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This paper presents a single-phase five-level inverter topology for grid-connected PV systems
with a novel Pulse Width-Modulated (PWM) control scheme. Two reference signals identical to
each other with an offset equivalent to the amplitude of the triangular carrier signal were used to
generate PWM signals for the switches. A proportional-integral current control algorithm is
implemented in MATLAB/SIMULINK to keep the current injected into the grid sinusoidal and to
have high dynamic performance with rapidly changing atmospheric conditions. The inverter
offers much less total harmonic distortion and can operate at near-unity power factor. A
Proportional Integral (PI) current control algorithm is implemented to optimize the performance
of the inverter. Simulation results indicate that the Total Harmonic Distortion (THD) of the five
level inverter is much lesser than that of the conventional three-level inverter. Further, both the
grid voltages and grid current are in phase at near-unity power factor.

Keywords: PWM inverter, Grid connected, Photovoltaic system, Proportional integral, Current
control, PID control

INTRODUCTION
The demand for renewable energy has
increased over the years because of shortage
of fossil fuels and greenhouse effect. Among
various types of renewable energy sources.
Solar energy and wind energy have become
very popular and demanding due to
advancement in power electronics techniques.
Photovoltaic (PV) sources are used today in
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many applications as they have the
advantages of being maintenance and
pollution free. Solar electric energy demand
has grown consistently by 20%-25% per
annum over the past 20 years, which is mainly
due to the decreasing costs and prices. This
decline has been driven by the following
factors:
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• An increasing efficiency of solar cells

• Manufacturing-technology improvements

• Economies of scale

PV inverter, which is the heart of a PV
system, is used to convert dc power obtained
from PV modules in to ac power to be fed in
to the grid. Improving the output waveform of
the inverter reduces its respective harmonic
content and hence the size of the filter used
and the level of Electromagnetic Interference
(EMI) generated by switching operation of the
inverter. In recent years, multilevel inverters
have become more attractive for researchers
and manufactures due to their advantages
over conventional three-level Pulse Width-
Modulated (PWM) inverters. They offer
improved output waveforms, smaller filter
size, lower EMI, lower Total Harmonic
Distortion (THD).

The inverter is used in a PV system, a
Proportional Integral (PI) current control
scheme is employed to keep the output current
sinusoidal and to have high dynamic
performance under rapidly changing
atmospheric conditions and to maintain the
power factor at near unity. Similarly PV system
for Proportional Integral Derivative (PID)
current control scheme is employed to keep
the output current sinusoidal and to have high
dynamic performance and improve steady
state stability. Many control strategies are
proposed for five level inverter for off grid
connected PV system renewable energy has
increased significantly over the years because
of shortage of fossil fuels and greenhouse
effect. Among various types of renewable
energy sources, solar energy and wind energy
have become very popular and demanding due

to advancement in power electronics
techniques. Photovoltaic (PV) sources are
used today in many applications as they have
the advantages of being maintenance and
pollution free. About economies of scale are
discussed in Carrasco et al. (2006). The size
of the filter used and the level of
Electromagnetic Interference (EMI) generated
by switching operation of the inverter are
discussed in Agelidis et al. (1997).

In recent years, multilevel inverters have
become more attractive for researchers and
manufacturers due to their advantages over
conventional three-level Pulse Width-
Modulated (PWM) inverters. About the Pulse
Width Modulation (PWM), Electromagnetic
Interference (EMI), a general circuit topology
of multilevel inverter and total harmonic
distortion were proposed in the references
(Choi et al., 1991; Carrara et al., 1992; Tolbert
and Habetler, 1999; Calais et al., 2001; Park
et al., 2003; and Kouro et al., 2007). There
are three common topologies for multilevel
inverters about that cascaded H-bridge
inverter, a non conventional power for plasma
stabilization and operation of cascaded
multilevel inverter are studied in the references
(Marchesoni et al., 1988; Rodriguez et al.,
2005; and Kou et al., 2006). In addition, several
modulation and control strategies have been
developed or adopted for multilevel inverters,
including the following: multilevel sinusoidal
Pulse Width Modulation (PWM), multilevel
selective harmonic elimination, and space
vector modulation are studied in Rodriguez
et al. (2002) and Kouro et al. (2007).

A control method to charge series-
connected ultra electric double-layer
capacitors suitable for photovoltaic generation
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systems combining MPPT control method is
referred in Mutoh and Inoue (2007).
Comparison of photovoltaic array maximum
power point tracking techniques is studied in
Esram and Chapman (2007). Optimizing duty
cycle perturbation of Maximum Power Point
Tracking (MPPT) technique in the references
(Femia et al., 2004). An improved perturbation
and observation maximum power point
tracking algorithm for PV arrays in the
reference (Liu and Lopes, 2004).

