-As shown by experimental and analytical results, temprature variations are limited during
charging process.
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Figure (9) Thermal contour generated by ANSYS.
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Figure (10) Comparison of simulated (Fig.5 and Egs.4-6) and measured
(Figure7) battery temprature for a charge rate of 1, =3.5A.

6- Conclusion

Electrical and thermal behaviours of Ni-Cd batteries are investigated. Based on the computed
and measured results, the following conclusion are made:
-Due to electro-chemical characteristics of Ni-Cd batteries, parameters of electrical model are
linear and nonlinear functions of charge current.
-Linear and nonlinear dependencies of electrical parameters are simulated using measured
characteristics at two and three different charge rates, respectively.
-Comparison of computed and measured results shows good agreements and demonstrates the
high accuracy of the proposed electrical and thermal models for a 7Ah Ni-Cd battery.
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Figure (8) Comparison of simulated (Fig.4) and measured (Fig.7) battery voltages at different charge rates.
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Q=VI{-n) 6)

where n is battery efficiency.

A finite difference code is developed and used for the solution of instantaneous sets of
equations (see Fig.6).

4- Measuring Electrical and Thermal Characteristics of Ni-Cd Battery

In order to validate proposed electrical and thermal models and to investigate their accuracy,
an experimental setup consisting of an adjustable current source, a personal computer, an
interface board, voltage and temprature sensors and a 7AH Ni-Cd battery is used as shown in
Figure 7.

Channel 1: VS#1

z Channel 2: TC#1
L} Channel 3: TC#2

Adjustable )
Ni-Cd | Channel 4: TC#3 Interface
Current o
Battery Circuit
Source I

Channel 5; TC#4 Computer

Channel 6: TC#5

TC: Thermocouple, VS: Voltage Sensor

Figure (7) The experimental setup used to measure battery electrical and thermal characteristics.

5- Comparison of Simulated and Measured Results

Comparison of computed and measured results are presented for two main reasons:

-to validate the proposed electrical model at charge currents used for computing battery
parameters (e.g., 3.5A and 7A),
-to investigate the accuracy of electrical and thermal models at other charge currents.

As demonstrated by figure 8, computed and measured battery voltages show very good
agreements for six values of charge currents. Similar results were noticed at other charge
currents. A maximum error of 5.5% is noticed at the knee of battery voltage for I = SA.

Thermal behaviour of battery is depicted by Figs.9-10. Figure 9 shows the thermal contour
generated by the finite element code, ANSYS. As shown, the temperature stays at a constant
value (31 + 1 °c). Results of lumped parameter model are depicted by Figure 10 which also
indicates a constant temperature around 31 £ 1 °c. Comparison of results obtained from lumped
parameter method, ANASYS, and experimental analysis are compared in Figure 10. As shown by
these figures, all results are in good agreements.
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node is required [18]. The energy equation for each node is given by:

T @
m Cp%‘-‘iﬂA(Tw ~Tw)+Q )
where
m = mass of battery, Kg h = convective coefficient, W/m’K
Cp = heat capacity, KJ/Kg K Tw= environment temperature, K
Q= power generation, W t = time, sec
A = battery area, m* Tw = battery surface temperature, K

To solve energy equation, we need to compute values for convective coefficient and power
generation [19-20]. The convective coefficient is calculated by:

2
6
GrPr ' (5)

h= —]% 0.6 +0.387
1+(0.559/Pr)l6

where

Gr = Grashof number = W B=1/Tf , K!

T¢= final temperature = (Ty, + ;w)/z K v=(0.1014 T¢ - 14.73)(10)®, m/s>

D = battery diameter, m | = battery height, m

Kr= air thermal conductivity, W/mK Pr=-0.00022T;+ 0.774

h,T,

-
-
-
P
-
.

Figure (6) Nodal schematic of the Ni-Cd battery used for thermal and electrical analysis.

Measured voltage (V) and current (I) amplitudes calculate power generation as follows:
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3- Thermal Analysis of Ni-Cd Battery

As known, a battery operates in a narrow allowable temperature range. If the temperature of
Ni-Cd battery increases beyond its limit, it may cause temporary or permanent damages to the
battery. Thus, thermal consideration becomes an essential issue in battery applications. Important
design parameters for battery are; thermo-physical and optical properties, interface conductance,
internal heat dissipation, external heat flux and etc. A Ni-Cd battery is made up of a Ni-Cd
Elctrolyte type electrode, which is covered by a layer of nickel. The dimension and thermo-
physical property of the 7Ah Ni-Cd battery under consideration is given in Table 3.

