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Abstract

This article introduces the design procedure of a 1-phase full-bridge inverter for grid-connected applications. The main idea of
modelling a full-bridge inverter is that it plays a vital role in solar energy systems. The dynamic equations are formed with the
state-space averaging (SSA) technique. A Small-signal averaged model of a full-bridge inverter is constructed by assuming grid
current and capacitor voltage as the two states. The voltage and current controller scheme are based on the frequency domain
approach. The voltage controller is designed to maintain fixed voltage, and the current controller is used for controlling grid current.
The LCL filter is connected to the inverter to provide better harmonic elimination and filter size minimization. This filter is formed
by parallel-series combination of inductance and capacitance to improve the overall system performance. Here, a passive damping
method is incorporated to make a balanced steady system. Finally, a proportional integral and proportional resonant (PI-PR)
controller is introduced to provide better stability and tracking. The detailed analysis of PR controller is explored and demonstrated
by MATLAB simulation.
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1. Introduction

Four IGBT switches and a harmonic (LCL) filter make up the single-phase full-bridge inverter used by
grid-connected inverters. The inductance of the harmonics filter lowers current distortion. As a power
controller between the grid and the DC link, the inverter must be used (Bose, 2017). To convert DC to 50Hz
AC linked to the grid, DC voltage is applied to the inverter. Circuitry for voltage regulation is designed to
keep the load side voltage fixed. The PR voltage regulator is used for controlling voltage deviation when
voltage signal from the inverter output is compared to the 230 V reference voltage (Mohan et al., 2002).
This causes the control block (switch) of the DC/AC inverter to be opened and closed using PWM
modulation (Liserre et al., 2005).

For a grid-tied inverter, an LCL filter is often chosen to eliminate switching harmonics. In this paper, LCL

parameters such as inverter part inductance (L), grid face inductance (Ly), filter capacitance (C) along with

damped resistor (Rq), & capacitor current feedback were discussed. The purpose behind the LCL filter is to

improve quality of current. Hence suitable values of inverter-side inductance & filter capacitance is needed

to limit inverter-side current & rectify low-order current harmonics (Renzhong et al., 2013). The overall

objectives of this paper are mentioned below:

o First, the LCL filter is designed to mitigate the harmonics at the grid end to reduce unexpected resonance
and make the system more efficient.

¢ Introducing an LCL filter causes instability due to its inherent resonant frequency, and therefore it
requires some sort of damping. Secondly, the damping resistor value should be properly calculated to
suppress harmonic losses caused by LCL filter.

o Third, the inverter transfer function is determined using averaging technique to check the stability.

o Accurate K, and K;values are calculated for proportional resonant voltage and current controller.

The PR controller is presented in the paper to regulate grid voltage and current. (Reznik et al., 2014). Along
with the PR controllers (Ghoshal and John, 2015; Teodorescu et al., 2006) harmonic compensator is
incorporated to compensate for the lower-order harmonics which is not required in the system. The
proposed structure of grid tie inverter along with LCL filter and PR controller is illustrated in Figure 1. The
loads are AC loads. The output of the AC load is matched with the reference voltage and the error is passed
through the PR controller to establish a small current. This current is added to the load current to produce
the reference inverter current. This reference inverter current is compared with the output of the inverter
current and the difference in error is passed through the PR current controller to produce line voltage. This
voltage is added to the load voltage to produce the reference voltage. The reference voltage is matched with
the carrier voltage to produce gate pulse which is provided to the inverter switch.

The organization of paper is as follows: In section 2 all the components of LCL filter are designed based
on some assumptions and the transfer function is obtained without and with using damping resistor. In
section 3 two controllers, voltage controller and current controllers are described and K, K; values are
formulated. In section 4 grid-tied single phase inverter is proposed and the mathematical equations are
derived for different switching states. The state space representation is also discussed. In section 5 all the
MATLAB models and the results are depicted.
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The main idea behind this paper is to introduce a PR controller that provides high gain at fundamental
frequency and accomplishes no steady-state error. PR controller comes under a linear controller using PWM
technique. Various current controlled methods for grid tie inverters are Pl controller, PR controller,
proportional deadbeat and repetitive controller. PR filters produce reference harmonic command precisely
in an active power filter, especially for single-phase systems, where d—q transformation theory is not
directly applicable.

DC Source +—» Inverter —— LCLFilter —» LOAD

!