HARMONICS IN POWER
SYSTEM AND CONTROLLERS
Voltage and current source harmonics imply
power losses, Electromagnetic Interference
(EMI) and pulsating torque in AC motor drives.
Any periodic waveform can be shown to be
the superposition of a fundamental and a set
of harmonic components. By applying Fourier
transformation, these components can be
extracted. The frequency of each harmonic
component is an integral multiple of its
fundamental. There are several methods to
indicate of the quantity of harmonics contents.
The most widely used measure in North
America is the Total Harmonics Distortion
(THD), which is defined in terms of the
amplitudes of the harmonics, Hn, at frequency
nw0, 2 where w0 is frequency of the fundamental
component whose amplitude of H1 and n is
integer. The THD is mathematically given by

THD =
1

2

2
)(

H

H
n

n




PI AND PID CONTROLLERS
These two are conventional controllers that one
has to know a mathematical model of the

process in order to design a controller.
Unconventional controllers utilize a new
approaches to the controller design in which
knowledge of a mathematical model of a
process generally is not required. Manny
industrial processes are nonlinear and thus
complicate to describe mathematically.
However, it is known that a good many
nonlinear processes can satisfactory
controlled using PID controllers providing that
controller parameters are tuned well. Practical
experience shows that this type of control has
a lot of sense since it is simple and based on
3 basic behavior types: Proportional (P),
Integrative (I) and Derivative (D). Instead of
using a small number of complex controllers,
a larger number of simple PID controllers is
used to control simpler processes in an
industrial assembly in order to automates the
certain more complex process. PID controller
and its different types such as P, PI and PD
controllers are today basic building blocks in
control of various processes.

PI Controller
PI controller will eliminate forced oscillations
and steady state error resulting in operation
of on-off controller and P controller
respectively. However, introducing integral
mode has a negative effect on speed of the
response and overall stability of the system.
Thus, PI controller will not increase the speed
of response. It can be expected since PI
controller does not have means to predict what
will happen with the error in near future. This
problem can be solved by introducing
derivative mode which has ability to predict
what will happen with the error in near future
and thus to decrease a reaction time of the
controller.
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PI controllers are very often used in industry,
especially when speed of the response is not
an issue. A control without D mode is used
when:

• Fast response of the system is not required.

• Large disturbances and noise are present
during operation of the process.

• There is only one energy storage in process
(capacitive or inductive).

• There are large transport delays in the
system.

PID Controller
PID controller has all the necessary dynamics:
fast reaction on change of the controller input
(D mode), increase in control signal to lead
error towards zero (I mode) and suitable action
inside control error area to eliminate
oscillations (P mode). Derivative mode
improves stability of the system and enables
increase in gain K and decrease in integral
time constant Ti, which increases speed of the
controller response. PID controller is used
when dealing with higher order capacitive
processes (processes with more than one
energy storage) when their dynamic is not
similar to the dynamics of an integrator (like in
many thermal processes). PID controller is
often used in industry, but also in the control of
mobile objects (course and trajectory following
included) when stability and precise reference
following are required. Conventional autopilot
is for the most part PID type controllers.

• Use KP to decrease the rise time.

• Use KD to reduce the overshoot and settling
time.

• Use KI to eliminate the steady-state error.

FIVE-LEVELINVERTER
TOPOLOGY AND PWM
The proposed single-phase five-level inverter
topology is shown in Figure 1. The inverter
adopts a full-bridge configuration with an
auxiliary circuit. PV arrays are connected to
the inverter via a dc-dc boost converter.
Because the proposed inverter is used in a
grid-connected PV system, utility grid is used
instead of load. The dc-dc boost converter is
used to step up inverter output voltage Vinv to
be more than 2 of grid voltage Vg to ensure
power flow from the PV arrays into the grid. A
filtering inductance Lf is used to filter the current
injected into the grid. The injected current must
be sinusoidal with low harmonic distortion. In
order to generate sinusoidal current, sinusoidal
PWM is used because it is one of the most
effective methods. Sinusoidal PWM is
obtained by comparing a high-frequency
carrier with a low-frequency sinusoid, which is
the modulating or reference signal.

Figure 1: Single Phase Five Level Inverter

SINUSOIDAL PWM LAW
A fundamental period consists of p pulses
whose widths vary sinusoidally throughout the
cycle to give the fundamental component of
frequency. The basis of equivalence between
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the desired sinusoid and the actual pulsed
waveform is taken to be volt-seconds, as
shown in Figure 1, i.e., 2211 psps AAandAA  . One
of these pulses, the general kth pulse, is
characterized in detail in Figure 5.

