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Abstract

This master thesis has been carried out to investigate the possibility
to predict battery failure of Nickel-Metal Hydride (NiMH) batteries.
Assa Abloy use these batteries as a back-up in their door solution sys-
tems in case there is a power loss. The main function is to be able to
open doors that are part of an emergency exit route. Thus, approxi-
mately 200 battery packs were used to collect data regarding mainly
their internal resistance, capacity and age counted from production
date. These parameters were then mapped to how many consecutive
door openings they could perform at different temperatures before
failure. The study showed that the internal resistance of the battery
has a great impact on its performance. The temperature also has a big
effect because the internal resistance varies with temperature. At a
late stage of the master thesis, it was seen that the open circuit voltage
during charge was affected by the temperature. However, more inves-
tigation regarding this needs to be done. Furthermore, the capacity
does not seem to have a notable impact and neither does the age. The
key to predict battery failure is to have knowledge regarding how the
internal resistance changes over time as well as how it changes with
temperature. Some insight regarding this has been discovered during
the study but further investigation needs to be done.
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Definitions

o7 Constant used to censor resistance values.
as Constant used to censor voltage values.

a3 Constant used to censor current values.

A A-battery Standardized battery format, 49.2-50.5 mm length and 13.5-
14.5 mm width.

Battery pack The battery mounted in an Assa Abloy slider door consist of
two battery packs, where a battery pack is 10 AA-batteries connected
in series.

Battery pair A battery pair consist of two battery pack connected in series.

Self discharge A battery’s decline in voltage which takes place after charg-
ing is completed and charging device is turned off.

Slider door Slider door defines the product family where the door slides in
the direction of the wall during an opening-procedure.

State of health a battery’s state of health is a figure that tells a battery’s
condition. It is expressed as the ratio of a battery’s actual capacity
and its rated capacity. The state of health deteriorates when a battery
ages and is under use.

Trickle charging trickle charging is the method employed to keep the Assa
Abloy’s batteries in fully charged condition. This is done by charging
the battery pack’s with 55 mA. [2].

Acronyms

DPH Dual Pulse High voltage point. This is the voltage value retrieved at
node 2 on measurement board, see figure 13.

DPL Dual Pulse Low voltage point. This is the voltage value retrieved at
node 2 on measurement board, see figure 13.



NiMH Nickel-Metal Hydride.

SCSDP Slow Charge and Self Discharge Phase.

SDP Self Discharge Phase.
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1 Introduction

As the global leader of door solutions, Assa Abloy consistently tries to find
new methods to develop their products and make them more robust and safe.
This master thesis has been carried out to investigate if there is a way to
predict when the batteries in their slider doors needs to be replaced.

1.1 Background

In the slider doors of Assa Abloy, a backup battery-pack is installed as an
alternative power supply in case there is a power outage from the electric-
ity grid. The battery-pack’s main function is to open the emergency exit
doors during a power outage but can also be used to let non-emergency exit
doors operate as normal during a power outage. Because it is such an im-
portant feature and regulated by law, Assa Abloy has to make sure that
the battery-pack is in a good condition at all times. In order to do this,
Assa’s software makes a daily automatic test of their batteries. Should the
battery-pack fail during the test, the door is set to a safe mode until it has
been replaced. Unscheduled maintenance which this would result in should
be avoided if possible and thus, this master thesis examines the possibility
to predict battery failure.

1.2 The objective

Instead of changing batteries on a very short notice due to a failed test, Assa
Abloy wants to be able to have detailed information of their batteries and
predict their failure. As mentioned above, this master thesis is carried out to
investigate if it is possible to predict the failure of the battery by measuring
a number of key parameters. By measuring key parameters that have a cor-
relation to a battery’s performance, one will be able to tell the condition of
the battery and hence give a prediction of how close the battery is to failure.

Assa Abloy defines battery failure in two ways; the battery voltage drops
below a certain voltage level during an opening or the door opening proce-
dure takes longer than five seconds to perform. A battery failure is most
likely to occur during an opening procedure. Hence, a battery pack’s abil-
ity to deliver power during an opening procedure is a core characteristic to
be analyzed in this master thesis. Measurable factors that might have an



impact on the occurrence of a battery failure are presented as hypotheses.
These hypotheses are developed in the perspective of what is defined as a
battery failure which is mentioned above. In order to tell the correctness of
the hypotheses, all measurable battery characteristics in the hypotheses; in-
ternal resistance, voltage drop after five seconds of load, capacity, time since
manufacture date and temperature, will be compared with a battery’s ability
to open an automatic door.

