : y
S 45+ i
s
2
2
o - i
90 L L | i i
10° 10’ 102 10° 10* 10°
Frequency (rad/s)
(b) Frequency response with varying k.
FIGURE 6. Phase and magnitude response of the notch filter.
is given in (11) and (12):
Gpr (5) 1
PR(S) = ———
G (s) .51.52
w? s+ ko, s+ %
= - n . i (1))
§° 4+ 28 wps + w5 ko, Z
9.87¢04s% + 7.752¢07s + 9.741€09
Gpg (s) = (12)

9.87¢04s2 + 6201s + 9.74109

The magnitude and phase responses of the designed PR
controller is given in Figure 8. The highest gain of the
designed PR controller is 81.7 dB, and it occurs at the
resonant frequency (w,= 50Hz). The phase response shows
that the phase shift is zero for low and high frequencies.

Figure 8 indicates that for any arbitrary frequency wy,
the gain of the PR controller transfer function Gpg (jwo) is
at sufficient level without a phase shift for other frequencies,
hence it can track sinusoidal reference signal without error.

A. THE PR CONTROLLER WITH HARMONIC
COMPENSATOR

Grid connected inverter systems (GCI) mainly operate as
transferring energy from the primary DC source such as
PV arrays to the grid and hence inject harmonic currents
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FIGURE 7. The notch filter dynamics-based PR controller.

to act as an active filter. In this regard, the reference signal
is constituted of the sum of the fundamental component
and some harmonic components (e.g., 3rd, 5th, 7th order
harmonics). The PR controller assures zero steady-state error
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for any harmonic components at issue by implementing
additional resonant paths to the controller. The block diagram
of the general system with a PR controller that consists of
n-resonant paths is given in Figure 9:

General form of the selective harmonics’ compensator
transfer function Gy (s) is represented by:

Gy (s) =

Z (hwn)2
h:&SJ““s24'2§hams-¥(ham)2

hw,

s+khw, s+
X
kheoy, }%

13)

In the design of objective resonant paths, the same pole
placement notch filter dynamics-based technique that is
previously stated will be implemented. The only changing
parameters is the resonant frequencies. The resonant fre-
quency for the fundamental component is 50 Hz (w,), for the
3rd order harmonic component 150 Hz (3w,) and for the 5th
order harmonic component 250 Hz (5wj,). The magnitude and
phase responses of the designed PR controller with 3rd and
5th harmonics compensator is given in Figure 10:

B. COMPARATIVE ANALYSIS OF THE PROPOSED PR-P
CONTROLLER

In [36], the PR controller main frame that is the resonant path
(Hg (s)), fundamental parameters proportional gain (Kp) and
(K7) for the single-phase grid connected full-bridge inverter
are formulized as:

k,B,s
M) = B o (o
Kp = 2E+1) (‘if + DaorLiny (15)
27 2
= @y Liny [(25 +1) 1] (16)
2Vye

Equation (14),(15),(16) consist of various parameters that
are resonant gain (k,), resonant angular bandwidth (B,),
resonant angular frequency (w,), damping ratio (£), inverter
output filter inductance (L;,, ), inverter input voltage (V4.) and
constitute commonly used non-ideal PR controller transfer
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function design given in (6). In [37], it is presented that
the most frequently used conventional PR controller poses
problems in the presence of non-linear load and weak
grid condition. In [19] and [38], studies were performed
by utilizing this formula and it provides consistent results
in terms of transient response and selective harmonics
mitigation but the number of parameters used in the design
process increases the complexity of the controller. Moreover,
dependency on the variables such as (L;,,) and (V) in the
calculations of the Kp and K; decreases the robustness of the
controller as these variables are likely to change over time
or to vary during operations. On the contrary, the PR path of
the proposed PR-P controller design process is independent
of these variables. Rearranging the PR path of the controller
transfer function in (11) gives:

(% + ko, — 2.§a)n) s

G =1
PR (5) t=a FIE T

a7

The proposed controller resonant path has a constant
unity proportional gain Kp and addition of each harmonic
reduction component increases it 1. Ky depends only on three
parameters that are k, w, and &. The assessment of the PR
path of the proposed controller indicated that using Gpg (s)
obtained in (17) meets the IEEE Std 519-1992 standards
with a sufficiently good transient response. Addition of
scheduled proportional gain (Kp(c)) determined by loop
shaping method to the resonant path PR considering system
uncertainties, weak grid condition, non-linear loads and grid
fault has resolved the problems associated with the use of
conventional PR controller. In this regard, the proposed PR-P
controller can be considered as a system consisting of unity
proportional gain resonant path Gpg (s) and controllable
variable Kp(y) given in Figure 11(a). The overall current
control and selective harmonic mitigation scheme for GCI
systems is given in Figure 11(b).

