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Modeling and Operation Analysis of NiH, Battery using
Multi-layer Neural Network
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ABSTRACT

A satellite batteries have direct impact on the life time of the satellites, and stable operation is decided by whether
they are in the steady state operation or not. The recent development of a relatively generalized cell modeling approach
is based on the fundamental principle to simulate the dynamic behavior of a nickel-hydrogen cell. In fact, the prediction
of the battery characteristics which include the nonlinear and the power state via general equation are impossible.

In this study, NiH2 battery characteristics using a multi-layer neural network are modelled, and their results are
used in the analysis of the battery power state during eclipse condition of satellites. Also. the result is compared to
battery test results to identify the reliabﬂity of modelling. The battery operation modes are classified into normal and
failure modes, respectively. The normal mode is analyzed during the eclipse with the arcjet burn and the failure mode
with solar array and battery cell failure is analyzed too.

Key Words: Satellite Battery Power, NiH2 battery characteristics, Eclipse Operation Mode

1. INTRODUCTION the batteries and various loads. The solar array is the

main power source of the satellite and the power control

Satellite power system consists of solar array, solar unit controls the power from the solar array and
array drive units, power control units which include distributes to the loads. And the battery store the

solar array regulator and battery charger/discharger, power during the daylight and also the power is
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provided to the load from the battery during the
eclipse™.

In the power subsystem of a satellite. the battery
directly affects the life time of the satellite, so stable
operation is demanded. But the nickel-hydrogen battery
has some limitation. Expansion of the nickel electrode,
electrolyte redistribution, and pressure vessel leaks may
limit the life of the nickel-hydrogen battery®. If the
failure of battery cell occurs, the analysis of battery
power state will be important data to decide the stable
operation. Thus the modeling of battery with nonlinear
characteristics has to precede to predict the state of
battery.

But computer-based simulations of the performance of
rechargeable battery cells typically have been very
limited in the past. There are a number of reasons for
insufficient progress in this area. First, all battery cells
are relatively complex electrochemical systems, in which
performance is dictated by a large number of interacting
physical and chemical elements. Second, while specific
chemical and physical changes within cell components
are associated with degradation, there has been no
generalized simulation architecture that enables the
chemical and physical structure to be translated into
the cell performance. The recent development of a
relatively generalized cell modeling approach is based on
fundamental principles to simulate the dynamic
behavior of a nickel-hydrogen cell”® ™. In fact, the
prediction of the battery characteristics which include
the nonlinear and the power state via a general
equation are virtually impossible.

In this paper. the battery modeling using
MNN(Multi-layer Neural Network) which is compatible
to the system modeling with nonlinear characteristics is
implemented, and the modeled numerical data are used
for the analysis of battery state during eclipse. In order
to validate the identification of the modeling the
simulation results using modeled data are compared to
battery state analysis results. Battery operation modes
are analyzed for the normal and failure modes at the
eclipse. The normal mode is analyzed for the eclipse
which has 12 minutes arcjet thruster burn at the
second eclipse. Furthermore, the failure mode which
has solar cell string failure. solar cell circuit failure and
battery cell failure is analyzed separately .

2. BATTERY MODELING

The purpose of battery modeling using a
ANN/(Artificial Neural Network) is to produce an exact
solution via training of analysis result for each
operational mode under the change of battery
charge/discharge parameter. ANN represents a new
structure which comes from the neuron transfer system.
This presents a mathematical model which constitutes
several layers with few neurons. It is also represented
as a kind of net describing the relationship of the output
for external input.

The most widely used architecture of the multi-
layered networks is shown in Fig. 1. Backpropagation
networks often have one or more hidden layers of
sigmoid neurons followed by an output layer of linear
neurons.

Multiple layers of neurons with nonlinear transfer
functions allow the network to learn nonlinear and
linear relationships between input and output layers.