Table (3) Dimension and thermo-physical property of the Ni-Cd battery used for the analysis [17].

Parameter Value
L [mm] 33
D {mm] 88
M [gr.] 250
Ky [W/mK] 58
Ky [W/mK] 94
p. [Q.m] 2.1x10°
pi [ke/m* ] 8900
Peg [kg/m ’ ] 8600
Cpyi [kikgK] 232

3-1- Finite Element Model

To analyze the battery, 2750 hexagonal type elements with uniform mesh distribution are used
(Fig.5). These elements are part of the physical structure and analytical model. The exterior
surface temperature is at 30° and Eq.4 is utilized for heat transfer coefficient (h). The rate of
charge is C/2 and battery efficiency is assumed 90 percent. Then, the boundary condition,
thermo-physical properties and heat generation are incorporated into the model and a finite
element based code, ANSYS, is utilized to analyze the battery.

Figure (5) Finite element schematic of the Ni-Cd battery used for electrical and thermal analysis.

3-2- Mathematical Lumped Parameter Model
This method is utilized because the Biot number is low (e.g., less than 0.01). In this method,
the battery is divided into 10 nodes as shown by Fig.6. Earlier studies show that no more than 10
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Table (1) Computed model parameters (Fig.2) for the 7Ah Ni-Cd battery, used for analysis.

Ic[A] 3.5 5.25 7
RQ] | 0.046 - 0.0314
R,[Q] | 0.0529 | 0.0347 | 0.0273
C,[F] | 159091 - 307.7
C,[F] | 2857 - 307.7

Table (2) Computed parameters for a 7JAH Ni-Cd battery model (Eq.2) at T, =3.5A .

Parameter Value
Kg [©Q/A] -0.0042
KCs [©2/A) 1088.3
KCp [F/A)] 6.2857

R [Q] 0.046
Cs, [F] 159091
Cp, [F] 285.7
Kg,, [Q/A% 0.0018
Kg,, [Q/A]. -0.0258
KRp3 [Q] 0.1217
Vo [V] 1

2-2- Electrical Simulation
The proposed model of Fig.2 is simulated using SIMULINK facility of MATLAB software
package. In order to consider the linear and nonlinear dependencies of battery voltage with
charge current, measured model parameters (Tables 1 and 2) are used in simulations.
Figure 4 shows model diagram in SIMULINK. The desired charge current is generated by a
controllable current source. Since parameters of battery model change with charge current, a
MATLAB subroutine generating Rp,CpsRs and C; is linked with SIMULINK diagram. In order to

simulate a battery characteristics at different charge currents, the value of I_ is changed.
Computed waveforms are shown in Figure 8.

Voltage
Measurement

Controiled
Current Source

Current Measurement

, } | . . .
+ /M Current = __YJ—’, v
V=ic T R =ochm Repeating , By Measurement Cp Vo T Voltage .
i Sequence Measurement
constant  Suitch
Rp Rs
Matlab Software '
Egs. (1} to (3) Rs Cs
—> Cp f
~— Cs
i
Controllable Parameter Battery
Current Source Calculation Model

Figure (4) Simulation of Ni-Cd battery (Fig.2 and Eqs.1 to 3) by SIMULINK.
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where 7, is charge current, I, is the biasing current level for computing parameters and R,
Cs and C,, are the values of Ry, C; and C, at I, , respectively. Constants of Ky , K , K. are

obtained from measurements at two charge rates (e.g., C/2 and C) while K ,Kg,, and Ky, are

computed from measured characteristics at three different charge rates (e.g., C/2, 3/4C, C). In
order to compute parameters of Eq.2, the following steps are taken:
Step 1: Compute AVy and AV from measured characteristics (Fig.1) at charge rates of C/2 and

C.
Step 2: Compute AVR from measured characteristics (Fig.1) at three different charge rates

(e.g., C/2,3/4C and C). Figure 3 demonstrates how these computations are performed for a biasing
current I, =3.5A..
Step 3: Compute parameters of Eq.2 at different charge currents using:

Ry = AVg /I
CS - IcAt/AVCS
Rp=(aVg,)| [l

AVg, (t=1p) = (1 - exp(-1)) AVR_

©)

(max)
Co =1 /Rp

These parameters are listed in Table 1 for a 7Ah Ni-Cd battery manufactured by SANYO.