C. TUNING THE SCHEDULED GAIN OF THE PROPOSED
CONTROLLER

Large signal average model of the full-bridge inverter given
as:

LM =Q2d —1) Vg — v (18)
dt
where L, (f,',w), d, V4. and v, are the inductance of
the inverter filter, duty cycle of the inverter PWM signal,
input voltage of the inverter and grid voltage, respectively.
Assuming that there is no small signal variation in v, as the
control input is the duty cycle, linearization of (18) gives:

2 2Vaed (19)

Laplace transform of (19) gives small-signal transfer
function of the inverter as:

SLijmy = 2Vged
i; 2V
Giny (S) = % = LSC

(20)
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The power inverter input voltage is 400 V and it is
connected to the grid via L filter whose inductance is 1 mH.
Accordingly, substituting these values in (20) yields:

~

Liny 800
G; = - = 21
inv (5) 7 0.001s 21

Magnitude and phase response of the loop transfer function
that is Gpgp (s) times Giny (s) with varying K P(ex) is given
in Figure 12.

The look-up table breakout points correspond to closed-
loop current feedback error and the outputs are retrieved from
a given set of breakout points (input values) as scheduling
variables for the constant Kp(,,) whose value is determined
as 100 according to the loop transfer function magnitude and
phase response given in Figure 13.

The look-up table method is based on linear interpolation
between two consecutive elements of the table if the error
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(b) The proposed PR-P Controller and harmonic compensator.

FIGURE 11. The proposed PR-P controller and harmonic compensator.

signal does not match a breakout point and extrapolation if
the error is not falling within the range of breakout values.
Average current mode control loop of the inverter assuming

VOLUME 9, 2021



C. Yanarates, Z. Zhou: Symmetrical Pole Placement Method-Based Unity Proportional Gain Resonant

IEEE Access

150
\

< ]
o 100
el
E \
g 50
=

l—Kplex): 0 —Kp,= 100 —Kp = 1000’
T I

—

Phase (deg)
©
o

-180 . L
10° 10’ 10? 10° 10*
Frequency (Hz)

FIGURE 12. Magnitude and phase response of the loop transfer function
with varying K p(,y).
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FIGURE 13. Dynamic of the look-up table.

that pulse width modulator (PWM) gain 4 V, sensing resistor
Rr 1 € with all harmonics injecting is given in Figure 14.

Swiching GridVoliage + PV
Hamonics Grid Harmonics

L + + + 3 + N
‘PU > Grr f Grwy Gy Lout

KON
Seheduled Vepge T "‘
Proportional Gain

Gim

FIGURE 14. Inverter average current mode compensator design loop.

Inverter average current control feedback system out-
puts for implementation of different controllers are given
in Figure 15. While most frequently used PI and conventional
PR control techniques perform poorly in the presence of
harmonics, the proposed PR-P controller follows its reference
with negligible steady-state error.

lll. PVE AND MPPT ALGORITHM

The current-voltage (I-V) and the power-voltage (P-V)
characteristics curves of the PV cells are heavily dependent
on changing environmental conditions such as irradiance and
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FIGURE 15. Reference tracking performance of the various controller in
the presence of harmonics.

