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Abstract- This paper aimed to evaluate the use of a photovoltaic-battery storage system to supply electric power in the
distribution grid through a multilevel inverter. A DC-DC converter is used to interface a photovoltaic (PV) generator and a
lead-acid battery bank to a common DC-link. Maximum Power Point Tracker (MPPT) that allows extraction of maximum
available power from the photovoltaic (PV) panels has been included. This MPPT is based on Perturb and observe method. A
three level diode clamped inverter is connected to the grid by a traditional three phase transformer. To generate proper
multilevel voltage waveforms, a fast and simplified space vector modulation is adopted. The proposed control scheme ensures
the injection of a reference power in the distribution grid and controls the reactive power with fast dynamic response. The
validation of the proposed system is proved by simulation of the whole system using MATLAB-Simulink software.

Keywords- Photovoltaic generator, MPPT, Battery bank, three level diode clamped inverter, space vector modulation, and grid
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1. Introduction

With the increasing concern about global environmental
protection, the need to produce pollution-free natural energy
such as solar energy has received great interest as an
alternative source of energy for the future since solar energy
is clean, pollution-free and inexhaustible. In an effort to use
the solar energy effectively, a great deal of research has been
done on the grid-connected photovoltaic generation systems.
In PV systems connected to the grid, the inverter that
converts the output direct current (DC) of the solar modules
to the alternate current (AC) is receiving increased interest in
order to generate power to utility. Generally, the grid
connected PV systems extract maximum power from the PV
arrays. The maximum power point tracking (MPPT)
technique is usually associated with a DC-DC converter. The
DC-AC converter injects sinusoidal current into the grid,
controlling the power factor [1-4].In order to inject power on

demand, certain energy storage devices must be added into
the system. These devices must store PV energy in excess of
electricity demand and subsequently meet electricity demand
in excess of PV energy. The conventional lead—acid battery
is the most common energy storage device at the present time
[5].Another very important aspect of the systems connected
to the grid is to select a proper power factor according to the
grid demands: active or reactive power. The most efficient
systems are those, which allow variation in the active and
reactive power injected into the grid, depending on the power
grid requirements [6]. In this scenario, we propose a control
strategy for a photovoltaic- battery storage system connected
to the grid with a three level diode clamped inverter.

The proposed control strategy is capable of controlling,
not only the current injected into the grid, but also the power
factor (PF). Varying the PF, within a certain range, the
injected reactive power can be dynamically changed and
controlled.The paper is organized as follow: in section 2 we
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presented the the system model and control: mathematical
model of the photovoltaic generator, Maximum Power Point
Tracker, model of battery bank, model and control of the
three level diode clamped inverter, control of the global
system. Then, in section 3 we presented the simulation
results and we terminated by a conclusion of this study in
section 4.

2. System Model and Control

Fig. 1 shows the configuration of the grid-connected PV
battery storage system, which consists of PV panels, DC/DC
converters for MPPT, a battery bank connected to the DC
bus by a bidirectional DC-DC converter and the three level
diode clamped inverter connected to the grid through a
traditional three phase transformer.

The control structure of the grid-connected PV — battery
storage system is composed of three structure control:

1. The MPPT Control, which the main property is to
extract the Maximum power from the PV generator.

2. The inverter control, which have the main goal:
-control the active injected into the grid;
-control and regulate the reactive power;
-ensure high quality of the injected power;
-grid synchronization.

3. The DC bus control witch has the goal to regulate the
DC bus and to control the charge and discharge of battery
storage.
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Fig. 1. Bloc diagram of the current control.

2.1. Model of PV Generator

The PV generator consists of electrically connected PV
modules and it is modeled by physical oriented equivalent
circuits, including one or more diode. The single diode
equivalent circuit as shown in Fig. 2 is the most commonly
used model for large PV generators [7].

Ioh

Rs |
Id | v
Rsh Charge

Fig. 2. Photovoltaic cell equivalent circuit.

Starting from the widely known photovoltaic cell
electrical equivalent circuit, an equivalent model for a more
powerful PVG made of an (Ns x Np) array of PV cells, is
established [4]:

The mathematical model witch relates the output current
to the output voltage is given by the following expression:

I'=1,,—1I [(exp ]::;—RTS> - 1] — LR (D)

. Rsh
q

Where:

I,n: The photo-current, I;: the saturation current of
diode, m: ideality factor, Ry and Ry, : series and parallel
resistance, T: junction temperature, K: Boltzmann constant,
g : electron charge.

