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Developments in power electronics have enabled the widespread application of Pulse Width
Modulation (PWM) inverters, notably for obtaining electricity from renewable systems.
This paper critical review the previous studies in designing stand-alone inverter and
modelling the inverter with two control loops to improve and provide a high-quality power
of a stand-alone inverter. Multi-loop control techniques for a stand-alone inverter are
utilised as the first loop is a capacitor current control to provide active damping and
improve transient and steady state inverter performance. The capacitor current control is
cheaper than inductor current control, where a small current sensing resistor is used. The
second loop is the output voltage control that is used to improve the system performance
and also control the output voltage. The power quality of the off-grid system is measured
experimentally and compared with the grid power, showing power quality of off-grid system
to be better than that of the grid. The suggestions and key findings to design the stand-alone
inverter are given based in the reviewing of previous publications and from the literature’s

point of view.

1. Introduction

This paper is an extension of work originally presented in 2016
International Conference on Electronics, Information, and
Communications (ICEIC) [1]. In the stand-alone inverter, the
control approach is required to have a fast transient response with
a good dynamic performance to improve the overall efficiency and
minimized the Total Harmonic Distortion (THD) of the output
voltage and current to comply with IEEE 519-2014 standard.

The output voltage in a stand-alone inverter is required to be
pure sinusoidal with minimum the THD [2]. Many control
strategies may be used, such as repetitive control, dead-beat
control and sliding mode control. The dead-beat control is
sensitive to parameter variations and also is complex to use [3].
The repetitive control [3-5] can achieve low THD output of current
in a few fundamental cycles; however, the dynamic performance
of the inverter remains imperfect. The sliding mode control has
been proved quite useful against uncertainty [3, 6, 7]. However,
the well-known chattering problem should be considered in analog
or digital realization of the control algorithm [2], requiring careful
selection of the switching surface. Furthermore, multiple feedback
loop control was proposed in [8]. It is easy to use in theory, given
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comprehensive analysis for the various controller parameters. An
internal current loop in the stand-alone inverter to improve the
response speed and the steady state performance of inverter were
presented as in [1, 9-12]. There are various current controllers for
stand-alone inverter such as one cycle control [13, 14], hysteresis
current control [12, 15-22]. However, the hysteresis current control
suffers from the variation of the switching frequency which leads
to the switching stress and causes a high THD for the output
voltage and current. The capacitor current control is proposed as
an internal control loop to avoid a DC offset on the AC side of the
output voltage since the proposed inverter is transformer-less.

This paper critically reviews the recent publications of the
stand-alone inverter and proposed two control loops to improve the
THD of the output voltage and current. The effectiveness of the
control system in modelling was validated by matching the
experimental results. This paper is organized as follows: section
two discusses the critical review previous studies of the stand-
alone inverter. Section three models a control of a stand-alone
inverter. While the experimentation works and validation are
verified in section four. Section five presents the key findings and
suggestions to design stand-alone inverter with recent important
applications. The final section is drawn conclusions and future
works.
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2. Critical Review Previous Studies of the Stand-Alone
Inverter

Multiple feedback loop control techniques for single-phase
voltage source was presented in [8]. The internal control is a
capacitor current and the output loop is a voltage control loop. This
technique improves the performance and capable of producing
nearly perfect sinusoidal load voltage. However, the results are
difficult to interpret and procedure to design a controller may not
be explained, even though a linearized small signal dynamic model
is developed. Also, a Fast Fourier Transform (FFT) algorithm
analysis may not be taken into account.

Designing of a standalone PV system with battery storage was
presented by Abdel-Salem et al. [23]. Although, the security of
electricity was estimated by compromising storage batteries to
cover night time, Also FFT analysis and THD of the output voltage
was determined in both cases with filter and without a filter, but
the THD is high. It would be useful if the THD reduced to be less
than 3<% for the current and 5 <% for the voltage to meet IEEE
519-2014 standard requirements.