temperature [39]. In accordance with the efficiency-based
aforesaid objectives in the introduction, maintaining the
characteristic curves at a specific point that is known as
the maximum power point (MPP) is required [40]. In this
regard, maximum power point tracking (MPPT) concepts are
employed at PV array in practice to harvest the maximum
power from the PV module or array under various irradiance
and temperature conditions [41]. Tracking performance of
the MPPT algorithms has great importance, hence it has
been the main subject of many studies and different methods
are developed in consequence [42]-[44]. Development and
improvement of MPPT techniques with the real PV panels
posed some challenges such as being inability to control
the environmental factors, requirement of wide space and
cost [13], [45]. At this point, photovoltaic emulators (PVE)
have become the essential part of the PV applications
in terms of development of the MPPT algorithms [46].
The working principle of the PVE is based on generating
the explicit dynamics of the I-V and P-V characteristics
curves of the real PV panel at issue [14], [47]. It is
worth noting that whilst the objective PVE delivers a good
performance by itself, it may exhibit undesirable behaviors
as a result of interfacing with some switch mode power
supplies that constitute the indispensable of the PV power
generation and delivering systems or it may not reflect
the same PV characteristics through the variance of the
irradiance and the temperature [48], [49]. Referring to the
previous works taking part in literature, many different
PVE modelling and simulations have been conducted and
these PVEs have designed with pure resistive load and their
I-V and P-V curves compared with the real PV panel or
they are integrated with a Boost Converter for the MPPT
applications, [13], [15], [48], [50].

A. DESIGN PROCEDURE OF THE PVE

The paper proposed scrutinization of buck converter based
PVE single phase grid-connected H-bridge inverter sys-
tem with a maximum power point tracking (MPPT),
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TABLE 1. The emulated PV module (1Soltech 1STH-215-P) parameters.

TABLE 2. Calculated values of the PVE parameters and components.

Parameter Value Parameters and Components Value
Maximum Power (W) 231.15 Steady-state Duty Cycle (D) 0.7563
Open Circuit Voltage V¢ (V) 36.3 Maximum Average Inductor Current (4) 7.84
Voltage at Maximum Power Point Vypp (V) 29 Maximum Average Inductor Current Ripple (4) 1.568
Temperature Coefficient of Vo (%/deg.C) -0.36099 Inductor Value (mH) 0.5642
Cells per Module (Ncell) 60 Output Voltage Ripple (V) 1.452
Short-circuit Current Is¢ (4) 7.84 Capacitor Value (uF) 13.4989
Current at Maximum Power Point Iypp (A) 7.35

Temperature Coefficient of Isc (%/deg.C) 0.102

a proportional-resonant-proportional controller (PR-P) for
the purpose of the current control as well as 3rd and 5th
order harmonics mitigation with the aid of multiple domains
of MATLAB and Simulink. The emulated PV module is
1Soltech 1STH-215-P with parameter given in Table 1.

The proposed buck converter based PVE and its control
structure block diagram is given in Figure 16.

Asynchronous Buck Converter Grid-Tied PV Inverter

T
Ve out J_ lout _’\/ _®
| l Grid
ES
Varying  |W/m? ‘
Irradiance [ NN lref P1 _/i/_ PWM
Varying | oC Emulated S Controller ! Modulator
Temperature > PV Module I Duty Cycle
1Soltech 1ISTH-215-P  °* Limiter

FIGURE 16. The Proposed buck converter based PVE and control
structure.

It takes an input voltage (Vdc) of 48 volts and converts
it into an output voltage of 36.3 volts. The switching
frequency is 10 kHz. The minimum load resistance R, is
4.6301 ohm (corresponds to the maximum load condition).
In the continuous conduction mode (CCM) operation of the
PVE, the maximum ripple allowed in the inductor is 20%
of the average inductor current and the maximum load. The
maximum ripple in the capacitor is plus and minus 2% of the
average output voltage.

The output voltage (Vo) of the PVE corresponding
to the inverter input voltage is determined as 400 V in
this application, thus the PVE is considered as the series
connection of 14 PV modules that results in approximately
3 kW power generation.

