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Abstract: Within the scope of full-scale energy modeling of a hybrid wind / photovoltaic system
coupled to the network, our focus herein lies in a battery set-up that makes use of the CIEMAT
model. The implementation and energy-based analysis of this model are conducted with emphasis
on the continuous estimation of battery capacity. A measurement vs. model results comparison is
then performed under actual operating conditions.
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| - Introduction

The work performed as part of the current research lies within the scope of the full-scale energy
modeling of a reduced-power hybrid wind/photovoltaic production system (20 ASE modules for a 2-
kW polycrystalline silicon peak and two 750-W wind turbines), coupled to the network via a
continuous bus and connected to an electrochemical storage device (48 V - 15 kWh) (see Figure 1)
[GER 01], [GER 02]. A subsystem modeling approach has been derived in order to obtain a series of
models accurate enough to account for energy transfers and fast enough to enable optimizing system
design and/or control.

Order of the level voltage battery

"System of management and command

LEAD-ACID BATTERY
48V - 15kWh

left for Vi anous so]ar irradiations, to the

right for Is junction temperatures

Consumer

4

Solar irr

e ‘
bt iation(/m: PV array: 2kW pic
™ [ “‘ 1 Converterss |__
] ; 9 DC-DC

— L

4

) lIAZ) \3 4 5 6 7 - 0 Ghoun) 18 24
e timi
time (days) s DC Bus #
< 44V-to 54\
1 S ; e & S B INVERTER
< g @@ DC/AC
< : GRID
S 230V - 50Hz
Wind-generator N —

48V - 750W

3 T (
| Wind speed (m/s)
] 1]

Measure of the | i| Tl
meteorological conditions

120V - 750W
1 2 3 4 5 6 71 e Converter Converter
time (days) W AC-DC DC-DC

Wind turbine power versus
the wind speed

Power (Watts)

CR S
Wind speed (m/s)

Figure 1: Hybrid wind / photovoltaic production system coupled to the network grid (with energy storage)
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The relatively sophisticated nature of the electrochemical accumulators makes it difficult to
develop a general model, especially over long-term study periods. The various models identified in
the literature, with respect to lead-acid technology, entail a complex implementation due in particular
to the high number of parameters to be determined. In order to avoid generating excessive complexity,
we have elected to use the CIEMAT model ([COP 93], [DUM 99]), which serves to reproduce correct
trends in the actual behavior of electrochemical accumulators while remaining "universal" in its
application. As such, no experimental identification of empirical parameters is required when using
the other widespread models.

Il - The CIEMAT model

This model is based on the electrical diagram presented in Figure 2, according to which the battery
is described by just two elements (whose characteristics depend on a set of parameters): a voltage
source and the internal resistance.

nb.Eb

Figure 2: Equivalent electrical diagram of n,, battery elements in series

For the n, cells in series, the following equation applies:
Via =1y LE, + 1, [R; T, 6]

where V,,, and I, are the battery voltage and current (according to the receptor convention), £, is
the electromotive force as a function of the battery state of charge (denoted SOC), and R; is the
internal resistance of an element.

In our application, the battery is composed of 24 electrochemical accumulators in series ("STECO
Saphir 3600", product documentation included in the Appendix). According to the manufacturer's
characteristics, a single element provides a capacity C;y of 325 A.h (with this value representing
battery capacity over a discharge regime at constant current during 10 hours: C;y = 10 . I;y) and an
internal resistance of 0.4 mQ.

Three equations are required to describe battery behavior as a function of its charge, overcharge or
discharge regime.

The formulation of these equations incorporates the standardized expression of battery capacity
Cpar» which we shall call "instantaneous capacity" given its dependence upon instantaneous current
value and charge history. The state of charge, SOC, of the battery depends on both the residual charge
and the actual charge or discharge regime.

111 - Capacity model

The capacity model yields the quantity of energy Cj,, that the battery can restore, according to the
average discharge current 11;7 The corresponding expression is established beginning with the I,
current, relative to operating mode C;o [MAR 03].
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C 1.67

Cb‘" = —[{1+0.005[AT) (2)
" 1+40.67 ﬂ@)o'g

Iy

whereAT is the accumulator heating (presumably identical for all elements) in comparison with a

25°C ambient temperature.

