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Abstract: A detailed analysis of two well-known analytical models, the kinetic battery model and the diffusion
model 13 presented which reveals that the kinetic battery model 1s a first-order approximation of the more
complex diffusion model; both models are well suited for battery life time predictions. In order to optimize their
storage capacity, super capacitors are introduced to the renewable energy system which creates a voltage
source control that dictates the frequency and AC voltage in the system and mainly responds to sudden energy
unbalances while a current source control receives control input from SC voltage difference and mitigates the
error-signal in order to fulfill the necessary energy demand on the system.
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INTRODUCTION

Under the presswre of limited available energy
resources and envirommental policies, electrical power
generation has rapidly increased in recent years. When
the load demand of the system is less than the output of
the generation of the renewable energy, the excess electric
power needs to be stored mn an efficient energy storage
system to supply the load during calm periods. Due to the
nature of intermittence of renewable energy, the use of
energy storage such as batteries become mevitable which
will compensate the fluctuations of power when there 1s
shortage of generation. A battery 1s a widely known
component that converts electrical energy into chemical
energy and vice versa. In Lead- acid batteries, the charge
process leads to a reform of the tetraoxosulphate (v1) acid
of the electrolyte as:

SO+ 2H* — H,S0, (1)

The net (re) charge reaction on both plates and
electrolyte 1s:

2PbSO), + 2H,0 = PbO, + 2H,80, + Pb (2)

Batteries may be required to supply long-duration
energy-type load or short-duration power-type loads,
depending on their applications. Any battery can be sized
to supply short-duration power loads but high-power

battery designs supply them more effectively than others.
The life time of batteries depends naturally on the rate at
which energy is consumed and the usage pattern of the
battery as frequent charging and discharging will shorten
the life time of a battery. Continuous drawing of a high
current results in an excessive drop of residual capacity.
However, during mtervals with no or very small currents,
batteries do recover to a certain extent.

The optimal charging curve of the Lead-acid battery
based on the lowest output gas rate 18 shown m Fig. 1
{Oneyama, 1998). If the charging current keeps to the track
of the optimal curve, the charging hours can be sharply
cut down wihout any side effect on the capacity and
lifetimes of the battery. The charging current and time of
the Lead-acid battery is related by (Zhao, 2006):

i=Ie™ (3)
Where:
1. = The value of the mstanteneous charging current in
each moment
l, = The imtial charging current which 1s the maximum

current value in the whole process
o = The attenuation coefficient of the battery

The Ampere-hour rule for charging the Lead-acid
batteries can be considered as the most efficient charging
approach, considering the charging time and the excellent
performance provided by this method to maintain the
lifetime of the battery (Yin et al., 2008).
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Fig. 1: Optimal charging curve of lead-acid battery

When the battery 1s charging, the charging current I,
the charging voltage V,, the charging potential difference
E, between the positive plate and negative plate of the
battery and the internal resistor R, of the battery has the
relationship:

“4)

Thus the battery can only be charged when V_>E, and
E, changes with the charging process. The control system
of battery charging and discharge process 1s a non-linear,
time-varying system with pure time delay, multiple
variables and many outer disturbances.

Such parameters as charging rate, permitted maximum
charging cumrent, mternal resistor, port voltage,
temperature, moisture and life time, etc., vary with
different battery.

Indeed, it has been observed recently that due to the
specific physical nature of batteries, achieving the longest
battery lifetime 15 not always achieved by trying to
minimize only the power consumption at any point in time.
Instead, also the way m which the power 1s consumed
that is the current-extraction patterns and the employed
current levels play a role in battery lifetime. The energy
consumption rates of a system can be interpreted as a
Markov-reward model in which accumulated reward
stands for the amount of energy consumed. The system
or battery lifetime then equals the time until a certamn level
of consumption (the available charge of the battery) is
reached.

The time distribution can be done with well known
techniques for performability evaluation (Cloth et al.,
2007), however such an approach does not accurately
take mnto account the physical aspect of battery operation.
Studies on batteries reveal that the battery depletion rate
in general is non-linear in time which depends on the
amount of energy still in the battery (Cloth ef al., 2007,
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Jongerden and Haverkort, 2008). In periods when a
battery is not used, subtle but important battery-
restoration effects are in place that apparently refill the
battery.