For a PV module with Ns series connected cellsand Np
parallel connected cells, the current-voltage characteristic is
given by:

1 V | Rl
I = Ny. Ly, — Np. I [exp (<m.K.§) . (N_s + N_,,)) — 1] —

)

Rsp Np

2.2. Maximum Power Point Tracking

The PV array must operate electrically at a certain
voltage which corresponds to the maximum power point
under the given operating conditions. To do this, a
maximum power point tracking (MPPT) technique should
be applied. Various MPPT techniques like look-up table
methods, perturbation and observation (P & O) methods and
computational methods have been proposed in the literature.
The perturb and observe(P&O), as the name itself states that
the algorithm is based on the observation of the array output
power and on the perturbation (increment or decrement) of
the power based on increments of the array voltage or
current. The algorithm continuously increments or
decrements the reference current or voltage based on the
value of the previous power sample. The P&O is the simplest
method which senses the PV array voltage and the cost of
implementation is less and hence easy to implement [8].
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Fig. 3. Flowchart of P&O algorithm.

2.3. Battery Bank Model

Lead acid batteries are used to guarantee several hours to
a few days of energy storage. The model representation of
the lead-acid battery is shown in Fig. 4. The capacity of the
battery is determined by integrating the main reaction current
Iyr - To consider the increased gassing losses when charging
the battery at high voltage and temperature, here represented
by the loss-currentl,,, constitutes a significant improvement
over alternative battery models for the simulation of hybrid
energy systems. The state-of-charge can be calculated by
referring the actual capacity to the rated capacity of the
battery, as expressed by equation 2 [9-10].
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Fig. 4. General structure of battery model.

The main reaction current of the battery bank can be
expressed as:

Iyr () = Iy () — Igas(t) (3)
Where:

Iyg : Main battery reaction current (A)

I,p: External battery current (A)

1,45 Battery gassing current (A)

The capacity model of the battery does not limit the
charge or discharge current. Operation of the system with
excessive charge or discharge currents has to be prevented by
the selection of appropriately sized components and the
implementation of a suitable control strategy. The actual
battery capacity can be determined as:

Cy(©) = [y Iur ()t + C; @
Where:

Cp: Actual battery capacity (Ah)

Cyp ;- Initial battery capacity (Ah)

The state-of-charge can be calculated by referring the
actual capacity to the rated capacity of the battery:

soc(t) = 2“9 x 100% (5)

C1o0

The presented voltage model of the battery is based on
the ‘Expanded Kinetic Battery Model’, which has been
presented in [9].

The voltage model considers that the battery terminal
voltage depends on the following factors:

- Battery state-of-charge;
- Internal battery resistance;
- Magnitude and direction of battery current

For all calculations shown, different model parameters
represent the characteristic voltage behavior of lead-acid
batteries when charging or discharging. The internal battery
voltage is calculated as:

a) Charging (I, < 0)

Ce.X(t)

Eb(t) =Egc + Ac-X(t) + EFC (6)
’ (Dc—x(1))

b) Discharging (I, > 0)

Eyp(t) = Egq + Ap. X(t) + —2X90 2 ™
’ (Dg—x(1))

Where:
E}: Internal battery voltage (V),

X: Normalized maximum charge/discharge capacity
(Ah),

The normalized maximum charge/discharge capacity X
is given as:

a) Charging (I, < 0)
Cy (0 ®)

Qmax,c

X(t) = Qmax-(IMR(t))
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b) Discharging (I, > 0)

Qmax,d-(Qmax,d_Cb (f))
Qmax-(IMR (f))

X() =

©)

The maximum capacity Q,,,in dependence of the main
reaction current of the battery is expressed by a third order
polynomial equation, where the parameters have to be
determined by empirical curve fitting from measured data :

a) Charging (I, < 0)

Qmax(IMR (t)) = C1-IMR(t)3 + CZIMR(t)Z + CSIMR(t) +C,
(10)

b) Discharging (I, > 0)

Qmax(IMR(t)) = Dy. Iyg () + Dylyr () + D3lyr(t) + D,
11)

Therefore, the battery terminal voltage V, can be
calculated as:

a) Charging (I,, < 0)

Vp(£) = Ep(t) — RocIyr (t) (12)
b) Discharging (I, > 0)
Vp(£) = Ep(t) — Roalur (t) (13)