Coat 18 used as a reference to determine battery SOC, which will then be formulated according to the

quantity of lacking battery charge, Q.

Epc=1-24 3)

bat

1V - Continuous estimation of Cpat

The electrical model implies knowledge of the value of instantaneous capacity C,,, on a continuous
basis. We thus consider that if the battery were fully-charged (i.e. SOC = SOC,,x, with the
computation imposing an SOC,,x value of 0.9 in order to avoid exceeding the gassing limit (see
Section 3.1.3)), this instantaneous capacity C,, would equal the reference value Cjy. In other cases
(i.e. SOC < SOCjyy4x), Cpy 1s calculated on the basis of the equation provided by the CIEMAT model.
Accordingly, at any time ¢, Cy,(?) is calculated from the average discharge current, which gets
calculated over a period beginning at the instant when the state of charge was maximal until time ¢, in
including only the discharge-specific currents. The following figure illustrates this computation over
one operating cycle:
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Figure 3: Method for continuously calculating the instantaneous capacity Cy,; over a given operating cycle
(example of battery with capacity C;y = 320 A.h) - maximum state of charge imposed at 0.9

From this figure, we can observe that if average discharge current falls below /;, then the capacity
Cpar capable of recharging the battery is greater than C;,. Otherwise, if this average current lies above
139, then Cp,, is less than Cjy. The instantaneous battery capacity Cy,(?) is hence a function not only of
the battery's operating mode at time ¢, but also of how the battery had been used up until z.
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V - The voltage equation

The expression for battery voltage has been derived from Equation 2 above as a function of its
charge (index "c"), discharge (index "d") or overcharge (index "oc") regime. This set-up thereby leads
to a structure tied to both of the battery's internal elements: the electromotive force and the internal
resistance [MAR 03]:

I
I/batid = n, [ﬂ1,965 + 0,12 EDC] -n, E,l bat 4 + 0’27

0,02 |1 —0,007 AT
Co |1 +‘]bat|l.3 EDC'? 0, [( ’ )

6 0,48
V. =n, 02 +0,16 (EDC]|+n, he ’ 0,036 |l —0,025 (AT 4
e = 2+ +m, Cio EEI v, G—EDC)? ][( ) @

t—t,
Vbut oc = n, |:B/g + ny, mVec - Vg) l:lllil - exp[ £ ]]
- T

4

During the charge regime, once voltage at the battery terminals has reached V, (the so-called
"gassing voltage"), then the evolution in voltage displays a sharp rise, which characterizes the gaseous
release of hydrogen and oxygen: this phenomenon is known as "gassing". The temporal evolution of
this phenomenon is approximated by means of an exponential law. The voltage expression can then
be established from the point in time ¢,, whereby V., .=V, [MAR 03].

The values of gassing voltages V, and ending charge V.., along with that of the time constant ,, are
obtained on the basis of the following expressions [MAR 03]:

1
V.= {2,45 +2,011 D]n(l +%ﬂ [ﬂl -0,002 mT)

10

10
~ 1,73
T =

g [ 1,67
1+852 [ﬁ’”}
CIO

VI - Energy efficiency considerations

1 a.
v, = {2,24 +1,97 El}n(l + AH [{l - 0,002 [(AT) (5)

We will distinguish herein between two types of efficiency: Coulomb and global. The former
concerns the capacity of the battery to store energy and excludes Joule losses in the internal
resistance, whereas global efficiency includes both Coulomb and Joule losses.

Coulomb efficiency during battery discharge is assumed to equal 100% [DUM 99]:
Nep a =1 (6)

Coulomb efficiency during the charge regime depends heavily on the charging rate: its value nears
100% for low charge currents and a weak state of charge; it then deteriorates upon approaching a
fully-charged state. The following expression [DUM 99] reveals this relationship:
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N o =1-exp _ 207 ffsoc -1) (7

Zhat 4055
10

Global efficiency incorporates losses within the internal resistance of the battery to discharge, i.e.
when the battery is fully-charged and internal resistance remains low; these losses then increase with
a low state of charge, which causes discharge efficiency to considerably decline over this operating
zone. While the battery is charging, internal resistance still depends on the state of charge of the
electrochemical accumulator. This value rises at an increasing rate when approaching the fully-
charged state. From a constant current perspective, the amount of losses will be greater upon
approaching the full charge, and efficiency during accumulator charge will thereby be lower over this
zone.