ANN used for battery modeling is multi-layered
networks by backpropagation, and it traing a nonlinear
function by the backpropagation learning rule which has
several hidden layers between input and output layers.
In general, a multi-layered networks is calculated by

= f(Zal+x" B)=f(N) M

where @ are the weights between ith neuron of k-
1th layer and the jth neuron of the kth layer, B’ is the
biases of the jth neuron of the ith layer. Then, fis an
active function of neuron in Sigmoid function type.

input Hidden Layer Output

Fig. T Muti-layer Neural Network
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The backpropagation learning rule can be used to
adjust the weights and biases of networks in order to
minimize the sum-squared error of the network. This is
done by continually changing the values of the network
weights and biases in the direction of steepest decent
with respect to error.

For input pattern x, the changing value of the next
step weight, Aw, is given by

Aw; =nd,x (2)

where 7 is the learning rate, and
8= (1-x) f(N) :jis output neuron
= f(N)2X8 w, :jis hidden layer neuron

where 1is the learning goal value and xis the output
value of the j th neuron

2.1 Battery capacity modeling

Table 1 and 2 show the experimented data and
characteristic data of the NiH, battery of Koreasat 3. The
performance of battery is shown to be better at below 0.
Fig 2 is the result of the neural network learning using
the experimented data of Table 1 being estimated data at
each different temperature point. The training was
performed with 2 hidden layers and 5 neurons with a
final root mean square error of about 0.001 between the
target function and ANN outputs. A nonlinear
characteristic of battery capacity is observed. By this
experiment result and learning data, we can predict that
Koreasat 3 battery has higher efficiency when the battery
control mode is between 0C and -10C.

Table 1 Capacity data of Koreasat 3 NiH, battery

Max(AH) | Avg(AH) | Min(AH)
10T AH/1 0V 129.1 128.0 126.9
AH/11V 121.7 120.0 117.3
5T AH/10V| 1262 1247 122.5
AH/1.1V 1182 116.2 113.2
0C AH/1OV| 1231 1220 120.6
AH/1.1V 110.0 116.0 1148
10C AH/1.0V 116.1 1147 112.8
AH/1.1V 1138 1122 1105
20T AH/1.0V 107.6 104.3 101.6
AH/1.1V 105,8 102.6 100.0

2.2 Battery charge efficiency modeling

The instantaneous charge efficiency is determined by
taking the derivative of the pressure with time. A linear
pressure rise during charge represents 100 percent
charge efficiency. As the pressure rise starts to drop off,
the instantaneous charge efficiency drops off. Also, the
charge efficiency is different according to the
temperature®.

For example, the charge efficiency improves at lower
temperature. The overall charge efficiency is computed
by integrating the area under the curve over the 16—
hour charge period. The overall charge efficiency of
Koreasat 3 is 87% . Also, the battery efficiency can be
calculated by the voltage difference of battery under
charge and discharge. It becomes about 87% when the
ratio between charge and discharge voltage is 1.0. The
13% of remaining energy is dissipated by thermal effect.
Figure 3 shows that the charge efficiency profile is
different according to the temperature. Battery charge
efficiency depends on the cell circumstance

Bettery capacity for tempersture

Battery capacity{AH]

60 . N : : .
-10 -5 o 5 10 15 20
Temperature[Deg}

Fig. 2 Battery capacity modeling for temperature

Charge Efficiency For Cell

.........

Chacge Efficiency
< [
o

} . H H H T +
o 2 4 6 ] 10 12 14 16
Charge Tima(Hours)

Fig. 3 Cell charge efficiency modeling for temperature(C/10)
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temperature. As shown in Fig. 4, the temperature
rising occurs after 7 hours at -10C or -20C since the
charge started. The main reason of temperature rising
is because the charge current changes by thermal effect
caused by the charge efficiency drop. Thus, when the
temperature of cell circumstance is over 0. the
temperature rising rate is quicker at lower temperature.
Fig. 5 shows the charge voltage profile at each different,
temperature. From the results of Figs. 3 and 4, the
charge voltage at each different temperature is charged
to 1.6V at -20T after passing 8 hours after charge
started. On the contrary, the charge voltage at
temperature over 20 reached only 1.46V because the
charge efficiency is quickly dropped by the temperature
rising. Thus the voltage at the end of charge is shown
different as in Fig. 5. Similarly. when the battery
discharge, the capacity of battery is higher at lower
temperature. From the modeling results of battery
charge efficiency which is shown from Figs. 3 to 5. we