B. CALCULATIONS THE VALUES OF PV EMULATOR
COMPONENTS

The steady state duty cycle of the plant is represented by:

VOM[
Vin

D =

(22)
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The maximum average inductor current is represented by:

V
IL,avg,max = RLM (23)

min
The maximum average inductor ripple current is the 20%
of the average current that is represented by:

Al = 0.2 X I, avg max 24)
Inductance value L of the inductor is represented by:
Vin(1—D)D
L= u (25)
SswAIL

Capacitor AV or output voltage ripple AV, is the 2%
of the average output voltage is represented by:

AVe = AVyyy = 0.04 X Vo (26)
Capacitance value C of the capacitor is represented by:
Vin(1—D)D
_Vu(-D) o
8Lf2,AVe

The calculated values of the PV emulator parameters and
components are given in Table 2:

C. PROPORTIONAL-INTEGRAL CONTROLLER DESIGN FOR
THE PVE
Analysis of the plant for predicting its response and observing
its behaviors in both the time and frequency domains requires
obtaining its mathematical model properly. In this regard,
control systems are designed and implemented to improve
important dynamic properties of the plant such as stability,
response time, steady-state error, oscillations that constitute
the transient and the steady-state responses of the system.
Transfer function of the intended buck converter based
PVE in terms of duty ratio (d(s)) to inductor current (i.(s))
given in (28) and (29) is derived by using dynamic (AC small
signal) state-space averaging technique.

1
. ” 1
Crve (9 = LD Vi __“TRi€ (g
d@s) L 2+ gt + ¢
s+ 1.6e4
GpyE (5) = 8.5063¢4. (29)

52 + 1600s + 1.3128¢8

The Proportional-Integral (PI) feedback compensator
structure is a controller that is widely used due to the prop-
erties of being simple to implement, easily comprehensible,
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very understandable and its effectiveness. The unity feedback
structure of the proposed PVE system is given in Figure 17:
The closed-loop transfer function of inductor current to the
duty ratio for the unity-feedback system with a proportional-
integral control is the following:
K; Ki
)

\7 ¢
Ger (s) = %[s%s(

CRLuad KP KI’ CRL"ad
02 (ol )
CRLoad L
1 K,V K;V;
+s <a + —CL;;Lmd le> + KiVin] (30)
oa

CR,,.; Output .

R CS+E lL(s)

Load

Plant

FIGURE 17. The unity feedback control structure of the PVE.
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FIGURE 18. The emulated PV module and PVE currents.

Considering the stability criteria of a switch mode power
supply (SMPS) which are the crossover (cutoff or break)
frequency between the range of 1/10th to 1/8th of the
switching frequency, the phase margin larger than 45 degree,
the gain margin larger than 10 dB and the slope of the gain
curve at the crossover frequency is about —20 dB/decade,
K, and K;; values are calculated as 0.21 and 709, respectively.
Emulated PV module (1Soltech 1STH-215-P) and the pro-
posed PV emulator controlled by the designed PI controller
current waveforms for varying irradiance of 1000 W/m?,
800 W/m?, 600 W/m? and 250 W/m? (severe shading pattern)
that correspond to 7.84 A, 6.272 A, 4.704 A and 1.844 A,
respectively are given in Figure 18.

D. PERTURB AND OBSERVE (P&0O) MPPT ALGORITHM

The P&O MPPT technique is one of the most basic and
commonly used algorithms in PV systems. Implementation
of the algorithm depends on the trial-and-error method in
pursuit of maximum power point (MPP) and tracking it [39].
The method is required to measure only the PV array’s
current and voltage to calculate the power and perturbing
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the duty cycle based on the comparison of the initial and
present values of the power and voltage until reaching the
MPP occurring at MPP voltage (VMPP) [51]. The use
of current and voltage sensors only causes relatively big
reduction in the operational cost. Moreover, its convenience
and compatibility with the grid-tied converter systems due
to effective regulation of the output voltage and dynamic
performance in terms of fast response time is considered
as the notable feature of the algorithm [44], [48]. The
flowchart of the algorithm and accordingly its execution
on the power-voltage (P-V) characteristics curve of the PV
module is given in Figure 19.

The parameters of the developed algorithm are 400 V
initial value of the voltage reference that corresponds VMPP
and the input voltage of the inverter, 410 V upper limit and
390 V lower limit. Increment value used to increase or to
decrease the voltage is 0.003 V.

Measure
V(i) and 1)

Calculate Power
P()=V(i)*1(i)

Decrease Voltage

Increase Voltage Decrease Voltage Increase Voltage

(a) The flowchart of the P&O algorithm.