Sometimes, the power is required to be high for a stand-alone
system, hence stand-alone multiple inverters are used. A small
signal analysis for parallel connected inverters in the stand-alone
system was presented by Coelho, et al.[24]. Although the control
approach of the inverters depends on the frequency and voltage
droop, which depends on the local variable measurements there are
some limitations which have been neglected as follows: the THD
of the output current and voltage does not take into account. And
also, the stand-alone inverter was assumed as a source voltage and
the harmonic components have been ignored. Furthermore, from
the waveform of the output current that presented in [24], it is clear
that the THD of the output current is significantly high, which is
required more investigation by using FFT analysis and evaluated
by measuring the THD and thereafter it should be compared with
IEEE 519-2014 standard.

In recent, the Sensor-less five levels packed U-cell inverter
operating as stand-alone alone and grid connected system was
presented by Vahedi et al. [25] Although this system may operate
as stand-alone or grid connected system and THD of the output
voltage and current is reduced the system is a complex and costly.
Perhaps the main disadvantage of paper of Vahedi et al. was used
two control loops with six switches. Hence the two control loops
are used as proposed in [25] with full bridge inverter that would be
less cost and reduce the complexity, which makes the system
cheaper than the system proposed by Vahedi et al.

A sensor-less parabolic current control approach in the
inductor of stand-alone inverter was proposed by Zhang, et al. [12].
Fig 1 shows stand-alone inverter with output voltage compensator
loop as an outer loop while the internal parabolic current loop
control is the inner loop. A Hall effect current sensor will take the
time to respond if the digital analog converter is implemented.
However, the analog circuit with a Hall effect current sensor in
inductor was implemented to increase the response speed by using
an operation amplifier as shown in fig 2, where the parabolic
current is generated by T*=RoCo.

But the inductor current is more expensive and may not reduce
the output voltage ripple, hence the capacitor current in the output
capacitor was used as proposed by Algaddafi et al.[26].

WWwWw.astesj.com

-

0.3
ip 1

Q;
e i YL
—— b | dYab cl 2r

0, oF —‘S} T
G ""d' —+ - \ /

Gate Signals ; 9

DAC Fpa(r) V
—> »
PCC Controller
F
J
Voltage

Compensator

Figure.1. Diagram of a stand-alone inverter with internal parabolic current
loop and external voltage loop
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Figure.2. Parabolic carrier waveform generator

3. Model the Proposed Stand-Alone Inverter with Two
Loop controllers

3.1. Inverter model

The procedure to select a stand-alone Photovoltaic (PV) system
presented in [3]. Specifying and integrating PV components for a
RES will include voltage and power choices to be made, stored,
the PV modules themselves, with a vital link being the charge
controller. This could be a DC-DC converter or DC-AC inverter
[7]. In this section, the stand-alone inverter is considered. A single
phase stand—alone inverter is shown as in fig.3, consisting of the
DC voltage source, inverter full bridge, controlled by a Sinusoidal
Pulse Width Modulation (SPWM) generator, the output voltage of
DC/AC inverter needs a filter to attenuate switching harmonic
components, thus, the LC filter is used. The mathematical model
of a single-phase inverter with LC filter is given by applying KVL
and KCL in [3, 27, 28] as follows:

v, 1. 1. (1)
@ STl
di, 1 1 R ()
@ TrVm T
35


http://www.astesj.com/

A.A. Algaddafi / Advances in Science, Technology and Engineering Systems Journal Vol. 1, No. 5, 34-41 (2016)

At no load the transfer function between the output voltage and
the input voltage can be given where the output voltage Vo is equal
to the voltage on capacitor Vc:

Vo 1 3)
Viy  LCs2+RCs +1

SPWM Cenerator
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Figure.3. Power circuit of stand-alone inverter

3.2. Design optimal control of a stand-alone inverter

The capacitor current is controlled by an inner loop as shown
in fig.4 where the inductor with parasitic resistance is used.
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Figure.4. Block diagram of capacitor current controller

