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ABSTRACT

This paper presents a photovoltaic system as a standalone system. The proposed system
consists of photovoltaic (PV) module, battery energy storage system (BESS), high frequency
transformer, and multilevel inverter (MLI). The MLI consists of two H-bridge single phase inverter
per arm (phase) with unequal dc voltages which needs 6 isolated dc sources for the conventional
MLI. The relative values between the upper (auxiliary) inverter dc voltage and the lower H-bridge
(main) inverter is 1/3 resulting in 9 levels MLI. Each isolated dc source comes from a PV module
accompany with a BESS. A high frequency transformer (HFT) is proposed in this paper to generate
the dc bus voltage of the auxiliary inverter from the main inverter dc bus voltage. As a result of that
the number of isolated dc bus voltages required is reduced by half which is reflected in reducing the
number of PV required and thus reducing the cost of the overall system. In addition, a natural
balancing between the main and auxiliary inverters dc bus voltages of each arm will be attained due
to the HFT turns ratio which result in simplifying the overall control of the whole system. In order to
reduce the size of the HFT a judicious modulation index (MI) will be chosen. The proposed system
has been simulated using static inductive load. Analyses and simulation have been proposed to
validate the proposed control scheme.
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1. Introduction always be used directly. As the demand from the load

Today world is facing a cute energy
shortage due to the increase of the average
consumption of energy per capita. Therefore
renewable energy systems are a promising
application with great interest in clean and renewable
energy sources. The photovoltaic system is the
second important renewable energy sources after the
wind power sources. Two main applications of the
PV systems, grid connected and standalone systems
[1] —[2]. Standalone PV power systems are electrical
power systems energized by photovoltaic panels
which are independent of the utility grid. In
standalone photovoltaic power systems, the electrical
energy produced by the photovoltaic panels cannot

does not always equal the solar panel capacity,
battery banks are generally used. The growing
number of research in power -eclectronics has
decreased the initial cost of these system and
facilitated their use around the world.

In recent years, there has been great interest
in multilevel inverters (MLIs) technology. Special
attention has been paid for cascaded H-bridge
inverter [3] — [7]. Generally, there are many
advantages in the applications of MLIs inverters over
conventional two-level inverters. The series
connection of power converter modules reduces the
voltage stress of each converter module (or increases
the voltage capability of the overall converter
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structure). Besides, the resolution of the staircase
waveform of the output voltage increases with the
number of voltage steps of capacitor voltage sources
available in the multilevel inverter [5]. As a result of
the improved resolution in the voltage harmonic
content, filtering efforts and the level of the
electromagnetic interference (EM) generated by the
switching operation of the converter can be reduced.
Despite this important improvement, these
topologies have an important drawback: They need
many isolated power supplies that must be balanced.
These balanced isolated sources are generated from
the PV system for the considered situation in this
paper. This reason, costly and complex topologies
have to be implemented to get many isolated
supplies. Some solutions using cascaded multilevel
inverters with a single power source and without
transformers have been introduced recently [8] - [9].
However, these solutions use floating capacitors with
complex balancing systems and many more
semiconductors in relation to the number of levels
produced.
The objective of this paper is to develop a new dec-
link topology for cascaded H-bridge inverter with
maximum voltage resolution, based on a simple High
Frequency Link (HFL) with small size, which allows
using only one power supply (battery pack, fuel cell
or other) for single arm. The system has inherent
regulation of the voltages supplied among the H-
bridges, so the full number of levels can be produced
at any amplitude of voltage, depending only on the
single-dc-supply regulation per arm, which can be
controlled with a chopper. This proposed topology
does not need floating capacitors or heavy bulky
transformers.

2. Cascaded H-Bridge Inverter Integrated with
HFT

Fig. | represents the schematic diagram of the 3-
phase 9-level 24-switch VSI. For convenience, all the
switches and diodes have been considered to be
ideal; moreover, voltage fluctuations of dc bus
voltage also considering absent. It has two single
phase H-bridge inverters modules per phase (arm).
The ratio of the dc power supplies is 1/3 which
enables developing the maximum output voltage
resolution. The H-bridge module with lower dc
voltage source is the auxiliary inverter and the H-
bridge with greater dc voltage source is the main
inverter. That is due to the load power contribution is
mainly provided from the main inverter. In this
topology, each phase is containing 2-d¢ sources.
Which are Vg and 3V,. Therefore the maximum dc
multilevel output voltage level can be produced
(Vi+3V,) =4V, and the minimum output level of de
voltage can be 0V. Hence some possible options are

-

proposed to create (4% 2+ 1= 9) levels in AC

"

voltage wave shape, if there are one volt level
difference between every two congested level.