1. The likelihood of battery failure is correlated to the internal resistance
of a battery pack.

2. The likelihood of battery failure is correlated to the magnitude of a
voltage drop occurring from current conducted from a battery during
a five seconds period.

3. The likelihood of battery failure is correlated to the actual capacity
expressed in mAh of a battery.

4. The likelihood of battery failure is correlated to the age of the battery,
age of a battery is measured from manufacture date.

5. The likelihood of battery failure is correlated to the temperature of the
battery when it supplies the power to perform an opening procedure.



2 Theory

2.1 NiMH battery

As for all batteries, the NIMH battery has one negative electrode, one posi-
tive electrode and one electrolyte. The positive electrode consists of Nickel
Hydroxide (NiO(OH)), whereas the negative electrode consists of a Hydrox-
ide absorbing alloy. The electrolyte is in most cases Potassium Hydroxide
(KOH). Hydrogen is the active substance which stores the energy. The two
electrodes are separated by a separator. The separator prevents short-circuit
between the two electrodes while letting ions diffuse through which makes
it possible for current to flow through the electrode layers. The separator
is made of a synthetic material. A NiMH battery also contains a current
collector which consists of a metal grid. The function of a current collector
is to minimize internal resistance. [3]

2.2 Chemical reaction in NiMH battery

In the positive electrode, Nickel-hydroxide molecule reacts with hydroxide
which produces an electron. This electron will travel through the electrical
circuit and be absorbed by the alloy in the negative electrode. This pro-
cess represents charging whereas the opposite reaction direction represents
discharge. This can be seen in equation 1.

Ni(OH)y + OH <> NiOOH + Hy0 + e~ (1)

In the negative electrode, one electron and one hydrogen-ion is absorbed,
see equation 2. This direction of equation 2 represents charging whereas the
opposite direction represents discharge.

M+ H,O+e & MH+OH" (2)

A combined reaction of the positive and negative electrode can be seen in
equation 3, this is achieved by summing up equation 1 and 2. A graphical
illustration of this can be seen in figure 1.

M + Ni(OH)s <> MH + NiOOH (3)
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Figure 1: Chemical illustration of a NiMH battery’s charge- and discharge
characteristics.

2.3 Assa Abloy’s battery pack

The battery-pack used in Assa Abloy’s slider doors contains 10 AA-batteries
connected in series. Connecting the batteries in series increases the voltage
level by tenfold, from approximately 1.3V to 13V, while the capacity remains
the same. In their slider doors, two battery-packs are connected in series to
increase its power.

2.4 Capacity

The capacity of a battery is the amount of energy stored in it. It is measured
in ampere hours (Ah).

10



2.4.1 Measure capacity

To measure the capacity of a battery, the amount of ampere hours can be
calculated by drawing a current from the battery and consistently measure
the current until the battery reaches the knee of discharge. Figure 2 shows
the characteristics of discharging a battery, where the knee of discharge can
be seen. The following equation can be used to calculate the capacity:

C = /OTIdt (4)

AA NiMH Battery

Discharge Curve Profile

1.6
1.4
1.2
1.0
0.8
0.6
0.4

/ Mid point of Discharge

v

Knee of Discharge

</

X Midpoint Voltage (MPV)

Voltage

0 20 40 60 80 100 120

Capacity Discharged (% of rated Capacity)

Figure 2: Knee of discharge. Figure taken from energizer.com

2.4.2 Capacity Indicator

As stated in the hypothesis, the magnitude of the voltage drop that occurs
when a specific current is drawn from a battery during five seconds is cor-
relating to the probability of battery failure, the battery model employed
can be seen in figure 3. The reasoning to this hypothesis is as follows: the
opening time for an automatic door depends on the voltage the battery can
maintain during its opening procedure. Therefore it makes sense to measure
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the voltage drop of the battery during the longest acceptable opening time;
five seconds. This reasoning is valid since the work needed to open an au-
tomatic door can be seen as constant since the test will be performed on a
worst case scenario door, i.e. all other automatic doors will request less work
compared to the one that this test is performed on.

It should be noted that this method was implemented on request from Assa
Abloy as a method to indicate a battery’s capacity, hence the chosen method
name ”Capacity Indicator”. The voltage drop for this method will be cal-
culated as described in equation (5). At time t = 0 s, there will not be any
current conducted, while during time 0 < t < 5 s the current is conducted
as shown in equation (7).