Triangular Relational
—>

Signal Operator
Vref T V_Load
4+ VL * finv_ref —_ Teap =
Vref
<+ PR Controller < - <«— PR Controller <— I
+
+ = = -
Current Controller Voltage Controller

1_Load I_inv I_Load

Figure 1. Proposed model of grid-tied inverter.

2. Brief Detail of LCL Filter and Design Consideration

The filter is introduced in grid-connected inverter to reduce the disturbances present at the output side.
Different types of filters are used on a large grid side. They can reduce power loss and high attenuation
performance. The parameters selection process of LCL filter is studied by (Akagi, 2005; Liserre et al., 2005;
Zmood et al., 2001). The capacitance of the LCL filter is calculated by considering 5% of the total power

stored. The empirical formula used to determine the capacitance is given in Equation (1).
_5%ofS (1)
- anng

In the above expression ‘S’ represents the apparent power, C is the filter capacitance present in the shunt
branch, 7" is the supply frequency (50 Hz) and ‘Vy’ represents the grid side voltage. The inverter part
inductor design is based on a large permissible current ripple. It is assumed to be 20% for this system. The
formula is given in Equation (2).

L= e 2)

4fswAl pmax

Ve, fsw, and lomax represent the input voltage to the inverter, switching frequency of the inverter, and
maximum current ripple respectively. The grid end inductance is measured by the formula specified in
Equation (3).

10 % of Vg
g~ .S,
27f (==
f(Vg)

L ()
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Ly and L; are the filter inductance at the grid end and filter inductance at the inverter end respectively. These
are present in the series branch.

The frequency of resonance of LCL filter is obtained using relation Equation (4).
Lg+Li
Wres = LyLiC 4)

The apparent power and the resonant frequency are 2 kVA and 1239 Hz respectively.

By using the values of V=400 Volt, Vy=230 Volt, f=50 Hz, Pow=2 kVA, fss<=10 kHz, and Aymax, the values
of Lj, Ly, and C are obtained as 4.06 mH, 8.41mH and 6.01uF respectively. A Damping resistance (Rq) is
connected in series with capacitor C to enhance stability and reduce resonance (Wessels et al., 2008;
IEEESTD, 2014). This is termed passive damping. The LCL filter configuration with damping resistor in a
shunt branch is depicted in Figure 2.

L Lg
L rYwL L 2 I I ?®
i i,
e s
Rd [j|
® L 2 .

Figure 2. LCL filter configuration.

The damping resistor value should be much lower than the value of the filter capacitive reactance at
switching frequency i.e. Re<Xc at frequency fsw.

The output-to-input ratio of LCL filter without considering damping resistance Rq is illustrated in Equation
(5). Inverter current is considered as output and inverter voltage is considered as input (Buyik et al., 2015;
Castill et al., 2008).
Li(s) _ 1+LgCs?
Vi(s)  LgLiCs3+(Lg+L;)s )

By putting the filter parameters value in Equation (5), the transfer function is obtained as in Equation (6).
Li(s) _ 1+2.614x107 852 6
Vi(s)  1.061x10~1053+0.00841s (6)

When the damping resistor Rq is considered, the transfer function of the LCL filter is
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Ii(s) _ 1+LgCs?+RyCs @
Vi(s)  LgLiCs3+(LgRqC+LiRqC)s2+(Lg+L;)s

By putting Li, Lg, Rq, and C values in Equation (7), the filter transfer function is obtained as in Equation (8).
2.614x107852+2.524x1078s+1

Gr(S) = T 061x10-105342.123x10-1057+0.008415 (8)
By adding a damping resistance in series with the capacitance, the amplitude at the resonant frequency is

reduced and another pole is added in the negative half of s-plane. Hence it increases stability. The resonant
peak value is 105 dB at resonant frequency when the damping resistance is not added and its value is
reduced to 33.5 dB by adding a damping resistance.

3. Design of Controller

In this work, two controllers are used. One PR controller is employed for controlling the voltage and another
PR controller is used for controlling the current (Urtasun and Lu, 2015). The voltage controller regulates
the voltage and generates the pulse signal for controlling the switches (Raoufi and Lamchich, 2004). The
PR current controller achieves high gain at grid frequency & reduces the steady-state error.