Table I shows the switching states and the load node
voltage referred to the neutral of the dc bus voltage
(v.y) for Arm ‘a’. The load line-to-line voltages can
be calculated as follows:

Veop = Vex = Viy (1
Therefore the load line-to-line voltages can have
(OVae, 8V, TVae, 6Vie, 5V, 4Vae 3Vaer 2Vae 1 Ve
Ovdcz'lvdm '2vd<:s "3Vdcs "4Vdcu ‘Svdcy ‘6Vdc:"7vdc, =
8V, -9Vy4) . The load phase voltages V,, Vy, and
V. can be calculated as in (2):

¥en 2 -1 -1
Yerf=|=-1 2 =1 (2)
-1 2

-1

Van

As the reference voltage increases modulation index
(MI), the available levels increases. For 100% MI,
the number of available levels is 9, therefore the
available levels (N) can be calculated as follows:

(9 M1 »0.75

,_ 17 o7szMi 05

. z - 3

. 15 0.5 MI > 0.25 3)
3 Ml <025

The operation of this inverter has been simulated for
different values of MI assuming that the main
inverter DC voltage is 150V and the auxiliary dc
voltage is 50V, results have been tabulated in rable 11.
it can be concluded that for MI around 0.9, the
auxiliary inverter contributes with a very small value
of load power and the load power is mainly taken
from the main inverter. This means that if the
operation of the MLI has been fixed at MI around
0.9, the rating of the HFT will be very small which
decreases drastically its cost. Therefore the control of
the load voltage is executed by fixing the dc inverter
voltage.

Fig. 2 shows the HFT that connects the main
inverter unit with the auxiliary inverter unit. It
composed of HFT with a two switches operate in a
complementary mode of operation to supply a switch
dc voltage required by the transformer. The
transform is a step down with 3/1 turns ratio which is
suitable for this specific application and MLI. The
main task of this HFT is to generate the dc source of
the auxiliary inverter unit from the main transformer
unit dc source. By this mcthod, an inherit voltage
balancing between the main and auxiliary inverter
units is obtained which is very important. This
balancing will result in simplifying the control
system. Using HFT will decrease the isolated dc
sources by half for this MLL. In another way, each
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HFT is used to replace a PV module which will also
decrease the cost of the whole system.

Fig. 1. The conventional 9 level MLI with maximum
output voltage resolution

Table 1. Simple Switching Description of the Proposed Model

l\ig‘l:lage Sal Sa Sa Sa Sa Sa Sa2 :2
(Vi) 1 12 13 14 21 22 3 4
4V, 1 0 0 1 1 0 0 1
3V, 1 0 1 0 1 0 0 1
2V, 0 1 1 0 1 0 0 1
1V, 1 0 0 1 0 1 1 0
0V, 0 1 1 0 0 1 1 0
-V, 0 1 1 0 1 0 1 0
2V, 1 0 0 1 0 1 1 0
'S 1 0 1 0 0 1 1 0
-4V, 0 1 1 0 0 1 1 0
Vi

Fig. 2. The upper MLI cell voltage is generated from the

lower MLI cell
Table II
Results of the MLI with Wide Range of MI
M1 Number of output Ratio of contribution of

Aux and Main cells:
%Aux/Main cells

voltage level

Sa‘lﬂ Sa}ﬂﬁ
Ve t Va
Sarz] Sa‘lﬂt&
- V
HFT |5 a
Sazu Sazﬂd
3V T Vi
Sazz| Sazilq N

0.9 9 13.9
0.85 9 8.0

0.8 9 7.5
0.75 7 13.5

The dc source of the main inverter unit is
generated from the PV module as shown in Fig. 3. It
consists of PV module which is the main unregulated
dc source, dc-dc converter accompany Wwith
maximum power point tracking control required for
catching the maximum available power from the PV
module, and a storage battery system with a
bidirectional dc-dc converter for regulating the dc
source at specified voltage value. To get the
maximum power from the PV module, the
conventional perturb and observe (P&O) [10] - [1Z]
has been adopted in this work. A PV module of
BP485 has been chosen with nominal values given in
table III. The bidirectional control of the battery
energy storage system (BESS) is carried out based on
the modified hysteresis control [13] — [14] shown in
Figs. 4 and 5.

Table [11. PV module BP485 specifications

Rated Power (Ppa) 85W
Voltage at Ppax (Vimp) 17.4V
Current at Ppax (Imp) 4.9A
Short circuit current (1) 5.48A
Open circuit voltage (Vo) 22V
I -
s

] -

Ipv

Vev o MPPT

Fig. 3. The lower MLI cell dc voltage source component

[Discharging | Rest | Scharging | Rest |Discharging
I T T [ ] o 'I

Fig. 4. Modified hysteresis-control strategy
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[ VeVew | |

V* =V 1w J
| BuckMode ] [ Boost Mode ] [ RestMode ]

l ! l

Fig. 5. Batterv-mode control block (BESS /modified
hysteresis)

3. Results and Discussions

Fig. 6 shows the integration of the above
description of the system for single arm (phase). The
proposed system has been simulated using
MATLAB/SIMULINK® to verify the performance of
the proposed control. A nonlinear load of three phase
full bridge rectifier loaded with a RL load has been
chosen with 1000 resistance and 20 mH inductance.