To capture the influence of the power consumption
on the battery, a battery model is needed. Many different
types of battery models have been developed for different
application areas (Jongerden and Haverkort, 2008). The
electro-chemical models (Doyle et al., 1993; Fuller et al.,
1994) for battery design, describe the battery in a very
detailed manner using a set of six coupled differential
equations while the electrical circuit models used in
electrical engineering (Hageman, 1993) focus on the
electrical properties of the battery. These models are not
suitable to be used in the setting of the performance
models because of the detailed description which would
malke the combined model unmanageable, thus an abstract
model which focuses on the important battery properties
and their effects only 1s needed.

Two analytical models: the Kinetic Battery Model
(KiBaM) (Manwell and McGowan, 1993; Manwell et o,
1994} and the diffusion based model (Rakhmatov and
Vrudhula, 2001) describe the battery using only two
differential equations. Theoretical comparison of both
models is made which leads to the conclusion on which
model is best to use in setting of the performance models.

General overview of the renewable energy system:
Figure 2 shows the schematics of a renewable energy
system. With such a renewable energy system, the
problem is how to determine when the battery bank
should be charged to provide the best energy efficiency
and to prolong the lifetime. The battery bank works in
three statuses:

*  Charged by the Renewable Energy System (RES)
»  Daischarged to supply the load
»  Disconnected from the RES

The status of the battery 1s dependent on the working
modes and shifts according to the different modes of the
system. A common issue to be dealt with in the design is
power consumption and a key issue to be addressed is to
find the right tradeoff between battery usage and required
performance: how should the processes in the RES be
organised such that the battery lifetime (which determines
the system lifetime) will be as high as possible.

Maintaimng energy and power balance, especially
when the size of the system 1s small 13 a major problem in
most RES, since sharp fluctuations negatively affect
battery lifetime. In this study, super capacitors are
introduced to responds to sudden energy unbalances.
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Fig. 2: Schematics of a renewable energy system

The DC/AC converter connected to the SC bank acts
as a Voltage Source Converter (VSC) while the DC/AC
converter connected to the battery-bank acts as a Current
Source Converter CSC. The VSC is the primary storage of
the RES. Tt dictates the frequency and AC voltage in the
system and mainly responds to energy
unbalances. The CSC receives control input from SC
voltage difference and mitigates the error-signal in order
to fulfill the necessary energy demand of the system.

sudden

Analysis of battery models: The usage pattern of a device
can be well modeled with stochastic workload models.
However, one still needs a battery model to describe the
effects of the power consumption on the state of the
battery. Over the years, many different types of battery
models have been developed for different application
areas. There are many types of batteries and many factors
that affect battery performance. To predict the
performance of a battery, many different mathematical
models exist. None of these models are completely
do any include all the necessary
performance-effecting factors. Factors that affect battery
performance include:

accurate nor

*  State of Charge (SOC)
* Rate of charge/discharge
*  Battery storage capacity

¢«  Temperature
+  Age/shelf life

The essential battery properties need to be modeled
to obtam an accurate battery model. The two most
important properties of a battery are its voltage, V and its
capacity, Ah; the product of these two quantities 13 a
measure of the energy stored in the battery. For an ideal
battery the voltage stays constant over tine until the
moment it is completely discharged then the voltage
drops to zero. The capacity in the ideal case 1s the same
for every load on the battery. In reality due to rate
capacity effect the effective perceived capacity is lower

under higher load while voltage drops during discharge.
In the 1deal case the lifetime, L of a battery with a constant
load of capacity, C over the load current, T is:

=S (5)
1

Due to various non-linear effects, a simple
approximation for the lLifetime of real battery under

constant load is obtained by Peukert’s law Eq. 11 as:

L=2 (6)
I

where a >0 and b>1 are constants which depend on the
battery. For variable loads, i (t) the sum of average current
until t = L in Eq. 6 becomes:

a

b=
¢ J, ey

7

Thus all load profiles with the same average current
have the same lifetime but due to recovery effect of the
battery, 1.e., the effect that the battery regains some of its
lost capacity during idle periods, the results of Eq. 7
deviate from real values.