Table 2 Characteristic data of Koreasat 3 NiH, battery

Parameter

Characteristic

- Battery Quantity

2 per spacecraft

* Cell per Battery

26 IPV

- Cell Type

100Ah Mantech (114Ahr actual)

- Max battery voltage
(end of charge)

41.6V@ 100% SOC Ibc=10A

* Max battery voltage
(beginning of discharge)

338V@ 100% SOC Ibc=10A

* Min battery voltage
(end of discharge)

275V@ 20% SOC Ibc=100A

- Cell Pressure

950psi maximum

+ Battery Temperature

=10 to +35 deg C

- C/D Ratio

1.3 On-Station

40

Tempereture profile

Cell Temperature|deg)

.
-
o

-20
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Fig. 4 Battery temperature profile for charge time (C/10)

know that the battery charge efficiency is plotted
differently according to the cell temperature, charge
state and charge current state. The charge efficiency
profiles for temperature and state of charge at C/10,
C/20 are shown in Fig. 6 and 7. Firstly, Fig. 6(a) and
(b) are data of battery cell efficiency with charge rate of
C/10 and the training results using ANN, respectively.
The charge efficiency for lower temperatures is almost
100% irrespective of the SOC(State of Charge). On the
contrary, the charge efficiency at higher temperature is

Chargs Voltage Frofile for Cell

Cel Vohage{V}

a 10 12 14 1B

[} 2 4 6
Charge Tims[Hours]

Fig. 5 Cell charge voltage modeling for charge time(C/2)

Temperature ‘20 0

State of charge

(a) Cell efficiency data

Battery Eficiency Modaiing for SOC and Temparature(C/10)
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(b) Modeling result

Fig. 6 Battery efficiency modeling for temperature and
state of charge(C/10)
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State of charge

(a) Cell efficiency data

Battery Eficioncy Modaling for SOC and Temparatura(C/XT)

13

04

State of Charge

(b) Modeling result

Fig. 7 Battery efficiency modeling for temperature and
state of charge(C/20)

dropped as soon as the charge state exceeds 50%.
3. BATTERY OPERATION MODE ANALYSIS

Battery power simulation according to the operational
modes is conducted for the normal and failure modes
during the eclipse with arcjet burn. The battery store
power provided to the load during daylight which
include arcjet burn for stationkeeping during eclipse.
During the eclipse, the power is provided to the load
only by the battery because power from a solar array is
not available in the near autumnal equinox.

The battery and bus voltage of Koreasat 3 are set
differently as shown in Fig. 8. Therefore, the battery
voltage is stepped up to the bus voltage via battery
discharger and distributed to the bus. On the contrary,
the bus power is charged to the battery after the
battery voltage step down during daylight'™.

3.1 Control Logic
In the battery operation simulation, battery capacity,

POWER CONTROL UNIT

Main 8US
70V

Switching :
— SAD —— shunt Switched

Solar reguiator LOAD

Array foien el

BATTEAY: Fused
sus LOAD

tidiractional

pattery

Battery charger/discharg
ar

Powaer aND

Control —

Electronics =

Fig. 8 Block diagram of the battery charge/discharge
regulator

voltage, current and the state of charge are analyzed for
the eclipse using battery neural data modelled in
Section 2. And it is also analyzed for a worst case mode
which can occur at the solar array string, circuit, and
battery cell failure. Figure 9 is a control flow chart for
the battery power analysis at the autumnal equinox.
First, the current state of a satellite is set and then the
initial input data are needed at each operation mode.
The operation mode of the satellite by initial data is set
and then temperature data at each mode is read so that
the efficiency of the cell is calculated. After the
calculation of cell efficiency and capacity, the state
charge of cell is decided by that results. And it decides
the cell voltage according to the charge state and the
sum of cell voltage becomes the battery voltage. During
the battery discharge, the change of battery capacity is

as follows
AH_p(n+1) = 4)
P
AH(‘AP (n) _ P load
Vbathu\'(n) -l x Ri X Batmp
» Pbulhu.\ (”)