"

The dynamic response has been verified due to a
sudden change in the load voltage. A sudden change
has been taken place by bubbling the load after 0.2
seconds of simulation starting. An ideal electronic
switches and diodes have been assumed for
simulation.

Fig. 7 shows the simulation results of the
battery charger model shown in Figs. 4 and 5. This is
for single cell battery of 24 V and 80% rating values
of voltage and state of charge (SOC). At 0.2 second
the step change shows the change in the battery state
from discharging to charging modes where its current
changes its polarity from positive into negative sign.
Fig. 8 shows the simulations results of on module of
the PV model and its ratings are provided in table III.
It gives approximately 90W, 20V and 5A of PV
values which are very close to the PV maximum
power rating provided by its data sheet.

MLI Model
=== [
I ——
T |
BGI€-IR
|
T 1)
| [
| [
s I ]
50 % Pwnt [——5a [ L
Duty Cycle | — - T — 1
HFT 5 [ I |
o : |
I
T ]
B s s N
P Ty PWM Fixed
MI = 0.9
S,
| R l ————————————————— I
C | .o . Yy l
[ I
D L i
[} |
I |
| —e |
| I'-— ] 1
| Sa B 1
| I
1 1
I |
I |
1 I I
| i o o |
PV Model r S, S |
Ve !
: T 1 Ve i
| (R— i PWM » Voltage | V*4c |BESS mode| |
v MPPT PWM s S, | Control control I
v ——b] l |

Battery Model

Fig. 6. The proposed multi-level inverter system
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Fig. 7. Battery voltage, current and state of charge for
single battery of the storage system
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Fig. 8. PV Voltage, current and power at maximum power
point for single PV module.
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changed from about 1.8A to 3.6A. In the other hand,
the load voltage is almost constant with average
value of 530 V and this attributes to the voltage
control employed on the dc bus of the ML inverter.

Fig. 10 shows the MLI line currents. It
illustrates that line currents increased due to the
sudden decreased in the load impedance to about
twice of its value after 0.2s. Fig. 11 gives the MLI
three phase line-to-line voltages. Since the operation
of the MLI is done at constant MI besides the dc bus
voltages is kept constant using voltage control,
therefore these voltages are kept constant under the
dynamic change of the load.

Figs. 12 and 13 show the contribution of the
main, auxiliary inverters voltages and currents
respectively. Fig. 12 shows the voltages of the
auxiliary and main voltages. It indicates that the
auxiliary voltages have more switching compared to
the main inverter. The main inverter voltages is
nearly has load frequency switching. Besides the
relative values between the auxiliary inverter voltage
and main inverter voltage is 1/3 which comes from
the HFT. On the other hand Fig. 13 shows the current
contribution of the auxiliary and main inverters. Two
observations can be done; 1) the first, the auxiliary
inverter current is more switched than the main
inverter current; 2) the second, the main inverter
current is unidirectional while the auxiliary inverter
current is bidirectional. Due to that the average
values will follow the design given in table II. This
indicates that load is actually supplied from the main
inverter. Therefore this will be reflected on the size
of the HFT to be very small which is a main task in
this work.

Fig. 15 shows the dc bus voltage of the main

| and auxiliary inverters. The main inverter dc bus is

about 270 V and the auxiliary inverter dc bus is about
90 V. the voltage control done the battery banks can
guarantee to keep these dc bus voltages at certain
specific constant value without change with load

L
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Fig. 9. Load current and load voltage with load step at 0.2
s

Fig. 9 from top to bottom represents the load
current and voltage, respectively. It illustrates that the
change in the load current at 0.2 s due to sudden
decrease in the load impedance is almost one half of
its initial value. The average value of the load current
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|
| 8. Conclusions

| This paper presented simulation, analysis and the

‘zzoperation of MLI inverter for standalone PV system

| _ 1 e
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applications. The main advantages of the proposed
topology are: 1) it has lower number of isolated dc
| bus voltages, 2) the dc bus voltages of the main and
| auxiliary inverters are naturally balanced due to using

021

0
| generate the dc bus voltage of the auxiliary inverter

Zthe HFT. In this system a HFT is used per phase to

from the dc bus of the main inverters. A fixed and

i optimum MI is chosen to reduce drastically the HFT

500 i ‘ I ‘ |
T8 0.185 018 0.205 021 0215

Lwhich is very important in reducing the overall

XCY: 0

Fig. 11 MLI line-to-line ogtgut voltages with load step at ?Zii:{:;;'gze {Eea‘isi%ﬁ::c%ﬁgg?zﬁiz ?E;gev?;fégz

8 A voltage control technique is employed to keep the

10—=-— —— ——_ dc bus voltage constant where a PV accompany with

sl |- )L r : ﬁ;; A | i a BESS is used for this task. Simulation results have

O'l i f Il 1‘ , til ‘ | § H! - [}filf | been provided for system verification.
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