Electrochemical models: The electrochemical models are
the most accurate battery models since they are based on
the chemical processes that take place m the battery
which describe these battery processes in great detail.
However, the highly detailed description makes the
models complex and difficult to configure.

The simplest electrochemical models are solely based
on electrochemistry while these models can predict
energy storage they are unable to model phenomema such
as time rate of change of voltage under load and they
1gnore thermodynamic and quatum effects. The state of
charge, SOC at a constant discharge rate, C is:

soc=1 - 1L (8)
C

For non-constant discharge rates:

M-1
oc=_LAL [L &)
36000, 1,

C, _Cz[lzj 7 (10)

Where:
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The battery constant N, varies between 1.1 and 1.2 for
a typical lead-acid battery. The shepherd model which
tries to find the cutoff point beyond which the terminal
voltage decreases very rapidly describes the
electrochemical behaviour of the battery directly in terms
of voltage and current and it is often used in conjunction
with Peukert equation to obtain battery voltage and SOC
given power draw variations while Wood model
incorporates  secondary  equation  to  describe
overcharging and gas generation, along with a self-
discharge term (Moore and Merhdad, 1996, Unnewehr
and Nasar, 1982). A simplifying shepherd’s (Unnewehr
and Nasar, 1982) attempts to model the variation in the
internal resistance, R, with respect to SOC creating the
charge and dischare currents. Dualfoil 1s a Fortran
program that uses the electrochemical model to simulate
lithium-ion batteries. The program is freely available on
the internet. It computes how all the battery properties
change over time for the load profile set by the user. From
the output data, it 1s possible to obtain the battery
lifetime. Besides the load profile, the user has to set over
50 battery related parameters, e.g., the thickness of the
electrodes, the mmitial salt concentration in the electrolyte
and the overall heat capacity etc.

To be able to set all these parameters one needs a
very detailed knowledge of the battery that 1s to be
modeled. On the other hand, the accuracy of the program
is very high. The program is often used as a comparison
against other models, instead of wsing experimental
results to check the accuracy.

Equivalent-circuit models: The charge storing capacity of
the battery is often represented by a capacitor such as the
Kleckner (discharge-only) and the Zimmerman-Peterson
models (Moore and Merhdad, 1996). Other models employ
a capacitor in parallel with the steady-state battery
(voltage source in series with a resistor representing the
mnternal resistance) to limit the rate of change of the
battery’s voltage which the steady state model would not
predict (Dobner and Woods, 1982).

In such models, the total current is the sum of the
steady state current and the capacitor current. The steady
state battery voltage as a function of staedy state current
is obtained from tabulation of measured data while the

capacitor current is:
dv
I =C.=>
dt

(1)

where C 18 the capacitance of the capacitor.

Electrical-circuit models: In electrical-circuit models the
electrical properties of the battery are modeled using
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Fig. 3: Basic circuit model of an arbitrary cell

PSpice circuits consisting of voltage sources, lookup
tables and linear passive elements, such as resistors and
capacitors. The electrical-circuit models proposed by
Hageman (1993) uses simple PSpice circuits to sunulate
Nickel-Cadmium, Lead-acid and alkaline batteries. The
core of the different types of batteries of the electrical-
circuit models are as follows:

s Capacitor represents the capacity of the battery

¢ Discharge-rate normaliser the
capacity at high discharge currents

»  Cireuit to discharge the capacity of the battery

*  Voltage versus state-of-charge lookup table

*  Resistor representing the battery’s resistance

determines lost

Figure 3 shows the basic circuit model of an arbitrary
cell. Minor changes have to be made to completely model
a specific cell type. Although, the model is simpler than
the electrochemical model and therefore computationally
less expensive, it still takes quite some effort to configure
them.

Especially, the lookup tables used mn the model
require much experimental data on the battery’s behaviour
with less accurate in predicting battery lifetime, having
errors up to approximately 12% (Gold, 1997).

