Emulation of a hybrid PV-Wind-Battery system*
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Abstract— This paper is focused on the design and the
implementation of a hybrid PV-wind power system with batteries.
It aims to emulate the behavior of a hybrid power system in order
to face load consumption variations. Final system includes relevant
contributions such as quality of emulator (a large number of
parameters are considered); capacity to study various impacts
simultaneously, a fast dynamic and a set of experimental tests that
have been achieved and validated with a test bench.

1. INTRODUCTION

Real time simulation test beds for renewable energy sources
investigations are fully recommended for industrial development
[1]. In case of photovoltaic generators, tests are conducted to
ensure and guarantee quality and performances of the final
product. However, it is costly, consumes time and is strongly
dependent on climatic conditions. In addition, a few risks must
be controlled since direct employment of PV modules for
prototype testing can damage the source. A solution for
developing experimentations without real PV panels is so
recommended. Also, tools’ development in laboratory is very
useful for carrying out measurements and analyses,
independently of climatic conditions. A wide range of
photovoltaic array emulators with power converters has been
investigated, proposed and developed during those last years.
Some of them are without galvanic isolation, and are based on
structures with low frequency transformer or on HF
transformers and use Pulse Width Modulation (PWM) principle
or linear converters to avoid Electro-Magnetic Compatibility
(EMC) interferences. Trying to emulate PV power (I-V curve),
converters amplify advantageously the solar cell reference or
modify the I-V curve with convenience: a discrete table of value
is stored in a memory and points can be interpolated, but most of
them are using mathematical models for I-V curve and
calculations are done with array’s parameters, making possible
modifications and simulation of PV curve under different
conditions more easily [2].

In wind generators applications, real time simulators [3] [4] [5]
are carried out to control wind velocity in laboratory, that in
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fact, in real conditions, it is particularly difficult to perform such
objective.

So, this paper is focusing on real time simulation and
supervision for a hybrid renewable power system with storage
capabilities. A test bed reproducing with accuracy the behavior
of a hybrid system is implemented with a relevant supervision
technique based on current mode control and State of Charge
(SOC) estimation for batteries. It is mainly composed of
photovoltaic and wind turbine conversion systems combined
with batteries. The real-time emulator for photovoltaic arrays is
based on a closed-loop reference model structure whereas wind
turbine simulator is based on two DC machines controlled by
speed and torque. Both permit to analyze, Maximum Power
Point Tracking (MPPT) techniques and complete system’s
behavior under specific conditions.

In the first part of this paper, development and implementation
of a photovoltaic solar simulator are described. Then, in the
second part, wind turbine simulator is presented. Finally, the
two simulators are integrated and connected together for the
hybridization of the two sources with batteries combination.
Tests are conducted and hybrid system performances have been
assessed.

Il. PHOTOVOLTAIC GENERATOR EMULATION

The proposed photovoltaic generator simulator consists of a
programmable power supply controlled in real time by dSPACE
card (DS1104) through Matlab/SimulinkTM surroundings as
shown in Figure 1. Control part uses the return (by
measurement) of voltage and current (Figure 2). So, from
reference model, the operating point is connected to load and
follows characteristic of photovoltaic panel using a PI controller
[2]. PVmodule block is used to generate Ipv current from
equations presented on [6]. To overcome problem of
implementation with algebraic loop in dSPACE, Newton -
Raphson method [7] is employed for solving the current
equation:

VpVv+Rg Iy Vpv+Rs Ipy
lpw = Iin = Io [exp (F5722) - 1] - e (1)
With:

I;, : photovoltaic current due to irradiation. If the panel is
composed of Np cells connected in parallel, then

Iin = Lin cen X N where Ij, .oy Is the saturation current for a
single cell,
Io : saturation current of the diode. Iy = Iy cenn X Ny Where I cep
is the current of a single cell and N, the number of cells in
parallel,
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Ng XKXT

V, : thermal potential of the panel. V, = , Ng is number

of cells in series, K: Boltzmann constant [1.3806503 X
10723 J/K], q charge of an electron [1.60217646 x 10719 C]
and T temperature of p-n junction in Kelvin degree [°K]. T is
assumed equal to ambient temperature.

a: ideal constant of the diode, assumed equal to 1 in our case.
Vpv: voltage across the panel.

Thereafter, reference current Ipvref provides the reference signal
of the programmable power supply with Pl controller.
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Figure 2: Matlab/Simulink implementation for developed
emulator regulation

A complete photovoltaic conversion chain is then set up
according to the following wiring diagram:
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Figure 3: Wiring diagram of the developed solar photovoltaic
simulator

I11. DEVELOPMENT OF A WIND TURBINE SYSTEM PHYSICAL

This simulator permits to reproduce in laboratory the
behavior of Lacota SC (900 W) wind turbine with a one third
reduced scale (for safety reasons: reducing wires current and
protecting converters). Development of such a tool is interesting
for reproducing various research investigations and ensures a
good flexibility for wind turbines characteristics and also a fully
control of wind speed. It combines several elements: wind
profiles, wind turbine model (Lacota SC (750W at 12m / s)),
two DC electrical machines; MCC1 for wind turbine torque
production and MCC2 for simulating generator, energy storage
system (batteries bank and/or accumulators), a first step-down
chopper to control MCC1 and another one for MPPT control of
the generator [8-9]. Both are commanded via a PI regulator, and
finally a continuous variable load.