The switching period  and the frequency
modulation ratio p are, respectively, given by

= p
2

...(1)

p =
1f

fs ...(2)

where fs is the switching frequency and f1 is
the fundamental frequency. The quarter period
of pulse 0 is given as

0 = 4
 ...(3)

K is the position from the origin of the
fundamental period of the midpoint of the
period . The angles 1K and 2K are the
modulating angles which vary throughout the
cycle and it is to calculate these angles that a
modulation law must be derived. Consider first
the average voltages V1K and V2K during the
two halves of the modulating pulse
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The volt-second AS1 is the half-pulse width
of the sine wave and is given according to
Figure 1 by

AS1 = 




dVm
k
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sin ...(10)

)sin(sin2 00   kMV ...(11)

However, 00sin     when 0 is small

)sin(2 001   kms VA ...(12)

and, similarly,

)sin(2 002   kms VA ...(13)

For the corresponding volt-second AP1, in
the PWM waveform,

Kp VA 101 2 ...(14)

)(2 101 SKP VA  ...(15)

and, similarly,

)(2 202 SKP VA  ...(16)

For equivalence of volt-seconds from which
the modulation law can be derived, we require
that

11 PS AA  ...(17)

22 PS AA  ...(18)

By Equating (12) and (14), and (13) and
(16)

)(sin 01   KK M ...(19)

and, similarly,

)(sin 02   kK M ...(20)

where M is the “modulation index” and
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s

m

V
VM  ...(21)

Equation (21) can be expressed in terms
of amplitude of carrier signal Vc by replacing
Vs with Vc. Because, in this topology, two
identical reference signals are used,

CS VV 2 and

21 refrefm VVV 

The switching angles,

 )(1 001   kk M

 )(sin1 002   kk M ...(22)

The harmonics due to the kth pulse alone,
Ank, and then summating the harmonic
contributions of all p pulses

Ankk = 1/2 = 
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where V() is the voltage pulse shown in
Figure 5
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Equation (25) cannot be readily simplified.
Therefore, for the harmonic amplitudes due to
all p pulses in a fundamental cycle





p

k
nkn AA

1
...(25)

Mathematical Formulation
The PI algorithm can be expressed in the
continuous time domain as

)()( tpeKtu  + Ki 
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 ...(26)

where

u(t) control signal;

e(t) error signal;

t continuous-time-domain time variable;

 calculus variable of integration;

Kp proportional-mode control gain;

integral-mode control gain.

Implementing this algorithm using a PWM
requires one to transform it into the discrete-
time domain. Trapezoidal sum approximation
is used to transform the integral term into the
discrete-time domain because it is the most
straight forward technique. The proportional
term is directly used without approximation.

P term: )()( kpetpe KK  ...(27)

Iterm: Ki 
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Time relationship: t = k x h

where

h sampling period;

k discrete-time index: k = 0, 1, 2, ...

For simplification, it is convenient to define
new controller gains as

2
IHKK  ...(29)
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From which one can construct the discrete-
time PI control law as

)(ku = )(tK pe +  



k

i
j ieieK

0

)1()( ...(30)

To eliminate the need to calculate the full
summation at each time step (which would
require an ever-increasing amount of
computation as time goes on), the summation
is expressed as a running sum

 )1()(
)1()(



keke

ksumksum
...(31)

)()( )( ksumKKku jkpe  ...(32)

These two equations, which represent the
discrete-time PI control law, are implemented
in PWM to control the overall operation of the
inverter.

OPERATIONAL PRINCIPLE
OF THE PROPOSED
INVERTER
Because PV arrays are used as input voltage
sources, the voltage produced by the arrays
is known as Varrays. Varrays is boosted by a dc-
dc boost converter to exceed 2Vg. The
voltage across the dc-bus capacitors is known
as Vpv. The operational principle of the
proposed inverter is to generate five level

output voltage, i.e., 0,
2
pvV

 , + Vpv 2
pvV

 , and

–Vpv as in Figure 9. As shown in Figure 3, an
auxiliary circuit which consists of four diodes
and a switch S1 is used between the dc-bus
capacitors and the full-bridge inverter. Proper
switching control of the auxiliary circuit can
generate half level of PV supply voltage, i.e.,

2
PVV

  and
2
PVV

 .

Two reference signals Vref1 and Vref2 will take
turns to be compared with the carrier signal at
a time. If Vref1 exceeds the peak amplitude of
the carrier signal Vcarrier, Vref2 will be
compared with the carrier signal until it reaches
zero. At this point onward, Vref1 takes over the
comparison process until it exceeds Vcarrier.
This will lead to a switching pattern, as shown
in Figure 8. Switches S1-S3 will be switching
at the rate of the carrier signal frequency,
whereas S4 and S5 will operate at a frequency
equivalent to the fundamental frequency. Table
1. I illustrates the level of Vinv during S1-S5
switch on and off.

RESULTS AND DISCUSSION
The work is carried out with the design of
different controllers such as PI and PID
controllers. The results are validated for these
controllers.