Temperature model: The inpact that temperature exerts
on battery’s capacity can be explained with a simple
of the battery’s electrochemistry. As the
temperature increases towards the peak-performance-
operating temperature the electrolytic viscosity decreases,
thus allowing increased diffusion of ions and hence
increased battery’s capacity. When the temperature

model

exceeds the peak pomnt the battery begins to corrode
which reduces the active electrode area resulting m fewer
electrode reaction and a reduced capacity. This impact
starts with the general equation for battery capacity (Roan
and Anand, 1993):

C=C, (1-a{25-1)) (12)
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Fig. 4: State transition diagram of Markov chain battery model: (a) basic (b) extended

Where:

C = Battery’s capacity at temperature, T (Ah)
C,; = Battery’s capacity at 25°C (Ah)

¢ = Temperature coefficient, (Ah/°C)

T = The battery’s temperature, (°C)

The temperature coefficient which varies from battery
to battery is experimentally determined, typically
formulated as a quadratic function of temperature.

Stochastic models: Figure 4 shows the stochastic models
developed by Chiassenini and Rao (2001 a) which describe
the battery at a higher level of abstraction than the
electrochemical and electrical-circuit models (Chiasserini
and Rao, 1999). Tt describes two models of a battery of a
mobile communication device for transmitting packets.

The basic model shown i Fig. 4a, describes the
battery by a discrete time Markov chain with N + 1 states,
mumbered from 0-N which corresponds to the number of
charge umts available in the battery. One charge umt
corresponds to the amount of energy required to transmit
a single paclket.

N is the number of charge units directly available
based on continuous use. The time step 1s either a charge
unit 1s consumed with probability a, = q or recovery of
one unit of charge takes place with probability a, =1 - q.
The battery is considered empty when the absorbing state
0 18 reached or when a maximum of T charge units have
been consumed.
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The number of  charge umts 13 equal to the
theoretical capacity of the battery (T=N). The rate of
recovery 1s not constant during discharge and in most
systems the discharge current changes over time.

The extended Markov chain battery model of Fig. 4b
was developed to overcome the limitations of the basic
model, incorporating several extensions (Chiasserini and
Rao, 2001a, b).

The recovery probability is made state dependent
thus when less charge units are available the probability
to recover a charge unit will become smaller. Due to
phase dependence the probability of recovery decrease
with mcrease i phase number. The non-zero probability
of staying in the same state in which no energy
consumption or recovery takes place during a time step 1s
also included.

During the idle periods, the battery either recovers
one charge unit with probability P, (f) or stays in the same
state with probability r; (f). The recovery probability in
state j and phase f is defined as (Chiasserini and Rao,
2001b):

_ e g, (f) 13
P.(F)=qe" a3

Where gy and g, (f) depend on the recovery
behaviour of the battery. These results show that the
stochastic model gives a good qualitative description of
battery behaviow under pulsed discharge. However, it is
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unclear how well the model performs quantitatively, since
only results of the gain and no numbers for the computed
lifetimes are given.

Analytical models: The two analytical battery models
discussed; Kinetic Battery Model and diffusion model
which describe the non-linear effects of the battery using
two differential equations.

Kinetic battery model: The Kmetic Battery Model
(KiBaM) of Manwell and McGowan (1993) and
Manwell ef al. (1994) is a very intuitive battery model that
uses a chemical kinetics process as its basis. In the model,
the battery charge 1s distributed over two wells: available-
charge well and bound-charge well; as shown in Fig. 5.

A fraction ¢ of the total capacity is placed in the
available charge well (denoted y; (t) ) and a fraction 1 - ¢
in the bound charge well (denoted y; (t)). The available
charge well supplies electrons directly to the load (i (1)),
whereas the bound-charge well supplies electrons only to
the available-charge well. The charge flows from the
bound charge well to the available charge well through a
valve with fixed conductance, k. The rate at which charge
flows between the wells depends on the height difference
between the two wells. The heights of the two wells are
given by:

hIZL (14)
C
h2: YZ (15)
1-¢

From Fig. 5, the change of the charges in both wells
are respectively given by Eq. 16and 17 as:

dy,

= - (16)
at 1{ty+kih, -h))

dy, _

dt

~k(h,-h) a7

with mitial conditions y, (0) and ¢ (C) where C 15 the total
battery capacity. The battery is considered empty when
there is no charge left n the available charge well.