Capacity indicator = Upgttery(t = 0) — Upgtery (t = 5s) [V] (5)
]battery(t = 0) =0 [A] (6>
Ubattery(t)

Ibattery(o <t<5H)= [A] (7)

Rll

Rq1 can be seen in figure 13.

12



Figure 3: The battery model employed.

2.5 Internal Resistance

The internal resistance of a battery is the opposition to the flow of current
within the battery. The internal resistance consists of the electronic resis-
tance and the ionic resistance. The electronic resistance encompasses the
individual resistivity of the materials used and how well they make contact
to each other. The ionic resistance is dependent on electrochemical factors,
such as the ion mobility, electrolyte conductivity and electrode surface area.
A number of factors that affect the internal resistance of a battery are the
age, the ambient temperature, charge and discharge cycles, the depth of dis-
charge, the magnitude of the current drawn and the chemical composition
of the battery [4]. Figure 4 shows how the internal resistance varies with
temperature in a fresh Energizer E91 AA battery. The reason why the inter-
nal resistance increases as temperature drops is because the electrochemical
reactions slow down and decrease the ion mobility in the electrolyte. To
measure the internal resistance of a battery, [4] describes two methods.

13



Total Effective Resistance
Fresh AA Battery

IR (ohms)

.0 T I I

-40 -20 0 20 40
Temperature (C)

Figure 4: Internal resistance based on temperature. Figure taken from ener-
gizer.com.

2.5.1 Dual Pulse Method

The Dual Pulse Method is done by first drawing a low stabilizing current,
I, and at the same time measure the voltage of the battery, Uy, followed by
increasing the current to /5 and once again measure the voltage, Uy. L and
H are indexes for low and high. With these values, the internal resistance
can be calculated based on Ohm’s law:

Rinternal = (UL - UH)/(IH - IL) (8>

Figure 5 shows an example of this method.

2.5.2 High Current Method

To measure the internal resistance with the High Current Method, the bat-
tery is loaded with a 0.01 ohm resistor for 0.2 seconds. The current drawn

14



can be calculated using the closed circuit voltage.
I = Uccy/0.01 9)

The internal resistance can then be calculated using the open circuit voltage
and the current calculated in the equation above.

Rinternal = UOC’V/I (10)

Using this method, it can be difficult to measure the closed circuit voltage
when the high current is drawn since it is drawn during a very short period.

Total Effective Resistance
Dual Pulse Method (5mA/505mA)

% -~
Stabilizing Delta Voltage
Drain (5 mA)
150 +
v
=)
§ 145
O
> 140 - Mg — - ———————— - - —— - - - - -
135 . 1Heavy]Drain (§05 mA) |

0O 20 40 60 80 10 10 #0
Time (Milliseconds)

Figure 5: Dual Pulse Method. Figure taken from energizer.com.

2.6 Charge Characteristics of NiMH-battery

Using correct charging techniques of batteries is very important to reach
a satisfying performance. Both under-charging, which is when the batteries
are not fully charged and over-charging should be avoided if possible. Under-
charging the battery can result in low service and over-charging can cause

15



loss of life cycle. To determine when the battery has reached full charge, key
parameters to look at is the temperature of the battery and if the battery
has reached its voltage peak. The temperature will drastically increase once
it reaches over-charge because the majority of the eletrical energy input to
the battery will convert to heat instead. Figure 6 shows the charging char-
acteristics of a battery charged at a rate of 1C. C is the standard battery
rating which is the capacity of a fully charged battery. Using a charge rate of
1C would thus theoretically fully charge a battery in one hour. By studying
the figure, it is seen that the pressure and temperature increases when the
battery reaches full charge. It can also be seen that the voltage reaches a
peak, after which it starts to decrease.

2] states that a moderate rate(2-3 hours) smart charger is recommended. A
2-3 hour charge time implies a charge rate of 0.5C-0.3C. The smart charger
is built to protect the battery from over-charging. They also state that a
charge rate of 0.1C for 12-14 hours is well suited. In both cases, once the
battery has reached full charge, a trickle charge of less than 0.025C is recom-
mended. Trickle charging means that the batteries gets charged on and off
between two voltage levels. The very small trickle charge is used to reduce
the negative effects of over-charging and to compensate for the self discharge.

16



NiMH NH15 AA Battery

Charge Characteristics

1.8

1.6 Voltage -

1.4

1.2

Temperature 1
1.0

Pressure

Voltage

0.8
0% 20% 40% 60% 80% 100% 120%

Charge Input (% rated capacity)

Figure 6: Charging characteristics with a charge rate of 1C. Figure taken
from energizer.com.