The voltage of a string of batteries is given by
multiplying the battery voltage with the number of 12 Volt
batteries in series:

Vpp (t) = Bs. Vy (2) (14)
Where:
Vpp: Voltage of battery bank (V),

Bg: Number of 12 V batteries in series,

2.4. Model and Control of the Three Level DCI

Multilevel  converter gives massive advantages
compared with conventional and very well-known two level
converters like; high power quality waveforms, low
switching  losses, high  voltage capability, low
electromagnetic compatibility (EMC) etc. At the present
time, the majority of research and development effort seems
to concentrate on the development of three classes of
inverters: the diode-clamped multilevel inverter, the
multilevel inverter with cascaded single-phase H-bridge
inverters and the multilevel inverter known as the flying
capacitor inverter or some-times as the imbricate cells
multilevel inverter [11-13].

2.4.1. Model of the three level DCI

A three-phase three-level diode-clamped inverter is
shown in Fig. 5 [14].Each leg is composed of two upper and
lower switches with anti-parallel diodes. Two series dc link
capacitors split the dc bus voltage in half and six clamping
diodes confine the voltages across the switch within the
voltages of the capacitors. The necessary conditions for the

switching states are that the dc link capacitors should not be
shorted and the output current should be continuous.

Fig. 5. Three level diode clamped inverter (DCI).

2.4.1.1. Connection functions

For each leg of the inverter, we define three connection
functions, each one is associated to one of the three states of
the leg:

FClj = Fl]F2]
Fopj = Fyj. Fs; (15)
FC3]' = F3]F4]

Table 1. The states of one leg of the 3 level DCI.

Fya | Fip Fya Fyq Vi Etat
0 0 1 1 -Uc/2 N
0 1 1 0 0 O
1 1 0 0 Uc/2 P
1 0 0 1 unknown -

As indicated in table 1, each leg of the inverter can have
three possible switching states P,O N.

2.4.1.2. Output voltages

The output voltages of a three level diode clamped
inverter are expressed as follows:

Uc
Vio Foir For Fead] | 7
Vao| = |Ferz Fezz Feszf.| O (16)
V30 Fcl3 F(:23 Fc‘33 _TUC

From the output voltages V,,, V5, et Vs, , We define the
output voltage vector given by :

I/S = V106j0 + I/zoe_jzn-/3 + V3Oej2ﬂ/3 (17)
Vo =Va+ijV, (18)
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Fig. 6. Three level diode clamped inverter space vector
diagram.

Fig. 6 shows the space vector diagram of the three level
inverter. The output voltage space vector is identified by
combination of switching states P,0,N of the three legs.
Since three kinds of switching states exist in each leg, three
level inverter has 33 = 27 switching states.

2.4.2. Simplified spave vector pulse with modulation

In SVPWM method the output voltage is approximated
by using the nearest three output vectors that the nodes of the
triangle containing the reference vector changes from one
region to another, it may induce an output vector abrupt
change. In addition we need to calculate the switching
sequences and switching time of the states at every change of
the reference voltage location. In this paper, a new method is
proposed in which the three level inverter is decomposed into
six space vector diagrams of two level inverters (Fig. 7). This
modification can reduce considerably the computational time
and reduce the algorithm complexity [14].

Fig. 7. Decomposition of the three level diode clamped
inverter space vector diagram into six space vector diagrams
of two level inverters.

2.4.2.1. Correction of reference voltage vector

Having the location of a given reference voltage vector,
one hexagon is selected among the six small hexagons that
contain the three level space vector diagram. Each hexagon is
identified by a number s defined as given by:

7.1 (19)

After selection of one hexagon, we make a translation of
the reference vector Vg towards the center of this hexagon

Table 2. Correction of reference voltage vector.

Hexagon Vy® V"’
1 Vi—1/2 A
2 Vi—1/4 V; —V3/4
3 Vi +1/4 V; —V3/4
4 Vi+1/2 A
5 Vi +1/4 V; +V3/4
6 Vi —1/4 V; +V3/4

2.4.2.2. Determination of dwelling times

Ones the corrected reference voltageVy’ and the
corresponding hexagon are determined, we can apply the
conventional two level space vector PWM method to
calculate the dwelling times, the only difference between the
two level SVPWM and the three level SVPWM is the factor
2 appearing at the first two equations as shown in this
equation:

(T1 . [|Ty|.Ts.sin(§—a)]

! sin(g)
l T2 = 2 * [

.TS.sin(a)] (20)
T3 = TS - T1 - T2

vy
. TL.
sm(g)

2.4.2.3. Conversion and sequence of the switching states

The reference voltage vector V¢ is approximated using
the nearest three states which are nodes of the triangle
containing the vector identified as X, Y and Z. the optimum
sequence of these states is selected so as to minimize the
total number of switching transitions. It’s well known that
these sequences should be reversed in the next switching
interval for minimum harmonic impact as given in [14].