When a load is applied to the battery, the available
charge reduces and the height difference between the two
wells grows. When the load is removed, charge flows from
the bound-charge well to the available-charge well until h,
and h, are equal again. So, during an idle period, more
charge becomes available and the battery lasts longer
than when the load is applied continucusly. In this way,
the recovery effect is taken into account. Also, the rate
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Fig. 5. A two-well Kinetic battery model

capacity effect is covered, since for a higher discharge
current the available charge well will be drained faster and
less time will be available for the bound charge to flow to
the available charge. Therefore, more charge will remain
unused and the effective capacity is lower.

Applying Laplace transforms to Eq. 16 and 17 for
constant discharge current, I (t) = 1 yields:

o, Guk'e=D-e-k')

¥i (t)zywe_ K
(18)
Te(k't—1+e™")
kl
Y, 0=y Hy (-l —e )+
(19)

I(1-c)k't—1+e ™)
kl

where, v, ; and y; ; are the amount of available and bound
charge respectively, at t =0,

k':kc;l
C

(20)

Yo = Y0t Yo (21)

The height difference between the two wells (h, - h,)
of Fig. 4 and the total charge, yty; play a major role in the
model. Transforming these coordinates to:

8=(h,-h) (22)

Y= Gitys) (23)
Applying these transformation changes to Eq. 16 and
17 give:
i)
dt ¢

k' 24)
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dr_ (25)
L)

with initial conditions & (0) = 0 and vy (0) = ¢. The
condition for the battery to be empty 1s:

y(ty=(1-c)5(t) (26)

Applymg Laplace transforms to Eq. 24 and 25 for
constant discharge current, 1 (t) = 1 yields:

1— e—k‘t

_1 (27)
5(t) o
y(tH)=C—1t (28)

During idle periods the height difference will
decrease due to the flow of charge from the bound charge
well to the available charge well. The function that
describes the evolution of the height difference during an
idle period after a load T that lasted for a period of length
t:

o] _ gk (29)

Bt)=—

o | =

where, t, 1s the idle time. The solutions for continuous
discharge can be used to obtan a solution for any
discharge profile with piecewise constant currents by
adapting the initial conditions appropriately. The level of
v and & at the end of a step in the load profile can then be
used as mnitial conditions for the next step.

Diffusion model: The analytical battery model developed
by Rakhmatov and Vrudhula (2001) 15 based on the
diffusion of the ions i the electrolyte (Chiasserimi and
Rao, 2001a, b) which describes the evolution of the
species i the
electrolyte to predict the battery lifetime under a given
load. It assumes that the processes at both electrodes are
identical, thus the battery is symmetrical with respect to
the electrodes and only one of the electrodes is
considered. Figure 6 shows a simplified view of the
operation of the diffusion model.

Figure 6a shows the concentration of the electro-
active species of the full battery which 1s constant over
the full width (w) of the electrolyte. When a load 1s
applied to the battery, the electrochemical reaction results
1n a reduction m the concentration of the species near the
electrode that create a gradient across the electrolyte as
shown in Fig. 6b.

This gradient causes the species to diffuse towards
the electrode. When the load is switched off, the
concentration of the species at the electrode will recover

concentration of the electro-active

(increase again) due to diffusion and eventually the
species will be evenly distributed over the electrolyte
again with a lesser concentration as shown in Fig. 6c.
Finally, when the concentration at the electrode drops
below the cut off value (C,,,5), the battery will no longer
be able to substain the chemical reaction hence, it 1s
considered empty as shown in Fig. 6d.