3.1 Voltage Controller

The voltage controller keeps the voltage fixed at a specific value to minimize the error irrespective of input
side voltage and load conditions. The design method uses classical Pl controller since it produces better
results while regulating DC quantities (Ayachit et al., 2015).

Calculation of Proportional gain (kp) Value

It is operating with a frequency of 5 kHz.

Controller time constant (T¢): 200 ps,

C=6.01 pF (calculated in section 2),

Re=0.0042 Q (assumed very low value of resistance),
Ky= C/T=0.03005.

3.2 Current Controller
The overall performance of system is calculated by utilizing Current controller which is employed to control
AC-measures (Mahdavi et al., 1997).

Calculation of Proportional gain (kp) Value
Controller time constant (Tc): 150 ps,
Li=4.06 mH (Calculated in section 2),
R.i=0.001 Q,

Kp= Li/T:=27.066.

Calculation of Integral gain (ki) Value

kiw,
Gn = wrz_wz (9)
ki is 100 for voltage controller and 400 for current controller. G,=0.1. The current controller TF is
Gpr(s) = kp + ki—— (10

s2 4wy

wr 1S the frequency of resonance in radians/second.
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Due to the infinite gain of an ideal PR controller, it results in instability. This drawback is eliminated by
utilizing a non-ideal PR controller as shown in Equation (11) (Su et al., 2002; Zhang et al., 2006).

Gpr(s) = kp + ky——2* (11)

i 2
S242w Sty

With Equation (11), the PR controller gain is finite at the resonant frequency. This property of the controller
is more feasible in digital systems (Hegazy et al., 2012). The schematic layout of ideal PR controller is
depicted in Figure 3.

—> 4+ — K, —

error

| B
| —

Figure 3. Block diagram of ideal PR controller.

4. Mathematical Modelling of Grid-Connected Inverter

To obtain averaged model for a grid-coupled inverter, certain assumptions are to be taken (Cha and Lee,
2008; Kjaer et al., 2005). First one is that all of the switches are considered to be ideal switches and second
one is power the factor should be unity. The mathematical model of the inverter is carried out using SSA
technique (Xiaogiang et al., 2006). Among these four switches, one switch is to be considered as the control
switch whose duty cycle is to be controlled by PWM technique (Nordin and Omar, 2011; Swain et al.,
2016).

Vy is grid voltage. Inductor Ly & capacitor C are used as energy-storing elements. Ry represents effective
series resistance of the inductor. Figure 4 depicts the circuit configuration of 1-phase full-bridge inverter.
In this circuit, the electronic switches operate in pairs, and in one half-cycle, switches S1 and S4 are closed,
while in the other half-cycle, S2 and S3 are closed.

H H

51 |,_,_ sz||., .

Rlg lg
Vde

E- "

Figure 4. Circuit configuration of 1-phase full-bridge inverter.
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Part-A: Switch on State

Figure 5 shows the switch-on state of the inverter circuit. During this state switch S3 is on and the current
flows from Vg-RIg-Lg-S3-DS4-Vg. DS4 represents the diode of switch S4. The on-state equations are
formed as follows.

di .

Ly d—f =V, —igRy (12)
dve .

e, (19

ig is grid current and v is capacitor voltage.

Vdc

Figure 5. Switch-on state.

Part-B: Switch off State

Figure 6 shows the switch-off state of the inverter circuit. During this state switch, S3 is off and the current
flows from Vg-Lg-RIlg-DS1-C-DS4-Vg. DS1 represents the diode of switch of S1. The off-state subinterval
equations are formed as follows.

di
-9 — —i —
Ly ="V, —igRiy — v, (14)
dav, .
C—==—-i 15
” 9 (15)
51
A Rlg L
vde
I c
_— —— s
Ds4, Vg

Figure 6. Switch-off state.

The state space form of on-state and off-state matrix is presented in Equation (16) and Equation (17)
respectively.
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On state matrix form,
1

. - Rig , o =l
=[5 il ol
vel Lo ol [-= 0o]|'"

C
Off-state matrix form,

) [_Rig  _ 1] | o Xl..

i B | A R P | 4

J = + 17
[Vc _1 o [ NI a7)

| C C

Thus, the state space averaged DC model is represented in Equation (18). ‘D’ shows the duty ratio and the
value is taken as 0.5.