APpy=0
Pov (V) AVpy=0
Y MPP
PMPP

AP0
() Av,y>0

APpy<0
AVpy<0

APpy<0

(i) (iv) AVpy>0

Increase the
<—— Duty Cycle

Decrease the
Duty Cycle —> |

VMPP VPV
(b) Execution of the P&O algorithm on P-V curve

FIGURE 19. Perturb and observe (P&O) algorithm.

IV. SIMULATION RESULTS AND DISCUSSION

This paper proposed a novel approach to design a PR-P
controller that is based on changing notch filter dynamics by
implementing of two symmetrical poles to both sides of the
resonant frequency at which the control is aimed and taking
the reciprocal of the derived transfer function. In addition to
this, the performance of the PR-P controller is validated under
real-like developed switch mode power supply (SMPS) PVE
sourced single-phase GCI system.

93175



IEEE Access

C. Yanarates, Z. Zhou: Symmetrical Pole Placement Method-Based Unity Proportional Gain Resonant

PVE Current
T T T TT

12 I T

1000 Wim?=7.84 A |

101 1000 Wim?=7.84 A

800 Wim?=6.272 A | L
600 Wim?=4.704 A

W - | Average Output Current of the PVE= 6.272 A

|05 psof |

Current (A)
(2]

T '. B '.
0 0.2 04 0.6 0.8 1 12 14 16 18 2
Time (seconds)

FIGURE 20. The PVE current for varying irradiance.

The simulation of the PVE supported single phase grid
connected inverter with the proposed PR-P controller was
performed in MATLAB/Simulink by assuming inverter
switching frequency is 6 kHz, peak value of the grid voltage
is 340 V, and the frequency is 50 Hz. Figure 20 shows the
current output of the PVE under varying irradiance. The PI
controller for the PVE reveals good performance in terms
of transient response and tracking the emulated PV module
current given in Table 1. The system reaches steady state in
less than 1 millisecond in line with the reference current.

PVE Voltage
450 [ T T T T ]

800 Wim? 600 W/m? 11000 Wim?

Voltage (V)

L L
0 0.2 04 06 08 1 12 14 16 1.8 2

Time (seconds)

FIGURE 21. The PVE voltage for varying irradiance.

Figure 21 shows the voltage output of the PVE under
varying irradiance. The designed P&O MPPT algorithm
performs well and tracks the reference voltage of 400 V
effectually if there is not big variation in the irradiance.
The reason for the poor transient response for the abrupt
and significant shift in the irradiance occurred at the very
beginning when the irradiance changed from 0 to 1000 W/m?
and from 600 W/m? to 1000 W/m? at 1.2nd second is due to
the fixed step size of AV = 0.003 V.

Figure 22(a) presents the inverter output current and
reference current behaviors in both stages of stepping from a
null current to a sinusoidal waveform and transient response
after the sinusoidal waveform. The proposed PR-P controller
functions properly and makes the inverter current follows
the reference current with negligible steady-state error and
consequently maintains the grid voltage and current in
phase as shown in Figure 22(b). The transient period takes
approximately 0.06 second with insignificant oscillation in
the inverter current that denotes the rapid response of the
controller.
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FIGURE 22. System outputs with the use of proposed PR-P controller.

TABLE 3. Implementing of the unscheduled PR-P controller with
harmonic compensator.

PR-P controller without scheduled
Magnitude of proportional gain K
Harmonic Implementin: Implementing
Distortion (% of |  Without ;’,d order &1 3ands®
Fundamental) harmonic harmonic order ‘
compensator harmonic
compensator
compensators

THD 4.68 4.65 4.64
3" order
harmonic 0.4149 0.0008684 0.001779
component
5™ order
harmonic 0.1519 0.06788 0.0005461
component
7" order
harmonic 0.02581 0.03124 0.04333
component
9™ order
harmonic 0.137 0.07815 0.04409
component
11" order
harmonic 0.02715 0.08445 0.03253
compoennt

Power generation for varying irradiance and its deliver
through an inverter in terms of active and reactive powers
are giving in Figure 23. The power generation, conditioning
and its deliver to the grid process is accomplished efficiently
with zero reactive power. The transient regime stems from
the output voltage waveform of the PVE as indicated in
Figure 21.