In this paper, two loop controllers are proposed to control the
output voltage. The first loop is a capacitor current controller and
the second loop is the output voltage of the stand-alone inverter
controller as depicted in fig.5.
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Figure.5. Full block diagram of stand-alone inverter

The parameters of the numerical model of the stand-alone
inverter are selected based on [6], with an ideal of the full bridge
assumed also the effect of grid current is neglected.
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Figure.6. Circuit diagram of stand-alone inverter with proposed controller
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3.3. Simulation Results

To evaluate the performance of the proposed controller of a
stand-alone inverter, the output voltage and current were measured
as in fig.7. It is clear that the stand-alone inverter works at unity
power factor. The load is selected to bel14 Q to compare with
experimental results.

= \/oltage
r = Current |4
200 ‘
12
2 <
° -
o 0 05
8 £
=
2 3
-2
-200
I \/ \/ \/ I
0 0.01 0.02 0.03 0.04 0.07 0.08

Time (s)
Figure.7. Output voltage and current of stand-alone inverter

The THD of output current was analysed in the frequency
domain. The spectral analysis is shown in fig.8. The THD of the
output is minimal and complied with IEEE-standard analyses of
the output voltage of stand-alone inverter
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Figure.8. Output current of stand-alone inverter and its FFT analysis

The main issues of the stand-alone inverter are a fluctuation of
the input voltage and variation of the load. In this paper, the
variations of the load are only considered. A unit step with an ideal
breaker is used to connect and disconnect the load, and a resistive
load is varied to investigate the response of the system.
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Figure.9. The response of stand-alone inverter to reduce the load
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At 0.24s the unit step is selected to trip, therefore, the output
current will decrease to half as shown in fig 9. The response of the
stand-alone inverter is very fast and smooth to reduce the load. In
fig.10 the output current responds to increases in the load and the
output voltage may not be affected. This validates the robustness
of the controller.
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Figure.10. Smooth response of stand-alone inverter to increase the load

It is clear that the proposed controller of a stand-alone inverter
has very smooth and fast response to variations of the load when
the resistive load increases or decreases.

4. Experimentation works and Validation

4.1. Configuration of Sunny Island SI6.0H inverters as off-grid
system

The Sunny Island (SI 6.0H) inverter is taken as out working
example, which is a bidirectional converter. It can be operated on
the island (off grid) where it forms a stand-alone system providing
active and reactive power and on-grid modes. This section will test
the power quality of the off-grid system and understanding the
performance of SI 6.0H inverter and to compare with the power
quality of the utility network. The power quality should meet the
IEEE 519-2014 standard [29]. In this experiment, the SI 6.0H
inverter with battery storage was used to supply the variable
resistive loads.

4.2. Testing power quality of off-grid and utility network

Experimental work was conducted to test the power quality in
the laboratory. The two resistors, each resistor is 228 Q, were used.
Those resistors were connected in parallel to give 114 Q. The SI
6.0H inverter was configured in an off-grid mode and used to
supply resistive loads. The output voltage and current of SI 6.0H
inverter are analyzed where it supplied the resistive loads. The
THD of the output voltage and current are measured by using a
Power Analyzer and also the waveform components are analyzed
by using FFT analysis. The FFT is used to evaluate the
performance of a stand-alone inverter, as presented in [30]. The
Same resistive loads are supplied from the grid and the same
procedures are carried out in order to compare the acquired results
of power quality of the grid with the off-grid system.

4.3. Experimental Results

In the stand-alone inverter, the output voltage and frequency
should be fixed (do not change such as 230 V, 50Hz). The SI 6.0H
inverter was set up as an off-grid system with battery storage.
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Figure.11. Test response of sunny island inverter to step down of the resistive
load, trace 3 output voltage [200V/Div.] and trace 4 current loads [10A/Div.]