Similar to the charge, the battery capacity is decided
by the battery discharge current which is changed by
the load variation per minute unit. In Eq.(4) n
represents the per minute unit, R, is the interior
impedance of the cell. The overall impedance of the
battery cell of Koreasat 3, is 0.03642. And P, is the
load power for arcjet burn or payload, V,,, (n) is the
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Fig. 9 Control flow chart for battery power analysis at
autumnal equinox

sum of cell voltage and Bat_, represents the battery

oy
capacity. After arcjet burn, the change of battery
capacity during cell charging is given by

AH_,p(n+1)= AH,(n)+ Cell,, x Charge rate/ 60 (5)

Then the efficiency of the battery is decided by the
modeling results of Figs. 6, 7 and the battery capacity
changes from the data calculated by per minute unit.

From Eq. (4) and (5), the instantaneous value of
SOC is caleulated using the following expression

AAH 0 =(Cell X 1, = 1,,,)/ 60 (6)

From Eq. (6), it follows

AHS()(‘ + AAHS()(' 2 AHrup’
AH,, +AAH,. { AH

AH,, = AH o)

cup

AHg, =AH  +AAH .

cap® cap

According to the above variation, SOC is calculated as
follows

AHS()(‘

SOC = (8)

cap

where AH  is amp-hour battery capacity.

ap

3.2 Eclipse normal mode analysis

This paper is analyzed for the autumnal equinox with
the eclipse of maximum 72 minutes as the longest
eclipse of Fig. 10. And the battery power state after
arcjet burn is analyzed at the charge mode during 12
minutes. However, the arcjet burn time can change
according to the charge state, but in this study, it is
analyzed only for possible time of arcjet burn state
during the battery charge uder maximum eclipse. Then,
predicted operating temperature ranges of battery are
shown in Table 3.

The power required by load is 4260 W during the
eclipse, and under the arcjet burn event during the
charge period it increases to 8700 W. Then the arcjet
burn time can vary according to the battery operation
state and eclipse period. Eclipse normal mode is
implemented during 4320 minutes of 3 period. Each
period includes the eclipse of maximum 72 minutes at
the autumnal equinox and the charge rate of battery is
set as (/18 after the eclipse. In Fig. 11(a), after the
eclipse, the necessary charge state of battery reaches
100% before the next eclipse.

And the arcjet burn is implemented at the second
period among three eclipse periods. Because the
maximum arcjet time of the second period can be
decided by the eclipse time and state of battery of the
first period, and at the third period, we can predict
whether the charge state is full or not.

In the battery discharge mode of the eclipse period,
the change of battery capacity is same as Eq. (4).
According to the result of DOD(Depth of Discharge)
analysis during eclipse, the battery DOD is 72.5%
without argjet burn and is 75% with the arcgjet burn as

Table 3 Predicted operating temperature of battery

X Predicted Operating
Operation l
Case . Operating Temp
Limits(T) R
Temp Temp(T) | Margin(T)

Min [ Max | Min | Max | Min | Max

Beginning of -Llfe, 10 5 8 2% 2 20

Autumnal Equinox
End of Life,

Summer Solstice
End of Life,

Winter Solstice

-10 | 45 -8 13 3 32

-10 | 45 -8 17 2 2
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Fig. 10 Annual eclipse duration length

shown in Figs. 12(a), (b). This analysis results show
good correction comparing to the data in Figs. 11(a),
(b) as they are results of LMC(Lockheed Martin
Company) analysis. Figures 12(a), (b) show the
battery voltage profiles of the normal mode during arcjet
implementation mode at the eclipse. At the second
period of Fig 12(b), 2162 minutes, we can see that the
battery SOC is instantly dropped with 12 minutes
arcjet burn.