Step 4: Calculate battery parameters of Fig.2 by solving the set of linear and nonlinear
equations of Eq.2 and Table 1.

For the 7Ah Ni-Cd battery under consideration, parameters of Fig.2 are computed using
Equations.1-3 and are shown in Table 2. '

186 1 T T

| t=15.14

Mo ANy

Battery Voltage (V)

G

0.632AVy " =0.118

. 1-3(" At =5500—-500=5000 AV =011
AV =0.186 |

Battery Voltage (V)

AVg, =0.16

1 L L L L L

50 700 750 500 7 0 1000 2000 3000 4000 5000

time (sec)

®

time (sec)

()

6000

Figure (3) Extraction of Ni-Cd battery parameters from measured voltage waveform

(Eq.3) at a charge current of 3.5A; (a) starting characteristic, (b) total characteristic.
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battery voltage can be divided to four terms. A voltage step AVy, that can be modeled with a
resistor in series with the step current, an exponential voltage AV, that can be modeled as a RC

parallel network, a linear voltage drop AV and a constant voltage V,, as shown in Figure 1.
Therefore, battery voltage can be computed as:

Viar(8) = Vo + AV (1) +AVg (1) + AV (1) (M

Based on Eq.1, a nonlinear battery model is proposed as shown in Fig.2. The nonlinear nature
of the model is due to the dependency of its parameters Ry, Cp, Ry and C) on charge current (1,).

Figure (1) Typical step response of a Ni-Cd battery.

A 4

+
RP(J é j Cp(lbat)
Vbat
R (Tpat)
Vo Cs(Ibat)
|
L

Figure (2) The proposed nonlinear model for Ni-Cd batteries with variable parameters (Eq.2).

2-1- Computing Model Parameters
Parameters of Fig.2 are extracted from measured characteristics at different charge rates.
Measurements show that R, C, and C, are linear functions of charge current, while R, changes

nonlinearly with the rate of charge. Therefore,

Ri(I;) =Ry +Kg (I, -1;)

C@) =Ceo +Ke, (I - 1)

Co0) =G +Ke (I, -1,) @)

2
Ry(I) =Ky, I +Kg I +Kg |
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Abstract

i A new nonlinear model for electrical analysis of Ni-Cd batteries is proposed. Model parameters are |
' considered to be linear and nonlinear functions of charge current. To generate these parameters,

. battery characteristics of different charge currents are measured and used. Linear dependency of

parameters are generated using two charge rates while nonlinear variations are modeled based on three
! charge currents. Thermal characteristics are computed with results obtained by a finite element based

i code, ANSYS, and a generated finite difference (lumped parameter) model. For experimental analysis,
| a labratory setup capable of measuring electrical and thermal behaviour of Ni-Cd batteries at different |
| charge rates is used. The Computed and measured results show good agreements for a 74h, size F, Ni-

i Cd battery, manufactured by SANYO.
. Keywords
: Ni-Cd, Nonlinear Model, Electrical, Thermal,

Introduction

The ultra-fast charging capability, fine performance and high capacity of Nickel Cadmium
batteries along with their limited weight and size are very attractive and have distinct properties
for many light and compact equipment. They have found many applications including cordless
and portable devices, emergency and standby power, telecommunication equipment, photovoltaic
systems, electric vehicle, satellites and spacecraft and power plant supporting equipment [1-7].

In order to use Ni-Cd batteries more efficiently, their response to various operating conditions
must be understood. There are urgent needs to optimize battery performance and to further
understand their characteristics and limitations in the processes of scaling up and manufacturing.
There is also a renewed interest in optimizing charging algorithms for rapid and safe charging
techniques to enhance battery performance and life time. Numerical battery modeling is a very
cost-efficient approach to address these requirements. Numerous papers have been published on
battery models [8-16]. However, most of them ignore the nonlinear electrochemical
characteristics and thermal properties of the battery.

The subject of this paper is to introduce nonlinear electrical and thermal models for Ni-Cd
batteries and to investigate their accuracy through different measurements.

1- The Proposed Electrical Model for Ni-Cd Batteries
In this section, a new nonlinear electrical model for Ni-Cd batteries is presented. A typical Ni-
Ni- Cd battery response to a step current is shown in Figure 1. Based on this characteristic,

Amirkabir/ Vol. 15/ No. 57-A/ (Electrical Engineering) Winter 2004 1

'