The oscilloscope is triggered to observe the response of the
output current and voltage to variations of the resistive load. It is
clear that the output voltage does not affect by variation of the load,
while the current varies according to the variation of resistive
loads. Moreover, when the load increases the current has small
distortion for a short period of time as shown in fig 11 and fig. 12.
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Figure.12. Step up the resistive load of off-grid sunny island and its response,
trace 3 output voltage [200V/Div.] and trace 4 current loads [10A/Div.]

Therefore, the spectral analysis of the output current and
voltage of SI 6.0H inverter is analysed as shown in fig.13 and fig
.14, respectively.
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Figure.13. The output voltage of off-grid system and its FFT analysis
[200V/Div.] and THD=1.6%

The grid is used to supply the same resistive load. The voltage
and current on the resistive load were measured as shown in fig.15.
From the waveforms of network voltage and load current, it is clear
that the network utility has high harmonic components such as the
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third harmonic. Therefore, those waveforms are analysed and
measured by using power analysed to evaluate the power quality
of the network

.
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Figure.14. The waveform of output current [10A/Div.] of the off-grid system
and its FFT where the THD=1. 123%
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Figure.15. Trace 3 is the network voltage [200V/Div.] and trace 4 is the load
current [10V/Div.]

Fig 16 shows the grid voltage and its spectrum. It is interesting to
compare this waveform with the waveform of the output voltage
of SI 6.0H inverter. The third, fifth and seventh harmonic of the
grid voltage is higher than the output voltage of SI 6.0H inverter.

The THD of the output current of SI 6.0H inverter is less than the
THD of the network when we compare between fig. 14 and fig.17.
This is due to the different loads comeetadsitithe network, such as
inductive load and resistive load are supplied from the network and
those produce the harmonic components in the network. In
addition, the line impedance and the renewable energy such as
solar energy causes a distortion in the network.
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Figure.16. The Output voltage of the network and its FFT
analysis[200V/Div.] and THD=2.5%
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4.4. Limitations of Stand-Alone System

The ripple current in DC side of inverter is the main
problem. This ripple current reduces the battery lifespan or fuel
cell life as can be seen in fig.18. This problem has been
discussed in depth in [31].
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Figure.18. Trace 1 is the grid voltage, trace 2 is the current injected into the
battery from the solar system, and trace 4 is the ripple current injected into the
storage battery that has DC and AC components
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Figure.19. Response of the output current of the Mini-Grid in trace 4 and
voltage in trace 3

The main issues of the stand-alone inverter relate to the input
voltage fluctuation and load variation, with Munsell [32] recently
presenting the potential challenges for networks as follows:

1- Growth of distributed energy sources
2- Changes in the customer preferences
3- Expansion of energy market services

4- Increasing regulation
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Due to the above, grid reliability remains as critical as ever,
which underscores it as a subject for future research.

5. Further Investigations to Reduce the Ripple Current
and Suggestions

5.1. Reducing Current Ripple at Battery Side

Reducing input current ripple in a fuel cell system with load
inverter was proposed by Changrong and Jih-Sheng to increase
fuel cell lifespan [33]. The active control technique was
incorporated with a current control loop to reduce this ripple even
though; the harmonic analysis of the output current to evaluate the
performance may not be considered. Also, the system has a four
stage, which causes a complexity. The virtual resistor with an LC
filter for PWM inverter was used to damp the transient oscillations
by Dahono et al.[34]. Nevertheless, the virtual resistor gives nice
waveforms for the output voltage and current, there are limitations
as follow: the DC voltage source was assumed a constant and no
ripple; although the THD of the output voltage was reduced, the
value of the inductor is slightly large; FFT analysis may not take
into account to evaluate the performance of the system and the
output load was assumed to be source current. In fact, the virtual
resistor is very good idea to reduce the losses. This requires an
additional control load such as capacitor current loop as presented
in [1]. Attempt for improving the battery life of the stand-alone
solar system was presented by Das and Agarwal [35]. Despite this
system can be used with solar PV, ultracapacitor bank, fuel cell
and has a good dynamic response, but there are limitations which
are:

e The system is complex because of the used bi-directional
DC-DC converter, for battery DC-DC regulated for PV
panel and inverter to the converter from DC-AC voltage.

e In the DC link, there is a ripple current which may not
take into account. Also, the ripple current that goes the
battery or flows from battery do not demonstrate or
present since the title of this study was enhancing battery
life.

e Also, this system was used for three phase inverter, which
could be different with single phase inverter.