Table 3 presents total harmonic distortion (THD) of
the grid current for varying frequencies for the cases
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TABLE 5. Constant inverter output filtering inductance (L = 3 mH) with
varying Kpey) values PR-P controller with 3rd and 5th order harmonics
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FIGURE 23. Generated power with delivered and reactive powers. 39 order harmonic | (00389 0.04725 0.04776
C ional gain (K ) PR-P ller with Sompanent
TABLE 4. Constant proportional gain (Kp(ey) = 20) PR-P controller wit 5% order h : 0.03001
3rd and 5th order harmonics compensator with varying Inverter output o m();o :2 marmomc 0.001712 0.03015
inductor values. 7™ order harmonic | ¢ 04379 0.02842 0.02831
- . - component
Magnitude of P‘R P con_t;(‘))ller wgrl; constztthn t proportlonal. 9" order harmonic | (04727 0.008881 0.008885
Harmonic gain K ex)=20 with 3 and 5" order harmonic component
Distortion (% of compensators 117 order 0.00172
_ _ _ harmonic 0.03033 0.0004584
Fundamental) Lin=1mH Lin=3 mH Lin=5 mH
compoennt
THD 1.90 1.79 1.64
3" order harmonic | (001909 0.00176 0.002072 0.05 T T T T T T T T T
component
5% order harmonic 0.001138 0.001344 0.001361 5
component T 0
7" order harmonic | (2354 0.268 0.1677 e
component 9 005} L/
9™ order harmonic 0.2003 0.1931 0.1202 H AR T
component 8
11™ order 0.07186 o 01r ]
harmonic 0.1488 0.1232 SATHHHHHHINGA ‘—PR Controller Pl Controller‘
compoennt 1022 4023 1 1 t i i I

of implementing unscheduled PR-P controller itself, PR-P
controller with 3rd order harmonic compensator and PR-P
controller with both 3rd and 5th order harmonic compensator
assuming that Kp(ey) is zero.

In Table 4, the PR-P controller and 3" and 5% order
harmonics compensators are implemented with Kp(.,) value
of 20 by considering variation in the inverter output inductor
values.

In Figure 22, the same application is carried out with a
constant inductance and varying Kp(.y) values. The results
shows that the performance of the proposed control scheme is
satisfactory and in compliance with the IEEE Std 519-1992.

The main drawbacks of the PI controller in single phase
GCT systems are insufficiency in removing the steady-state
error in stationary reference frame shown in Figure 25
and being incapable of selective harmonics mitigation.
In Figure 24, closed loop errors of PR and PI controllers are
presented. The 3rd order harmonic component is eliminated
within a quarter second with the proposed PR controller.
However, the use of PI controller results in a constant error
regarding the 3rd order harmonic component in the grid
current. The PR controller is more efficient in terms of
harmonic compensation and removing the steady-state error.

Performance validation of the proposed PR-P controller
involves checking its efficiency compared with PI controller
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FIGURE 24. Closed-loop error in terms of 3" order harmonics.
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FIGURE 25. PR-P and PI controlled grid currents with scaled grid voltage.

in the presence of severe shading pattern, non-linear load and
weak grid that constitute the main concerns in grid connected
applications. The general structure of the overall system given
in Figure 26.

Parameters of the buck converter based PVE sourced single
phase grid connected inverter system is given in Table 6.

Single phase transmission line with lumped parameters is
given in Table 7.

Figure 27 shows that PI current control of the PVE sourced
single phase grid-tied inverter resulted in deterioration and
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Buck Converter
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FIGURE 26. Single-phase PVE sourced grid-connected inverter system in
the presence of non-linear load and weak grid.

TABLE 6. The simulated system parameters.

Parameter Value
Grid phase voltage (rms) Veia=240V
Grid frequency f=50Hz
Inverter filtering inductance Linv=3mH
Average DC-bus voltage V4c=400V
DC-bus capacitor Cpc=3000pnF
Inverter switching frequency fw—=6kHz

TABLE 7. Transmission line parameters.