1
. 0o =1,
e | FARa I [ 4
[0] - [—(1 — D) 0 vel 7| 1 o | (18)
Cc
Solving the matrix (18) the state vectors are obtained in Equation (19) and Equation (20).
. i
lg=~n (19)
_ (1-D)Vy+icRyg
c (1—D)2 (20)

By applying the perturbation and linearization steps the small-signal control to grid current ratio is stated
in Equation (22).
_ CVes+(-D)g
Ginv(s) - CLgSZ+CRLgS+(1_D)2 (21)
0.25+4.345
Giny(s) = 2.175Xx10~6524+5x10~75+0.25 22

5. Simulation Results Demonstration
The results are validated in MATLAB/Simulink platform. Figure 7 shows the frequency response plot of
1-phase full bridge inverter.

Bode Diagram

Gm = Inf, Pm = 90 deg (at 9.2e+04 rad/s)

i
(=}
=]

a1
=]

Magnitude (dB)

Phase (deg)

135 nD 2 : 3 4 5
10 10 10 10 10 10°
Frequency (rad/s)

Figure 7. Bode plot of 1-phase full bridge inverter.
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From the above plot 7, it is noted that the system is stable with gain margin and phase margin both ‘+’ve
and gain crossover frequency<phase crossover frequency. Figure 8 depicts the bode diagram of LCL filter
along with the damping resistance.

Bode Diagram
Gm=Inf, Pm =290 deg (at 119 rad/s)

52 l
x \

-100 N

Magnitude (dB)
n
o

-150 £ £

90 F -
.‘_._.

N
a1
T
1

Phase (deg)

10° 10° 10* 10°
Frequency (rad/s)

Figure 8. Bode figure LCL filter including damping resistance.

By introducing the damping resistance, the cross-over frequency was reduced to 119 radian/second and also
the above plot is a stable one with high gain margin and phase margin. Figure 9 shows bode diagram of
cascade combination of filter and inverter.

Bode Diagram
Gm = -4.28 dB (at 9.33e+03 rad/s) , Pm = -0.055 deg (at 9.62e+03 rad/s)

150

100 -

50 -

0

Magnitude (dB)

50~

-100

45 |-

90 F

-135 -

Phase (deg)

-180 1~

225 & E 3 333 E P e rereef .
10° 10! 10° 10° 10" 10°
Frequency (rad/s)

Figure 9. Bode plot of cascade connection of filter and inverter.
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By connecting filter along with the inverter, the system goes towards instability. Gain crossover frequency
is more than a phase cross-over frequency and has negative gain margin and phase margin. It is purely an
unstable system. Figure 10 illustrates root locus plot of the inverter with a PR controller.

x 10 Root Locus

15 L L L L L L L k T

1+ & -
g
‘n

T 05 A
o
(&7
(5]
«

0 0 =) i
Z
>
<

£ 05 A
(@]
I
E

Q. =
1 — J

-1.5 -
-8000 -7000 -6000 -5000 -4000 -3000 -2000 -1000 0 1000

Real Axis (seconds 'l)

Figure 10. Root locus of the inverter with the PR controller.

From Figure 10, it is observed that the plot is completely lying on the left half of the je axis, hence a stable
system. All the pole locations are negative. Figures 11 and 12 show the frequency response plot including
both magnitude and phase angle for open-loop and closed-loop systems respectively.

Bode Diagram
Gm=Inf, Pm =17.6 deg (at 9.43e+03 rad/s)

300

200 - b

100 - i

Magnitude (dB)

-100 3 3 3 3
90 = E E = E 3

Phase (deg)

-180
0 1 2 3 4 5
10 10 10 10 10 10
Frequency (rad/s)

Figure 11. Bode diagram with PR control.
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Figure 11 gives the phase margin of 17.6 degrees at a frequency of 9430 radian/second. Hence phase margin
has been be improved from 17.6 degrees to a certain margin between 40-60 degrees.

Bode Diagram
Gm=Inf, Pm =60.1 deg (at 9.88e+03 rad/s)

Magnitude (dB)

135 "0 ) 1 ) 2 ) 3 ) 4 5
10 10 10 10 10 10
Frequency (rad/s)

Figure 12. Closed loop Bode diagram with PR control.

From the above Figure 12, the phase margin is 60.1 degrees at 9880 radians/second. The phase margin is
improved from 17.6 degrees to 60.1 degrees which is the acceptable one. Figure 13 shows the current

waveform of an inverter.