3.3 Worst case analysis mode

Eclipse failure mode is an analysis mode considering
solar array circuit and battery cell failure. The solar
array of Koreasat 3 is composed of 8 panels: 7 panels
with silicon cell and 1 panel with GaAs cell. A silicon
solar panels have totally 12 strings for a panel and 4
strings constitute a circuit. On the contrary, the GaAs
panel has 21 strings and each 7 strings form a circuit.
When a string or circuit failure occurs more large time
for battery charge is needed. Table 4 presents a solar
array power and margin rate, a battery DOD analysis
data for the normal and failure modes, respectively.
This mode presents the worst case caused by the solar
array circuit failure or battery cell failure during the
eclipse. The demanded battery power and the analysis
results by this data are presented in Table 5. If the
demanded power by the load is the same, the battery
charge power decreases during charge after eclipse.
When the argjet is implemented during the charge, the
overall power produced by the solar array and battery
will decrease. In the eclipse failure mode, the analysis

results are shown in Figs. 14(a), (b). This results are
compared to Fig. 13(a), (b) where the battery state is
analyzed using real test data. From the analysis result
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(b) Normal mode with arcjet burn

Fig. 11 Battery operation mode analysis at Autumnal
Equinox (Lockheed Martin Analysis Resuits)
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Fig. 12 Battery SOC status (Autumnal Equinox)



Table 4 Solar array power analysis data at Autumnal
Equinox

Normal GaAs Silicen Battery
Normal R L . .
Item ode Mod Arcjet Circuit  |String Fail Cell
e
Mode | Fail Mode Mode Fail Mode
Solar Array .
5120W | 5120W 4826W 496TW 5120W
Power
Solar Al
O ) 3753w | 3686W | OW | 2348W | 3303w
Power Margin
Solar Array
Power Margin | 7.33% 7.2% 0% 5.13% 6.6%
rate
Battery DOD .
atery 726% | T26% | T25% | T26% 6%
Results

Table 5 Battery power analysis data at Autumnal Equinox

Normal GaAs Siticon Battery
Normat . . . .
Item ode Mod Arcjet Circuit |String Fail Cell
° | Mode |Fail Mode| Mode |Fail Made

Demanded
Battery Power
Battery Charge

Rate
Battery DOD
Analysis Results

3617TW | 36236W | 3911w 3770W 350.3W

C/18 C/l7.l C/16 C/16 C/16

725% | 725% 72.5% 725% 5%

of Figs. 14(a). (b), when the solar array power
decreases about 50W for the failure of solar array string
with GaAs at the autumnal equinox, the battery DOD
is 72.5%. For the failure of solar array circuit with
silicon, the power is decreased about 353.4W with the
battery DOD of 72.5%. Likewise, DOD is the same at
the solar array string and circuit failure modes. From
this results, we can see that the battery DOD at the
autumnal equinox is not different between solar array
string failure with GaAs and solar array circuit failure
with silicon. But, in the failure mode, when the battery
recharge, the charge rate is changed from C/18 to C/16
and the arcjet burn time is also changed from 12
minutes to 20 minutes by the solar array power
decrease. Thus the battery power state is almost
remains unchanged at the failure mode of the solar
array string and circuit but the solar array margin
approaches near zero during the battery charging .

In case of the battery cell failure mode, the battery
impedance is reduced by decreasing the battery cell
number. Also, the battery discharge current is increased
so that the battery power to be provided to the load is
increased and the battery power will be at lower DOD

(a) Solar array string failure mode

Karuasmi- 3« Con Orith Aamasevat bapaeast - Seiitery Ovll Vatvrw

(b) Battery celt failure mode

Fig. 13 Battery operation mode analysis at Autumnal
Equinox (Lockheed Martin analysis results)
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(a) Solar array string failure mode

CELL STATE OF CHARGE

(b) Battery cell failure mode

Fig. 14 Battery operation mode analysis at Autumnal
Equinox
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state. The analysis result has 75% DOD in the failure
mode of battery cell.

4. CONCLUSIONS

In this paper, the NiH, battery modeling using MNN
is implemented, and the modeled numerical data are
used for the analysis of the battery state during the
eclipse. The results of neural network learning using
the experimented data are shown at each different
temperature point. The analysis results of the battery
charge states according to operational modes, which are
classified into the normal and failure modes, are
presented and also the results are verified through
comparison with the results where battery test data are
provided by LMC.

The normal mode is analyzed during the eclipse with
the arcjet burn and failure mode is also analyzed for the
solar array string, solar array circuit and battery cell
failure. The understanding of characteristics and SOC
analysis of the NiH, battery will be helpful for the
stable and successful operation of the satellite during
satellite life time.
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