For illustration, Figure 4 displays the evolution in internal resistance for our accumulator, which is
composed of 24 elements in series during both the discharge and charge regimes:
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Figure 4: Evolution in the internal resistance of our battery as a function of its state of charge - constant current
mode of operations - CIEMAT model conditions

We have computed and then represented in Figure 5 the evolution in global efficiency (Coulomb
efficiency + Joule losses) of the battery during both charge and discharge, with respect to its state of
charge and the power injected or extracted. For the purpose of this calculation, we imposed constant
power during charge and discharge and observed the evolution in state of charge relative to Cp,,.
During charge, efficiency ng . reflects the ratio of energy stored over this short period to input
electrical energy; during discharge, Ng 4 is the ratio of depleted electrical energy to initially-stored
energy.
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Figure 5: Display of the evolution in global efficiency during both charge and discharge as a function of the
state of charge at constant power

During charge, global efficiency becomes even lower as the state of charge nears unity. As
recharge power increases, efficiency falls. During discharge, efficiency climbs to almost 100% for a
fully-charged battery and tends to zero for weaker states of charge. During discharge, we have
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observed that it is impossible to extend below a certain threshold state of charge. As an example, for a
1-kW discharge, we are unable to drop below 10% of the state of charge, whereas at 4 kW this
threshold lies at 27%, since the power required is not sufficient to compensate for losses in internal
resistance.

We have identified however a preferred operating zone for the battery, roughly between 30% and
70% of the state of charge; over this zone, the battery may be placed into service and delivers
acceptable efficiency levels. It can be deduced therefore that an electrochemical battery operating at
full power is not functioning over its entire state of charge range. The ensuing loss in potential is
considerable and depends on the desired power level, i.e. on the speed of either the charge or
discharge.

VII - Simulation on a given cycle

We have tested this model on a battery load-

55
discharge cycle at our experimental facility and 5 o
have loaded the battery by acting upon the = 2 :Tﬁf:mm
voltage set point imposed by the inverter. Figure g =
6 displays the stress cycle generated: measured g 2 g
voltage differs slightly from the set point once the S @, — =
current has reached the limits imposed by the pi M
inverter. We can note that the set point is not 5
perfectly respected, with the deviation being due 0 o (mIS)O 50 0 10
to the level of inverter resolution (by means of Figyre 6: Battery voltage set point and measured voltage
0.5-V increments). over a loading cycle generated via the inverter

According to this simulation, initialization was performed for a measured (and stabilized) uncharged
battery voltage of 51.32 V, hence at an 86% state of charge. Figure 7 presents the currents and
exchanged energies, which are both measured and computed within an imposed voltage operating
range.

We are able to state that while these results
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committed amounts to 1.83 kWh, the equivalent
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determine the current evolution. The electrical
model errors thus induce a cumulative effect on
energy estimation, with the current being given in \\// 1N\
Equation 8 below:
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From a practical standpoint with respect to system energy management, it would be advantageous
to define a series of power profiles, which gives rise to the notion of imposing a power set point
instead of a voltage set point, thereby enabling added evaluation accuracy during both the modeling
process and state of charge monitoring. The evolution in current is then calculated from the battery
terminal voltage values Vi,

P
]but = bat

Vbut (9)
Vi =1 LE + 1, LR, LT,

Though battery terminal voltage also depends upon internal resistance, the determination of
current by means of Equation 9 remains less sensitive to this resistance than in the case of Equation 8.
We thus derive the following results for the same operating cycle as above (see Figure 6):
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Figure 8: Battery current and exchanged energy: comparison between measurements and CIEMAT model
results within an imposed power set point cycle

Figure 8 reveals that by imposing the power value, the CIEMAT model serves to correctly
recompose the current within the battery. The battery state of charge may thus be easily obtained by
means of coulometry.