The concentration of the electro-active species at
time t and distance x€(0, w)is denoted by C (%, t). For the
full battery, the concentration 1s constant over the length
of the electrolyte. The battery is considered empty when

Electrolyte

Electrode

Electro-active
species

L S e et e

e e S S e
et S e S et et e, ]

(©)

Fig. 6 Simplified view of the operation of the diffusion model (a) charged state (b) before recovery (c) after recovery

(d) discharged state
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C (0, t) drops below the cutoff level (C,,,z). The evolution

of the concentration is described by Fick’s laws
(Rakhmatov and Vrudhula, 2001) as:
,J(X,t):DM (30)
Ox
2
6C(x,t):D6 C()zc,t) (31)

ot ox

where, T (x, t) 18 the flux of the electro-active species at
time t and distance x from the electrode and D is the
diffusion constant.

The flux at the electrode surface (x = 0) is
proportional to the current 1 (t). The flux on the other side

of the diffusion region (x = w) equals zero. This leads to
the boundary conditions:

it
Dac(x,t) - i(t) (32)
ox vFA
DaC(X,t) = (33)
W _
Where:
A = The area of the electrode surface
F = Faraday’s constant
v = The number of electrons involved m the

electrochemical reaction at the electrode surface

Applying Laplace transforms to Eq. 30 and 31
together with the 1mitial and boundary conditions of Eq. 32
and 33 gives the analytical solution from which an
expression for the apparent charge lost from the battery
o (t) of Eq. 34 can be obtained (Rao ef al., 2005).

o(t)=a()+ul) (34)

The available charge supplied to the load, a (t) (being

used by the device) is:

alt) = ji(t) dr (35)

and the unavailable charge u (t) which remains unused in
the battery 1s:

@

Z eiﬁzm2 (trjjdt (36)
=1

it

u(t)= ji(r){2
Where;
(37)

&1

The battery is empty when the apparent available
charge supplied is equal to the battery’s capacity. For a
constant current I, Eq. 35 reduces to:

a(t)=Tt (38)

and Eq. 36 becomes:

_p2,.2
wl_eﬁmt

u(t):zlzW (39)

During 1dle periods the unavailable charge wall
decrease and will be available again for the load. The
evolution of the unavailable charge during an idle period
after a load T that lasted for a period of length t, is:

2.2 2.2
weﬁmn(l_eﬁmn)

ult)y=213" o

m

(40)

m=1
where t, 1s the idle time.

Comparing KiBaM and diffusion model: Tn both models
the charge in the battery has to flow to one side to be
available for usage and part of it will stay beluind 1n the
battery when the battery i1s empty. To show that the
diffusion model actually is a continuous version of the
KiBaM, we need to normalise the width (w) of the battery
thus:

(41)

where, *' is a dimensionless space co-ordinate and takes
a value between Oand 1. Applying Eq. 41 to Eq. 30 and 31,
we have:

“T(x\t)= BM (42)
wo ox'
aC(xit) D &C(xLT) (43)
6t WZ ) axﬂ
and the boundary conditions:
B. ac (xLt) _ i) (44)
wooax' |*7" vFA
D ocixhu =0 (45)
W ox'

Every 1on yields v electrons in the chemical reactions,

thus:
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h{x.t)= C(x,t)vFA (46)
applying Eq. 46 to 42 through Eq. 45 yields:
-J{x t)vFA = RM (47)
woox'
hixt)_ D Fyx,n 48)
ot' wi o ax”
Ez_ah(x=t)|Y=D:i(t) (49)
wo ox'

Ag&@ﬁﬁFo (50)

wox

Figure 7 shows a schematic view of the discretised
model of the spatial co-ordinate X . The electrolyte is
divided in n parts of size ¢ = 1/n.

The level of the charge in part 1 1s denoted by
denotes h; h, (t) while h (0, t) denotes h (1, t). Applying
the finite difference method for second-order derivatives:

@: h{x+a)—2h(x)+h{x— )

ox o

(31)

where, o 18 the step-size of the discretisation. This results
mn a system of n coupled differential equations:
h,-h, , (32)
Equation 52 is exactly the equation one would get
when the KiBaM model is extended to n equally sized
wells. The variable h; (t) gives the height of well number
1at time t. When n= 2, the model 1s reduced to the KiBaM
with two wells, each containing half of the total charge,
that is ¢ = 0.5 and k = 2D/w".
The unavailable charge in KiBaM is (h, - h).(1 - ¢)
and for constant discharge current:

alt)y=C-y(@®)=It (53
_ _ k't
a(t)=a-asn=11z9 1=¢ (54)
c k'
The first-order expansion of Eq. 39 yields:
1-e®" (55)
u(t)y =21