Transmission Line Parameters Value
Resistance per unit length 0.2568 Ohms/km
Inductance per unit length 2 mH/km
Capacitance per unit length 8.6 nF/km
Line lenght 10 km
20 : r

[\ [\ [\ :PI -Commlled Grid‘ (_Currenl
PR. f anlrolled (:l’ld _Currenl
JaEasaTEaEs
§ of ; ; ;
3 I ! | ! | I
: \\/ \\/ \\/ \U \\/
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0.3 0.32 0.34 0.36 0.38 0.4
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FIGURE 27. Pl and PR-P controlled grid currents.

distortion of the current while proposed PR-P controller gives
better results in the presence of non-linear load and weak grid.

Figure 28 indicates that closed-loop error in terms of 3™
order harmonic component is mitigated by the proposed PR-P
controller effectively while PI controller is inefficient of
selective harmonic compensation. Additionally, the proposed
PR-P controller responds swiftly to sudden large irradiance
change with less oscillation compared to PI controller.

Table 8 shows low order harmonic distortions of grid
current and voltage waveforms for PI and proposed PR-P
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FIGURE 28. 3'd order harmonic component closed-loop error.

TABLE 8. Comparison of harmonic distortions for Pl and PR-P controller
in the presence of non-linear load and weak grid.

Harmonic Distortion in the Presence of Non-
Magnitude of linear Load and Weak Grid
Harmonic Distortion PI Controller PR-P Controller
(% of Fundamental)
Grid Grid Grid Grid
Voltage | Current Voltage Current

THD 9.22 6.59 3.52 1.88

rd H
3% order harmonic 0.6419 | 1.054 0.2416 0.2843
component

th H
3" order harmonic 1.442 1.655 0.4919 0.5301
component

th H
7" order harmonic 3.023 3227 0.7997 0.7814
component

th H
9" order harmonic 3211 3331 1.046 1.015
component

th H

11" order harmonic 2444 2,519 0.9266 0.9263
compoennt

controller in the presence of non-linear load and weak grid.
The THD value of grid current is 6.59 % with PI controller;
however, the THD value of the grid current 1.88 % with the
proposed PR-P controller. The THD value of the grid current
is reduced 79.81% with the use of proposed PR-P controller.
The results verify the effectiveness of the proposed PR-P
control method in attenuation of the disturbing current in the
presence of non-linear load and weak grid condition.

A. SENSITIVITY ANALYSIS AND ROBUSTNESS OF
PROPOSED SYSTEM

Sensitivity analysis is indispensable part of modern control
system theory and design applications. It is crucial to choose
controller parameters in such a manner that the closed-loop
system assures design requirements even though variations
in process dynamics occur during operation. In this paper,
a full-bridge inverter is fed by a buck converter-based PV
emulator whose output voltage is kept constant at 400 V
with P&O MPPT method that is the nominal average
DC-bus voltage V. for the inverter and the inverter filtering
inductance L;;,, is determined as 1 mH. Variations in these
parameters are bound to happen due to environmental and
process-based factors. Closed-loop transfer function of the
proposed PR-P controller inverter system in s-domain using
unity negative feedback can be rewritten replacing the 2V 4.
and Lj,, in small-signal transfer function of the inverter

VOLUME 9, 2021



C. Yanarates, Z. Zhou: Symmetrical Pole Placement Method-Based Unity Proportional Gain Resonant

IEEE Access

obtained in (20) with @ and S respectively as:

N (s) _ (Gpr () +Kp(ex))G,y, ()
D (s) 1+ (Gpg (s) + KP(ex))Ginv ()
(L Akw,—2wy)s

T (s) =

1+ S2+28 wps+w? + KP(EX))% 31)
- ”’J+kw’l—2§wn s
I+ + ( I;2+2’§wns+w§) + KP(EX)).‘%S

Sensitivity of the closed-loop transfer function due to «
(2V 4¢) that is the numerator of the inverter transfer function
Giny (5) is derived as:

T o« aT (s)

S () = T(s) da |4—goo 32
ST (s = 2 NG _ o D) (33)
N(s) o« D(s) 0o | a=800

£=0.001

Sensitivity of the closed-loop transfer function due to j
(Linv) that is the denominator of the inverter transfer function
Giny (s) is derived as:

B AT (s)

ST (s) = — 34

5 (9) T® 8 lyoom (34)

st (s):N,s ON(s) B 9D(s) ) 35)
() 9 D) 0B |s=000n

a=

The system sensitivity to variations in « and § in terms
of magnitude in dB obtained from (33) and (35) for varying
irradiance is plotted in Figure 29. The system is more
sensitive to the variations in inverter filtering inductance
compared to inverter input voltage, but both meet the
requirement that is having small nominal sensitivity peak for
low frequencies for better reference tracking and disturbance
rejection.
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Sensitivity to Inverter Filtering Inductance
-160 I i

102 104 10°
Frequency (Hz)

FIGURE 29. System sensitivity to DC-bus voltage and inverter filtering
inductance.