The AC mini-grid that presented in [1] is less stage of power.

Hence, the losses are low and efficiency is high.

5.2. The Key Findings and Suggestions

To design the stand-alone inverter,

procedures are required:

the following

e Determine the value of the output power that is required to
be delivered from the stand-alone inverter.

e Determine the power quality of the output voltage and
current

e Based on the required power, the various elements of an
inverter that include the switches and the LC filter will be
selected.

e Based on the power quality, the LC filter will be
characterised and the control approach will be
implemented.

e From point of view, the two loops of the control system
should be used as presented in [1] to improve the overall
system despite the cost and a little complex control
system.
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o After designing the stand-alone inverter, it should be tested
by the nonlinear load such as full-wave rectifier circuits that
has to exaggerate the THD even further and thereafter the
THD of the output current and voltage should be evaluated
and compared with IEEE 519-2014 standard.

5.3. Applications of Stand-Alone Inverter

The inverter is a critical component used to convert Direct
Current (DC) power output from the solar panels or batteries into
Alternative Current (AC) for AC appliances. There are many
applications for stand-alone inverter such as the PV solar system
to pump the water in remote areas as shown in the figure below
[36].

Figure.20. PV Water Pumping Beer Tssawa

Therefore, the solar water pump inverter is widely used for
many applications such as irrigation system, livestock watering,
or in remote areas with battery backup that are suitable for the
solar home system, rural and village electrification. In general,
stand-alone inverter or off-grid power systems operate
independently of the grid and are most often used in isolated areas,
where the stand-alone inverter provides a more affordable and
reliable source of electricity.

5.4. Impact of global warming

Effect global warnings in the earth were summarized by Boso
as follows [37]:

1 The world is the glaciers and polarise will be gradually
melted, which will cause a problem for 100 million people
because they live within 91.44 centimetres of sea water
level.

2 Some animal will gradually extinct, such as polar bears.

3 A tropical climate will spread the diseases due to more
moisture.

4 Hurricanes, tornados, heavy rains and floods will expect
increase due to heavy moisture and circulation of the air.

5 Tropical countries may severe of droughts which will affect
and damage agriculture and also cause problems for fresh
water.

However, this study was suggested that the use renewable
energy instead fossil fuels can mitigate some of the global warms
issues, which was assumed as the first step to solving this problem.
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Conclusion

This paper presents the power quality of an off-grid (SI 6.0H
inverter) system and power quality of the national grid in the UK.
The off-grid system has less distortion of waveforms than the grid.
The numerical model of a stand-alone inverter is modelled with
two loops. The inner loop is a capacitor current control and the
outer loop is the output voltage controller. The inner loop does not
change the tracking features of the closed-loop system; it does not
only improve the performance of linear load but also improving
the performance of the nonlinear loads. The output waveform of
model inverter and analysis are presented in this paper. The power
quality is improved and gives an excellent response to the
variations of the load. The simulation results match the
experimental results. In critical load or devices that require a pure
power, such as magnetic resonance imaging- medical devices, the
off-grid system is suitable to protect those devices from abnormal
voltage and frequency. The recent publications of stand-alone
inverter were critically reviewed and the key findings with
suggestions were given to improve the overall system. Future work
will be analysed the impact of fluctuation of the input voltage of a
stand-alone inverter. In addition, the stand-alone inverter will be
tested by the nonlinear load such as full-wave rectifier circuits and
thereafter the THD of the output current and voltage will be
assessed.
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