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ABSTRACT

The use of renewable energy sources is highly demand in
electricity market nowadays. The incorporation of renewable
energy sources with the utility grid has becoming a challenging
task in power system as it arises several control issues such as
grid stability, power quality control, loads sharing and others.
This paper presents current control methods namely
Hysteresis controller and Proportional-Integral controller used
to interface of single-phase grid connected inverter with
nonlinear load. The impact of nonlinear load on grid current is
analysed by measuring the performance of total current
harmonics distortion (THD;) level in MATLAB™ Simulink
software environment.

Key words : THD;, harmonics, hysteresis current control,
power quality, Proportional-Integral, Renewable energy
sources

1. INTRODUCTION

Nowadays, variety of renewable energy applications which
includes solar energy, wind energy, hydro, geothermal, tidal
and wave energy had been implemented in distributed
generation system. Due to the rapid development of renewable
energy technologies, it has steered to the production of low
cost renewable power generation. RES are highly demand due
to its many advantages such as high sustainability, economic
profits and able to provide clean energy which makes it
environmental-friendly [1-3].

The integration of renewable energy based on power plant
into distributed system leads to the rise of power electronic
converters’ usage. The power generated by renewable energy
sources based distributed generation is transformed by
converter into the form of power that is reconcilable with
distributed grid. However, the power exchange between DG
and the grid raises several control issues. One of the
challenging issues is power quality control. The presence of
harmonics due to combination between VSI and DC with grid
or nonlinear loads causes voltage and current signals to be
distorted and injected into the grid by DG inverter [4-8].
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Various current control strategies had been proposed by
researchers to compensate harmonics content in output
waveform of inverter. The most significant current control
strategies include PI control, predictive current controller,
state feedback controller, ramp time current controller and
hysteresis controller [9-12]. The application of Pl controller
can be seen in single phase inverter connected to grid [13-15].

Inverter and non-linear load generate unwanted harmonics
distortion which cause reduction in power quality. Good
quality current injected into the grid can also be achieved
through modified PI controller by eliminating the steady state
error in closed-loop system [16]. Hysteresis controller is
another type of current controller that is commonly applied in
control system application due to its directness and fast
response. One of the disadvantages of hysteresis controller is
that it has high switching frequency which leads to undesirable
harmonics. A modified hysteresis controller is presented to
reduce switching losses in grid-connected inverter system
[17-19]. The proposed hysteresis controller is proven to have
the ability to minimise switching losses without sacrificing
output current waveform.

This paper aims to assess the control performance of three
current control techniques, which are hysteresis, Pl and
combination of hysteresis with Pl controller. A single-phase
grid connected inverter with nonlinear load act as the testing
platform of the project. The results which indicates the
behavior of each current control techniques being tested under
controlled condition are analysed and compared.

2. SINGLE-PHASE GRID CONNECTED INVERTER
SETUP

There are three major components needed in single-phase
grid connected inverter; the inverter, the grid and the load. By
referring to Figure 1, DC voltage supply is used to supply
voltage to be fed to the voltage source inverter. VS| converts
DC to AC voltage to be delivered into the utility grid. RLC
filter helps to filter out switching harmonics of Pulse Width
Modulation (PWM).
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Figure 1: Overall system configuration of single-phase grid connected inverter with nonlinear load.

Switching capacitor, Csiching removes the switching
components on point-of-common-coupling (PCC) from
entering the grid while inverter inductance allows ripples in
source current. Grid inductance, Lgrig exists as the grid
impedance and non-linear load draws distorted harmonics
current into the grid. Hysteresis controller and Pl controller
compensate the harmonics content in the grid current. Bipolar
PWM is generated through the PWM technique to be fed into
the inverter.

For synchronization between the inverter and the grid, this
project does not require Phase-Locked-Loop (PLL) method.
This is because the reference voltage is directly taken from the
grid voltage whereas the reference current is taken from the
output current of inverter. Through this method, it is more
robust and constructive compared to conventional reference
signal generation as this method can minimize cost and lessen
the number of components such as PLL. Note that the desired
voltage waveform must be obtained first in order to control the
current waveform.

Table 1 below synopses the parameters used in the system.