Block and wiring diagrams of the simulator are given figure 4
and 5.
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Figure 4: Schematic representation of wind energy simulator in
laboratory
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Figure 5: Connection diagram of the developed wind energy
simulator

All parameters were set precisely to get an electrical power of
about 250 W for a wind speed of 12 m/s. Thus, we ensure the
scaling of 1/3 for the Lacota SC Engineering wind turbine
(750W at 12m /s).

Figure shows the implementation of wind turbine model for
torque reproduction and the current mode control of DC
machine (MCC1).
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Figure 6.a Wind turbine model under Matlab/Simulink
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Figure 6.b Matlab/Simulink implementation of wind turbine
torque (MCC1 armature current) regulation
Figure 6: Matlab/simulink implementation of wind turbine
model and DC machine (MCC1) current mode control for torque
reproduction

IVV. EXPERIMENTAL IMPLEMENTATION OF THE HYBRID WIND
PHOTOVOLTAIC BATTERIES SYSTEM

Photovoltaic and wind turbine generator previous simulators
are integrated for carrying out hybrid power system test bed
(Figure 7).

| Photovoltaic system simulstor | | ‘Wind turbine system simulator |

Figure 7: Hybrid power system test bed with PV, wind turbine
and batteries sources




In autonomous hybrid power system operation, batteries can
be exposed to overcharges (SOC > SOCmax) or deep discharges
(SOC < SOCmin). In addition, load can be not satisfied in case
of renewable energy absence or insufficient capabilities of
energy storage. Considering that, a new technique has been
designed for motorizing hybrid power system with different
current converters and taking into consideration batteries State
Of Charge (SOC) estimation.

Supervision algorithm implemented on Dspace environment
is represented by following chart:
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Figure 8: Proposed supervision method flowchart

V. RESULTS AND DISCUSSIONS

In order to test the bench, under real conditions, data from
weather station (figure 9) have been acquired [10]. Obviously, it
is not a real size reproduction of the hybrid power system but for
demonstration of its behavior. For the load, same consumption
profile for one day is considered third scaled. A step simulation
30s is employed. Batteries SOC is managed between SOCmin =
49.8% and SOCmax = 50.2% (thresholds are chosen deliberately
closed in order to test rapidly the functioning of energy
management system). All results are published in figures 10-12:

e While te [0; 4.2 hrs.[, a low energy consumption is
beginning but there is not enough energy produced to
satisfy the electric demand. Batteries are discharging as
depicted in figure 12. Nevertheless, it remains in the
normal functioning mode.

e During t € [4.2; 8.3 hrs. [, batteries” SOC reaches its
lowest value due to lack of production. Consequently,
batteries current is set to zero, as displayed in figure 11
and only 90% of power demand is satisfied (figure 11).

e Throughout t € [8.3; 16.1 hrs. [, sun brings a significant
amount of energy to the system. Demand is fulfilling
and batteries are charging. System operates now in a
normal functioning phase again.

e During te [16.1; 17.3 hrs. [, maximum SOC is
achieved. So, batteries current is forced to zero. Wind
turbine power output is reduced. As still excess
production remains, photovoltaic power output is also
degraded. This is clearly visible when comparing
figures 9 and 10. There is a drop in photovoltaic power

P[]

output not due to reduction of solar irradiance: working
point of the photovoltaic generator has been adapted.
While te [17.2; 20.6 hrs. [, consumption increases
intensely. It has to be noted that Pload (demand) is
already scaled down with a three factor to prevent
damage caused by excessive currents (maximum
allowed load for simulation is 400W). Since batteries
are fully charged, the system is returning to a normal
functioning state.

When t € [20.6; 24 hrs. [, no energy is produced, and
SOC achieves its minimal allowed value. Thus, the
system has to put batteries current at zero. No power
practically is delivered for electrical loads.
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Figure 9: Input variables variations for one day simulation
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Figure 12: SOC and battery power output for one day

VI. CONCLUSIONS

In this paper, an experimental PV-wind-batteries power
system has been successfully developed in a third scale test
bench. It allows a realistic emulation for multiple energy sources
system. A relevant control strategy based on current control and
batteries State Of Charge estimation has been successfully
implemented and validated for different configurations with
many tests. This experimental bench is a useful tool for
investigators to test and combine multiple sources power
systems with various types of control.
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