2.5. Control System Structure
The control structure is composed of three main blocs:

the DC link regulation bloc, the power control bloc and the
current control bloc as shown in Fig. 8 [15, 16].
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Fig. 8. Bloc diagram of the control structure.

2.5.1. DC bus control

The DC voltage control regulates the DC bus. Fig. 9
shows the bloc diagram of DC voltage control.

Igc ——>®_
*

Ipp

_\‘ IMAC
By ;®—>—| —

Pg ref l_*_>

Fig. 9. Bloc diagram of the DC bus control.

Where Iyac is the current in DC bus capacitor and Iy is
the battery bank current.

2.5.2. Power control

The active and reactive power (P, Q) can be both
expressed by using Park components of supply voltage
(Vea, Vig) and line current (Iq, Iq) as follows :

{qu = Vea-ea + Veg-Ieq
Qg =Via-ltq = Vig-Ita

Reference currents (Igg res ltqrer) Which allows setting

(21)

the desired reference active and reactive powers
(Pg res Qg rer), as follows:
lea ey = i ref;vtg_?g ;ef-vtq
Vid +Vq . 22)
Ligref = Pg refA-th;QAg 'rzef-th
Via +Vtq

The unity power factor is obtained simply by setting the
reactive power reference null. We can also generate or
absorb (Qg rer <007 Qgrer > 0).

2.5.3. Current control

The vector current control in Park reference frame is
carried out by using the synchronized reference with the grid
voltage. The electric equations of the filter (R, L;) connected
to the grid are given bellow:

dal
Via = Relta + Le % — sLelia + Vga )
dl
th = Rtltq + Ltﬁ + wSLtItq + ng

Decoupling
Fig. 10. Bloc diagram of the current control.

Compensation Correcteur

3. Result Simulation

In this section, the photovoltaic grid connexion system is
simulated using SIMULINK-MATLAB. We simulate the
system for two cases:

1.4
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Fig. 11. Irradiance profile (sun).
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Fig. 12. Temperature (°C).
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Fig. 13. Temperature (°C).
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Fig. 24. THD of Output 3 level DCI voltage phase 1 (V).
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Fig. 28. Zoom of grid voltage (V) and current (A) of phase 1.
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Fig. 29. Zoom of grid voltage (V) and current (A) of phase 1.
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Fig. 32. THD of Output 3 level DCI voltage phase 1 (V).

These simulations improve the validity of the proposed
control strategy for the grid PV/battery storage system. The
results show that it is possible to inject to the grid a fixed
power whatever solar irradiance and temperature condition.
When the photovoltaic generator power is more than the
reference power to inject into the grid, the control system
ensures the multilevel inverter to inject to the grid the
reference active power, the surplus energy is stocked in the
battery bank and when it is less than the reference power, the
battery bank compensates the difference power.

In the first case Fig. 20 and Fig. 21 show that the grid
current and the grid voltage are in phase. Also, Fig. 18 and
Fig. 19 show that we have injected into the grid the reference
power with a unit power factor , in Fig. 23 the output voltage
of the three level inverter changes when the reference power
changes because the reference voltage given by the control
system are changed . In the second case, the grid and current
voltage are not in phase (Fig. 28, Fig. 29) because we have
changed in reference reactive power (Fig. 26) .We note also
that the DC bus voltage remains fixed in the two cases by the
control system (Fig. 15) .The three level DCI generate output
voltages in three levels and gives a good power quality into
the grid.
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4. Conclusion

This paper proposed the study and the control of
photovoltaic-Battery storage grid connected system, the use
of a three level DCI with his simplified space vector
modulation as a grid interface gives a good results in term of
THD and power quality, also, the aim was in this work to
inject to the grid a fixed power whatever solar irradiance and
temperature condition.  The results obtained from this
performance analysis confirm that the control strategy
adopted achieves the specified performance objectives.
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