62

;:mlm
hl
2!
x'=1
Fig. 7: Discretised diffusion model
no [ OTIORO
i@ —c()
50 ~o-ene

Fig. 8 Linear time-mvariant system of a battery

Comparing Eq. 54and 55, ¢ = 1/3 and k' = * thus, the
KiBaM 1s an approximation of the first-order diffusion

model under this condition.

Frequency response: An analysis of the frequency
response of both the Kinetic Battery Model and diffusion
model (Rao et al., 2005) 1s represented by the Linear Time
Invariant (L. TT) system shown in Fig. 8. For both battery
models, h, (t) is the unit step function. For the KiBaM, h,
(t) 1s given by:

h ()= —Ce (56)
while for diffusion model 1t 1s:
h, (=23 ¥ (57)
m=0

Thus only h, (t) depends on the battery parameters.
Therefore, Fourier transform of h, (t), h, (f) can be used to
characterize the frequency response of the battery. The
results of the analysis shows that the diffusion model has
a higher frequency response for high frequencies. This 15
due to the higher-order terms that are included in the
diffusion model and not i the KiBaM.

However, both models are highly insensitive to high
frequency current switching, in the ideal case the
frequency response is zero for all frequencies. The
insensitivity implies that currents varying faster than
0.01 Hz can be replaced with an average current without

giving significant ermrors in the battery lifetime
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computations. Therefore, it is not useful to schedule tasks
at small time scales smaller than mimites in order to
benefit from the recovery effect, since the average current
will stay the same. However, scheduling on a larger time
scale, minutes or longer can be beneficial.

The frequency response is mainly determined by the
size of the recovery parameter (k' or P) which when
mcreased, the recovery will be faster and the battery
behaviour will be closer to that of an ideal battery.

The variation of lifetime with Depth of Discharge
DOD 15 given as (Mcdonald, 1981 ):

L=Le"" (58)

Where:

L = The number of cycles in life at DOD

L, = The number of cycles in lLfe obtamed by
extrapolating cycle-life data to zero DOD

The slope plot of In L/, versus DOD

Analysis of experimental data for each battery leads
to the determination of L, and m. Equation 58 is varified
by logarithmic plot of DOD versus cycles-to-failure for
varies batteries (Lindel, 1984).

Energy control characteristics of battery: The main
principle for designing high-power batteries is to consider
that these batteries can discharge a high percentage of
their stored energy in a short period of time. In contrast,
lower-power batteries can deliver more energy but only if
they are discharged during a long period of time as
described by Peukert law which expresses the capacity of
a battery in terms of rate at which it is discharged:

C,=1" (59)
Where:
C, = The nominal capacity (Ah)
t = The time of discharge (h)
I = The discharge current (A)
N = The Peukert constant which 1s one for an ideal

battery but varies typically between 1.1 and 1.2 for
the Lead-acid batteries

Besides the reduction m remaining capacity, the
reduction of lifetime is significant when the battery
systemm operates under high fluctuations. Therefore,
additional measures should be taken in order to apply the
battery in an efficient way as to prolong its lifetime. The
best way 1s to split the energy and power needs nto two
separate components with Lead-acid batteries used as
energy suppliers to balance the average energy demand
while Super Capacitors or Flywheels used as power
suppliers.