Table 1: System parameters of simulation project

Parameter Value
DC Voltage supply 250 V
Grid voltage 110 Vims
Line frequency 50Hz
Switching frequency, fow 11.1 kHz
Ri=0.2 Q
RLC filter Ls=25mH
Ci= 11 mF
. Ricad = 88 Q
Nonlinear load Cion = 470LF
Inverter inductance, Liny 5mH
Switching capacitor, Cswitching 15 uF
Grid impedance, Lgrig 15 mH

3. CURRENT CONTROL TECHNIQUES

There are three current control methods being compared in
this paper. The main reason of choosing hysteresis controller
and Pl controller is due to their simplicity and easily
understood.

3.1 Hysteresis Current Control

Since hysteresis current control is simple and easy to be
implemented, it is widely used in grid-connected inverters
mode. The operation of this control system works by
comparing the measured output current of the single phase
inverter with the reference current. As the controller produces
switching pulses for the IGBTS, a fixed hysteresis bandwidth
which consists of upper limit and lower limit is used to control
the error of current within its range. The switches S1 and S4
are at ON state when the current error reaches the upper limit
while S2 and S3 are turned ON if the current error meets the
lower limit. Figure 2 and Figure 3 below show the hysteresis
controller block diagram and switching pattern of hysteresis
current control waveform.
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Figure 2: Hysteresis controller block diagram [19]

Figure 3: Switching pattern of hysteresis current control [19]



In order to achieve desired reference current tracking, the
hysteresis bandwidth, h can be determined by this equation:

_ (vdc®—vgrid®)
4vdeLg,

M

The current error is controlled by calculating the switching
frequency of the inverter connected to grid. The switching

cycle is expressed by 0 — 11 period, where:

2LHE

t = T l: 2
1= foN= o Voria (2)
For t1 — T period, the equation can be computed as:
2L#HB
T—ty=T, =0T 3
1 OFF = Y c+Vgmia ®)

The simulation modelling of hysteresis controller is shown in
Figure 4 below. The generation of I is taken from the output
current from inverter whereas the measured current is referred
to output current from grid, lgig. The error between both
reference and measured current are controlled in a region
containing upper and lower limit called hysteresis band.
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Figure 4: Hysteresis controller simulation block

3.2 Proportional-Integral Controller

Proportional Integral (PI) controller is the most ordinary
and widely used controller due to its simplicity and better
stability in control system. P controller adds integral
component in transfer function to eliminate steady state error.

Figure 5: Proportional-Integral controller block diagram

There are several methods to design Pl controller such as
Ziegler-Nichols method, pole-placement method, frequency
response and others. However, in this system, the design of Pl
controller is taken from [20]. The transfer function of PI
controller can be expressed as:

PI(s) =K, + 5
S

(4)

3184

Ot Volage Sensor
Vokege ety Gan

where K; refers to Proportional (P) termand K is the Integral
S

(I) term. The tuning method being applied is trial and error.
Since there are two loops of controller, K, value in outer
voltage control is first increased until it reaches the desired
output value, followed by K; value until the system achieves
steady state. After the K, and K; values in outer voltage control
has been fixed, the K, and K; values in inner current control are
adjusted until the system is stable. The design structure of Pl
controller used in this system is shown in Figure 6 below.
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Figure 6: Proportional-Integral controller simulation block

3.3 P1 with Hysteresis Current Controller

Figure 7 presents the generation of reference current, lf in
Pl with hysteresis current controller. First, the reference
voltage, Vres Which is referred to grid voltage is compared with
output voltage of inverter, Vin. The error generated from both
signals are reduced by PI controller. les coming out from the
PI controller will be compared with the output grid current,
lgria to be regulated by hysteresis band to produce switching
pulses for gate signals.
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Figure 7: lrer generation for Pl with hysteresis current controller

The expression for P1 controller is equal to:

PI(s) = K, + 5
S

(®)

Where K, tends to reduce the error between reference current

and measured current while Ks controls the oscillation of the
S

system. The reference current that came out from the PI
controller will enter the hysteresis band in order to regulate its
error within certain range. The output current from inverter
can be given as:

lo=ieft+e (6)
Thus, deviation of error can be written as:
de Vde—Vgrid
T )

dr Lf

As IGBT switch 1 and 4 is ON, the error of current changes
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from negative HB to positive HB. The ON time interval can be
calculated as:

T o 2LIHB
ON = vac varid

8)
When IGBT switch 2 and 3 is ON, similar method can be
applied where the equation is given as:

_ 2LfHB
Ton = Vdc+Vgrid ©)
By combining equation (8) and (9), the switching frequency of
the systemiis:
2_ idZy
= (Vde*-Vgrid™) (10)
4VdeLfHB

The overall Simulink block design of Pl with hysteresis
current controller is demonstrated in Figure 8 below.