With PI Controller
The inverter output voltage (Vinv) and grid
current (ig) for different modulation index with
PI controller are shown in Figures 2 to 6.

In the above figures the modulation index
M for PI controller will determine the shape of
the inverter output voltage Vinv and the grid
current Ig. A figure shows Vinv and Ig for different
values of M. The dc-bus voltage is set at 200
V (>1.4 Vg) in this case (Vg is 120 V) in order

S1 S2 S3 S4 S5 Vinv

ON OFF OFF OFF ON +Vpv/2

OFF ON OFF OFF ON +Vpv

OFF OFF OFF ON ON 0
or (ON) or (ON) or (OFF) or (OFF)

ON OFF OFF ON OFF –Vpv/2

OFF OFF ON ON OFF –Vpv

Table 1: Switching Table
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than the PV system injecting the current into
the grid, as shown in Figure 2. Over modulation
condition, which happens when M >1, is shown
in Figure 4. It has a flat top at the peak of the
positive and negative cycles because both the
reference signals exceed the maximum
amplitude of the carrier signal.

This will cause Ig to have a flat portion at the
peak of the sine waveform, as shown in Figure
4. To optimize the power transferred from PV
arrays to the grid, it is recommended to operate
at 0.5 M 1.0. Vinv and Ig for optimal operating
condition are shown in Figures 6 and 7,
respectively. As Ig is almost a pure sine wave,
the THD can be reduced when compared with

Figure 2: Grid Current (Ig) for M < 0.5

Figure 3: Inverter Output Voltage (Vinv)
for M < 0.5

Figure 4: Grid Current (Ig) for M > 1

Figure 5: Inverter Output Voltage (Vinv)
for M > 1

Figure 6: Inverter Output Voltage (Vinv)
for 0.5 < M < 1

to inject current into the grid. Figure 2 shows
that Vinv is less than 1.4 Vg due to M being
less than 0.5. The inverter should not operate
at this condition because the current will be
injected from the grid into the inverter, rather
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that under other values of M in analytical
controller as shown in Figure 6. To analyze the
performance of the PI current control scheme,
a sudden step change is applied to the
simulation process. This step change is similar
to real-time environment condition.

With PID Controller
The inverter output voltage (Vinv) and grid
current (Ig) for different modulation index with
PID controller are shown in Figures 8 to 13.

In the above figures the modulation index
(M) for PID controller will determine the shape
of the inverter output voltage Vinv and the grid
current Ig. A figure shows Vinv and Ig for different
values of M. The dc-bus voltage is set at 200

Figure 7: Grid Current (Ig) for M < 0.5 < 1

Figure 9: Inverter Output Voltage (Vinv)
for M < 0.5

Figure 8: Grid Current (Ig) for M < 0.5

V (>1.4 Vg) in this case, (Vg is 120 V) in order
to inject current into the grid. Figure 8 shows
that Vinv is less than 1.4 Vg due to M being
less than 0.5.

Figure 10: Grid Current (Ig) for M > 1

Figure 11: Inverter Output Voltage (Vinv)
for M > 1
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The inverter should not operate at this
condition because the current will be injected
from the grid into the inverter, rather than the
PV system injecting the current into the grid,
as shown in Figure 8. Over modulation
condition, which happens when M >1, is shown
in Figure 9. It has a flat top at the peak of the
positive and negative cycles because both the
reference signals exceed the maximum
amplitude of the carrier signal. This will cause
Ig to have a flat portion at the peak of the sine
waveform, as shown in Figure 10. To optimize
the power transferred from PV arrays to the
grid, it is recommended to operate at 0.5  M
 1.0. V inv and Ig for optimal operating
condition are shown in Figures 12 and 13
respectively. As Ig is almost a pure sine wave,
the THD can be reduced considerably when

compared with that under other values of M
analytical controller and PI controller.

After validating different controllers, i.e.,
analytical, PI and PID controllers, the results
shows that Total harmonic distortion has been
reduced considerably for PID controllers and
the grid current (Ig) is almost a pure sine wave.

CONCLUSION
This paper deals with single phase five-level
inverter with off grid connected and photovoltaic
system. The results obtained by using five level
inverter for off grid connected PV system with
PI controller has improved output waveforms,
smaller filter size, lower electromagnetic
interference and low harmonic distortion when
compared three level inverter for off grid
connected PV system with PI controller. The
thesis presented a single-phase five level
inverter for PV application. It utilizes two
reference signals and a carrier signal to
generate PWM switching signals. However, no
systematic analysis has been performed in
order to determine basic properties of multi-
phase PWM in general, and to establish close
correlation between carrier based PWM and
space vector PWM. THD of the five-level
inverter is much lesser than that of the
conventional three-level inverter. Furthermore,
both the grid voltage and the grid current are in
phase at near-unity power factor.
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