We are thereby proposing the following synoptic diagram for calculating both the set points and
state of charge:

State of charge| gppc
calculation Vipat

E “ » [calculation| E

] g ]

i . EDC
i >

Ibat and EDC calculation

Figure 9: Synoptic diagram for computing the current and state of charge, within an imposed power mode of
operations (charge or discharge)

In some cases however, the power set point may not be satisfied:

- the battery state of charge possesses minimum and maximum threshold values. Should the
imposed power set point cause the EDC to exceed these thresholds, then: Py,=0;

- the current capable of circulating between the continuous bus and the inverter is limited to a
maximum absolute value I..x. If the power set point engenders a threshold current value, then

</

Py Will be clipped in order to obtain: |I

bus
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V111 - Energy-based validation of this model over a given operating cycle

We have conducted a comparison between measurement values and model results under actual use
conditions. For the simulation of the entire system, we took a reading of the various characteristic
magnitudes during normal and autonomous operations, through examining a simplified consumption
pattern (daily-period, square wave cycle) connected to the backup network. This consumption pattern
features a base consumption of 120 W with peaks at 1,450 W for three hours in cumulative time
terms. A default in the primary network, caused after 94 hours of readings with operations returning
to normal 38 hours later, was then simulated. Figure 10 serves to illustrate this simulated situation:
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Figure 10: Simulation conditions

Figure 11 presents the results from both measurements and simulation. Attention should initially
be drawn to the strong level of qualitative agreement obtained between the two. Despite the presence
of certain differences, which are inevitable given the approach employed to accommodate actual
reading conditions (power regulation for the simulation, instead of voltage regulation in reality), we
were still able to reproduce a highly-realistic energy behavior for such a system and for the given
operating cycle.

The table below allows quantitatively comparing the various types of energies involved. As for
solar energy, we would like to point out a slight difference (1.6%), which may be attributed to
modeling errors [GER 02]; as for wind energy, the difference most likely stems from poor knowledge
of the wind actually entering the wind turbine [GER 01].

Measurement values | Simulation results
Solar energy production 25.1 kWh 25.5 kWh
Wind energy production 0.5 kWh 1.5 kWh
Energy conveyed by the battery 18.1 kWh 19 kWh
Energy consumed by the backup network 19.4 kWh 19.4 kWh
Energy supplied by the primary network -1.9 kWh -3 kWh

Table 1: Comparison of the various energies studied
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Figure 11: Current system operations with one simplified consumption profile that includes coupling to the
network and another operating autonomously
Left: MEASUREMENT READINGS; Right: SIMULATION RESULTS based on weather data (wind speed,
insolation, ambient temperature) and the actual consumption cycle

Figure 12 displays the energy exchanged (both measured and calculated) by the battery and the
evolution in its state of charge (simulation). Over the first portion (up to 30 hours), the power
supplied or received by the battery is imposed by the production systems and the consumer, with
measurement and simulation being performed under the same conditions (imposed powers [lpower
set point); we thereby obtain a very high level of agreement between measurement readings and
simulated results. In practice over the load-shedding zone, power is no longer imposed by the
production systems and a sizable level of disagreement arises between exchanged energy
measurements and simulation results. Afterwards, we once again enter into a zone of good agreement
until the time network operations have been restored, during which the charge is imposed, in practical
terms, by means of a voltage set point as opposed to a power set point for the simulation. The energy
conveyed through the battery is equal to the sum of incoming and outgoing energies, which are both
counted as positive. The difference in energy received by the network stems from the difference in
production systems (and primarily the wind production system). At the beginning of simulation, the
state of charge of the accumulator is 90%. When this level of charge is once again reached within the
load-shedding zone, the value of energy exchanged by the battery at this very instant thus represents
the losses dissipated in this zone since the beginning of the cycle.
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Figure 12: Energies exchanged (measured and calculated) by the battery and evolution in the state of charge
(simulated)

IX - Conclusion

This article has focused on the modeling of electrochemical batteries in the aim of deriving a
complete energy model of a reduced-power photovoltaic/wind production system coupled to the
supply network via a continuous bus with the capacity to operate autonomously.

In light of the complexity involved in modeling the behavior of an electrochemical accumulator,
we made use of the CIEMAT model and demonstrated that, provided a regulated-power mode of
operations, such a model enabled adequately determining the evolution in battery current; moreover
by means of coulometry, we were able to correctly assess its state of charge.
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