A robust system must be capable of meeting requirements
that are ensuring the stability of a system and performance
measures even in the presence of uncertainties, disturbance,
and noise. Sensitivity and complementary sensitivity analysis
for overall system are one of the most important useful
concepts for a robust control. Nominal sensitivity peak of a
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system is given as:

(36)

M; = max |S (jw)| = max ;
0<w<oo 0<w=<oo | 1 + G (jw) C(jw)
where G(s) and C(s) denote the plant and controller’s transfer
functions in s-domain for a unity negative feedback control
system. Sensitivity and complementary sensitivity functions
always and at all frequencies equals 1 for single-input and
single-output systems. Accordingly, nominal complementary
sensitivity peak of a system is given as:
M= max IS (o) = max | 29DV _| )
0<w=<0oo 0<w=co | 1 + G (jw) C(jw)

The My is closely associated with the robustness of a
system as it represents the inverse of the shortest distance
from the Nyquist Curve of the loop-transfer function to the
critical point —1. The further the loop-transfer function from
the critical point in the complex plane the more robust the
system is and the more it can handle unmodeled dynamics in
the plant. Figure 30 indicates the M; and M, values of the
proposed PR-P current controlled inverter in dB.

20
1
0 1
1
1
-20 '
1
_ -40 !
o] 1
= 1
o -60 )
h=] T
= 1
g -80 :
g Small sensitivity function :Smﬂn complementary
-100 i for low freq itivity function magnitude.
>Better disturbance rejection : for high frequnecies:
120 >Good reference tracking >Better noisefattenuation
- T T T
1
-140 [ Nominal Sensitivity Peak
1 Nominal Complementary Sensitivity Peak
-160 I I I

102 104 10° 108 1010
Frequency (Hz)

FIGURE 30. Robustness analysis of the system in terms of sensitivity and
complementary sensitivity functions.

In addition to have small M, in low frequencies and
small M., for high frequencies, the peaks at the crossover
point of these quantities are not desirable. For satisfactory
control systems, the peak value of M must be in the range
of 1.2-2 and the peak value of M.; must be in the range
of 1-1.5. Regarding this, the proposed system demonstrates
very smooth roll-off at the crossover point of the curves.

V. CONCLUSION

This paper has presented an alternative unprecedented
design process for a Proportional-Resonant (PR) controller
with a selective harmonic components (3rd and Sth order)
compensator for Photovoltaic Emulator (PVE) supported
single phase Grid Connected Inverter (GCI) systems. The
design procedure of the proposed controller unity propor-
tional resonant (PR) path is conducted based on notch
filter dynamics regulated by symmetrical pole placement
methods. Addition of scheduled proportional gain designed
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by loop shaping method to the resonant path increased
the performance of the controller in terms of robustness,
achieving better results in the presence of non-linear load
and weak grid. The performance of the proposed controller
and harmonic compensator is validated employing a PVE
consisting of a DC-DC Buck converter, a Maximum Power
Point Tracking (MPPT) algorithm and a full-bridge GCI
designed using MATLAB/Simulink platforms. Frequency
and time domain analysis of the system elements showed
satisfactory behaviors. A comparative analysis with different
PR controller design techniques used in various papers is
performed and resulted in confirming that the proposed
technique is robust and simple to implement. The perfor-
mance of the Proposed PR-P controller with the harmonic
compensator is compared with a PI in stationary reference
frame and conventional PR current controllers in terms of
steady-state error and harmonics mitigation. The simulation
results demonstrated that the proposed PR-P controller with
harmonic compensator is superior at tracking sinusoidal
reference current with zero steady-state error and lower
total harmonic distortion with eliminated 3rd and 5th order
harmonics. The overall system is under development and
experimental results will be presented in the near future.
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