4. PERFORMANCE MEASURES

In this paper, the evaluations of the current control
techniques are analysed through First Fourier Transform
(FFT) analysis. Through the analysis, it gives insight about the
dynamic performance of the current control techniques.
Harmonics content in a current waveform is measured through
Total Current Harmonics Distortion (THD; ).

It can be expressed as the summation of all harmonics

component of the current waveform against the fundamental
frequency of current as shown in equation (11).
This means that the output of a system receives the same
fundamental frequency as the input when a sinusoidal input is
applied with nonlinear system. Higher percentage of THD;
indicates that more distortions are present in the waveform.

1

T . Jzﬁ“:Z Ifgsu!tanr,n -100%

Lresuttan 1

THD, = (11)

Every project should comply with a benchmark set by certain
standards. In this project, the standard for current harmonics
distortion used is IEEE 519-2014 [21] which stated that THD;
must below than 5%.
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5. RESULTS & DISCUSSIONS

Table 2: THDi values of Igrid without and with current controllers

Without |Hysteresis Pl Pl with
current |controller |controller| hysteresis
controller controller
THD; 48.48 5.47 5.68 5.53
(%)

Low Order Harmonics Spectrum (excluding

M Pl with Hysteresis

i~ fundamental)

=5

=5

T

= 4

93 -' .
E 5 | i Hysteresis
'E 1 WPl

ol

=)

s

246 8101214161820

Harmonicsno- n

Figure 9: Harmonics spectrum of lgria given by all three current
controllers

From the THD; values obtained which are presented in Table
2, Pl controller is observed to deliver the highest distortion due
to its slow response, resulting in non-zero steady state error.
Hysteresis controller shows better total harmonic distortion
than P1 controller due to its fast response current loop but have
low order harmonics and variation in switching frequency. The
combination of Pl with hysteresis current controller makes the
system more robust. Figure 9 shows the lower order harmonics
spectrum of lgig of all three current control methods. The
fundamental component is excluded in order to highlight the
harmonic content. Hysteresis current controller displayed the
highest harmonic content from 5™ order to 19" order of
harmonics. This is because hysteresis current controller allows
the current to flow freely within its hysteresis band, resulting in
lower order harmonics.
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Figure 8: Pl with hysteresis current controller simulation block
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Table 3: Comparison of Viny, lgria, and THDi of Igrid

THDi of |grid

|grid

Without Current
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Apart from that, variation in switching frequency of hysteresis
current controller also contributes to this factor. The higher
order harmonics is absent in the harmonic spectrum. This is
because there are inductance being used in the circuit of
project. Inductance is represented as R+jwL, where w is equal
to 2xnf. The inductance is directly proportional to the
frequency. When impedance is high, the order of harmonics
also increases, resulting in lesser magnitude as compared to
lower order harmonics. This is why filters are used to block the
higher order harmonics.

Table 3 summarise the overall performance of all three
controllers in terms of Viny, lgia and THD; level. The output
voltage of inverter, Vin increases from 132.5V to the range of
198-200V after current control is added. The same goes for
output grid current, lgig that shows rise in value from 13A to
the range of 65-66A:ms with current control in the system.

Before current control strategies are added to the system,
the output grid current, lgiq is highly distorted which reduces
the power quality of the system. The non-sinusoidal distortion
problem however managed to be overcome through the
application of PI controller, hysteresis current controller and
Pl with hysteresis current controller. Hysteresis current
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controller exhibits the best result of THD; of 5.47%, followed
by 5.53% of PI with hysteresis current controller and 5.68% of
Pl controller. Although hysteresis current controller have
variation in switching frequency, it has fast current response
which displays a good dynamic performance. PI controller
unable to generate the lowest THD; level of I4iq because it has
several drawbacks such as slow dynamic response and
non-zero steady state error. When both controllers are
combined together, the system is considered to be more stable
and reliable enough to mitigate any sorts of harmonic content
in signals.

6. CONCLUSION

In this paper, the simulation study of single phase
grid-connected inverter with P, hysteresis and combination of
Pl with hysteresis controller has been presented. From the
simulation results, it is proven that hysteresis controller
exhibits the best and fast current control response, followed by
combination Pl with hysteresis controller which makes the
system sturdier and PI controller as the third best due to its
inability to inherit zero steady state error. All current
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controllers proposed in this paper managed to improve the
waveform quality without affecting the output voltage of
inverter by eliminating the impact of nonlinear load on the grid
current.
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