5 [ T T

Inverter Current (Amp)
(@)

0 0.05 0.1 0.15 0.2
time(sec)

Figure 13. Inverter current waveform.

It is not a smooth sinusoidal current. To make it a pure sinusoidal one, the proper values of L and C must
be chosen for the filter circuit. Figure 14 shows the load current waveform after connecting the filter circuit.

509 | Vol. 9, No. 3, 2024



; . ; P ; Ram Arti
Swain et al.: A Novel Approach for Implementing and Optimizing Proportional-Resonant ... Publishers

Load Current(Amp)
o

I s I
0 0.05 0.1 0.15 0.2
time(sec)

Figure 14. Load current waveform.

It is a smooth sinusoidal current of peak-to-peak magnitude of nearly 8.2 amperes. Figure 15 shows the
output voltage across the resistive load.

250 x T T

200r 7

150 7

100 .
50 .

-50f

loadvoltage(volt)
o

-100-
-150- M

-200- .

_250 L [ [
0 0.05 0.1 0.15 0.2

time(sec)

Figure 15. Load voltage waveform.

The output voltage waveform is purely sinusoidal with magnitude of nearly 230 V and it is smooth. Figure
16 shows the load current for different values of load resistance.
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Figure 16. Load current for different load resistance.

It is noticed that the load current is reduced with an increase in value of resistance. It produces smooth
sinusoidal currents of different amplitude. Figure 17 illustrates the inverter current waveform for an RL

load.

RN W b~ G

o

inverter current(Amp)

1 ' 1 '
H w N =

0.05 0.1 0.15 0.2 0.25
time(sec)

'
oLJ'I

Figure 17. Inverter current for RL load.

The current response is sinusoidal with lot of disturbances. This can be reduced by choosing the right values
of L and C of an LCL filter. Figure 18 shows the inverter current and load current graph for the RL load.
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—lload ||

current(amp)
o

0 0.02 0.04 0.06 0.08 0.1
time(sec)

Figure 18. Overlapping of inverter current and load current.

Both the current waveforms have an equal magnitude of 8.6 Amp but the load current waveform is purely
sinusoidal. The total harmonic distortion without connecting LCL filter at the grid side is depicted in Figure
19.

Fundamental (50Hz) = 8.497 , THD= 14.89%

Mag (% of Fundamental)

0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

Figure 19. THD without connecting LCL filter.
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It is around 15%. By using an LCL filter the THD is not reduced much lower value but the system output
is steady without any transients. The THD by using an LCL filter is depicted in Figure 20.

Fundamental (50Hz) = 8.729 , THD= 13.68%

Mag (% of Fundamental)
N

0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

Figure 20. THD with LCL filter.

It is observed that the THD value is 13.68%. By using a harmonic compensator, it can be reduced to a lower
value. This paper focuses mainly on the stability of the overall closed-loop system. Table 1 shows the
comparison between the open-loop and closed-loop systems.

Table 1. Comparison between open loop and closed loop system.

Gain crossover Phase Margin Phase crossover Gain Margin

frequency(rad/sec) (Degree) frequency(rad/sec) (dB) Stability
Open loop 9620 -0.055 9330 -4.28 unstable
Closed loop with PR control 9880 60.1 infinite Infinite stable

By incorporating PR controller, the phase margin is adjusted to the marginal range and the system becomes
a stable one.

6. Conclusion and Future Scope

The 1-® grid side inverter is modelled and the dynamic equations are demonstrated and derived by an
averaging technique. The control parameters are validated and approximated in frequency domain stability
by using methods such as a Bode plot. The inside current controller and outside DC-link voltage controller
are properly designed. Through the simulation technique, the controller parameters are properly chosen for
regulating the output, irrespective of the load variation. All the simulated results are demonstrated in a step-
wise-step manner. Instead of using DC voltage renewable sources like PV can be used. Though the output
of PV is not very high, so to get a voltage of 400 volts at the input side a high gain converter can be used.
An LCL filter is one of the harmonic compensators that create a low-impedance path for harmonic currents
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to flow. The whole system can be modified by using another harmonic compensator like active filter or
hybrid filter. The purpose of using two PR controllers is to control both voltage and current and also provide
an infinite gain at the fundamental frequency of the AC source. The stability is also improved by adding
the damping resistance.
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