Tn this study, the use of Super Capacitors are applied
to meet the fast changing power demand. A Super
Capacitor 13 an electrochemical capacitor that has an
unsually large amount of storage energy capability
relative to its size when compared to common capacitors.
Ther advantages in relation to batteries are (Van
Voorden, 2008):

¢ Low toxicity of material used

s Light weight

s Little degradation over hundreds of thousands of
cycle

*  Goodreversibility

»  High cycle efficiency above 95%

*  Very lugh rates of charge and discharge

However, the amount of energy stored per umit
weight 1s considerably lower than that of electrochemical
battery and the voltage varies with the energy stored.
Thus sophisticated electronic control and switching
equipment is required. The energy content of a super
capacitor is proportional to the square of the voltage
given as:

W, = %cvg (60)

State of Charge (SOC): The state of charge greatly
influences the performance of battery. Open circuit
voltage decreases (approximately linearly) with increasing
SOC while the mnternal resistance decreases slightly with
increasing SOC at very low levels (with increasing SOC
(Valvo et al, 1996) while the internal resistance decreases
slightly with increasing SOC at very low levels (<0.3 full
SOC) then remains relatively constant until the SOC
approaches its full state (>0.6 full SOC), at this point it
increases rapidly.

Charging and discharge control strategies: If the output
electrical power is excessive for the consumption of the
loads (from period t,-t, and t,-t;), the surplus is provided
to charge the battery bank as shown mn Fig. 9.

Y

Renewable power
=)

Load consumption
-.
- ]

Fig. 9. Relationship between renewable power and load
consumption
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Configuration: The Lead-acid Super Capacitor storage
facility can be arranged in two basic configurations: DC-
system and AC-system; the AC-system shown in Fig. 10
1s chosen due to:

¢ Better and simpler control of the energy exchange
*  Better performance

A DC/AC converter has a limited voltage range at its
DC side for a specific AC voltage. In standard converters
of 400V the DC-voltage may vary between 600-740 V (with
the reference voltage of the system set to 670 V), this
limits the usable energy content of Super Capacitors
however, due to its quadratic dependency most of the
energy is available at the lugh energy regions. The control
system of Fig. 11 1s developed to model the SC-buffer for
fast power fluctuation and battery-buffer slow energy
changes of the RES.

Control strategies: It 13 extremely difficult to determine
whether the battery should be charged or to prevent it
from being charged over insufficient charge based on
certain traditional mathematical models, so system based
on emperical rules may be more effective. Figure 11 shows
the design strategy for controlling the charging and
discharging currents where the control functions to be
determined mathematically.

As shown n Fig. 10, the battery supplies the energy
(average power), while the Super Capacitor supplies the
power deviation from the mean value. When balancing
power 1s needed, it will be delivered by SC which causes
SC-buffer to drop, while the battery-buffer will provide
power proportional to the difference between the actual
SC and its reference. On the other hand energy generation
1s greater than the demand power both SC and the battery
will be charged. The four mput variable for the control
system of Fig. 11 are:

AP=P-P_, (61)
apr= 98P (62)
dt
AT=T,, -T (63)
ar= BT (64)
dt
Where:
AP = The difference of RES power P and the load

consumption P,

&4

DC
sc [
bank” §
)
AC
DC
Battery ——
bank
T— ]
AC

AC bus

Fig. 10: AC system configuration

Fig. 11: Charging and discharging design control strategy

AP’
AT

The rate of AP
The relative temperature of the battery T, ., to the
normal indoor temperature T

The output variable is the charging voltage V, thus
the control function can be described as:

V = F(AP,APLAT,AT") (65)

Applying fuzzy logic to Eq. 65 with two separate
parts gives (Yin ef al., 2008):

V, = F, (AP,AP" (66)
V, = E, (AT,AT") (67)
V,®V,=V (68)

If the SC voltage is assumed to vary between the
maximum and mimmum voltage of the 400V converter,
Eq. 60 becomes:

C=2E/(V, max'2-V, min" 2) (69)

CONCLUSION

The analytic models are best suited to be used in
performance modeling. The analysis of the KiBaM and
diffusion model shows that the KiBaM is actually a first
order approximation of the diffusion model. Battery
efficiency is modeled based on SOC and the lifetime of the
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battery depends on DOD. Batteries are not appropriate to
follow sharp fluctuations (surge) in current as their
lifetime are negatively affected, thus by splitting the total
energy demand on the system the energy and power
request can be fulfilled using super capacitors: to
responde to fast changing power demand and Lead-acid
battery: to account for the average energy demand The
larger the super capacitor the lower is the impact on the
lifetime of the battries.
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