2.7 Discharge characteristics of NiMH-battery and its
effect on capacity measurement

Two important factors when estimating the capacity of a battery are the
discharge rate and the ambient temperature. When the estimated capacity
of a battery is determined, it should be done with a discharge rate of 0.2C
in room temperature.

Figure 2 shows a typical discharge curve of a NIMH-battery being discharged
with the conditions explained above. After the initial voltage drop, the volt-
age of the battery is relatively stable until it reaches the knee of discharge.

Figure 7 shows how the actual capacity of the battery compared to the rated
capacity varies with temperature. It can easily be seen that lower tempera-
tures have a larger effect on the capacity than higher temperatures and that
there is a significant decrease below 10 degrees.

17



AA NiMH Battery

Variation of Discharge Capadty with Temperature

2 120
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s 60
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Figure 7: Capacity variation based on temperature. Figure taken from ener-
gizer.com.

Figure 8 shows how the actual capacity of the battery compared to the rated
capacity varies with the discharge rate used. It can be seen that the actual
capacity varies linearly with the discharge rate used.

Another factor that needs to be taken into consideration is the end of dis-
charge voltage. The end of discharge voltage will have an effect on the
capacity, where the lower it is, the higher the measured capacity will be. For
long term discharge profiles, where the discharge rate is less than 1C, it is
recommended to set the cutoff voltage to 0.9 volts per battery cell to avoid
the risk of permanent damage to the battery. Figure 9 shows the voltage
profile of a battery cell that has been discharged too deep. To avoid damage
it is important to stop before the second plateau.

2.8 Self Discharge Characteristics

In an Assa Abloy slider door, the battery pack is trickle charged which en-
sures fully charged condition. If trickle charge is turned off for a period of
time, e.g. 60 minutes, the voltage of the battery will decrease and later on

18



AA NiMH Battery
Effect of Discharge Rate on Capacity
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Figure 8: Capacity variation based on discharge rate. Figure taken from
energizer.com.

stabilize. There is a scientific report which states that the rate of self dis-
charge correlates to a battery’s state of health, i.e. its ability to store energy
expressed in Ah [5]. According to the hypothesis, the probability of a battery
failure is correlated to the capacity and therefore the self discharge rate is of
interest. In order to quantify the self discharge rate, the self discharge rate is
measured as the voltage drop occurring during 30 minutes from the moment
that the trickle charge is turned off. The battery is in fully charged condition
when the trickle charge is turned off. The time of 30 minutes was chosen by
studying the self discharg..e curvature for all batteries, see Appendix A.5. It
can be seen that the self discharge does not stabilize within this period of
time which ensures comparability in self discharge rate.

19



AA NiMH Battery

Mid point Voltage Variation with Temperature

2.0
<— Normal Discharge —> | <«—— Overdischarge —>
1.0 .
<«— CellCapacty —> One Electrode
o Reversed
% 0.0 Both
= Electrodes
-1.0 Reversed
-2.0
0 50 100 150 200

% of Nominal Capacity Removed

Figure 9: Discharge profile of a battery cell that has been discharge too deep.
Figure taken from energizer.com.

3 Methodology

3.1 Investigation

At the start of the project most of the time was committed to investigation.
Which parameters were the important ones that could give an indication of
the health of the battery? Which methods were needed to calculate these
parameters? The company supervisor had some documentation regarding
parameters and methods to look at and it was thus investigated if there were
any other parameters and methods that could be of value.

3.2 Acquisition of battery data

Once the initial investigation phase was completed, the expected sequence of
procedure ended up as described below. Flow chart for acquisition of battery
data can be seen in figure 10.

20



1. Charge batteries with a battery charger rack commonly used at Assa
Abloy.

2. Top-charge the batteries with a low current to 14.6V or until they show
no sign of progression while continuously measuring the voltage.

3. Turn off the charge and let them self discharge for a set amount of time
or until they reach 14.0V while continuously measuring the voltage.

Measure internal resistance with Dual Pulse Method.
Measure internal resistance with High Current Method.

Measure capacity indicator with method described in section 2.4.2

Noe ot

Measure capacity of battery using recommended guidelines described
in 2.4.1.

8. Analyze data!

Acquisition of battery data

|—. Self discharge [V]
Battery pack Battery pack
' ' Slow Charge- and

——> | Battery Rack ——> | Self Discharge —
--Charging-- Board
Battery pack
Battery pack Measu rements DISChal’ge
L = — .,
Board Board

| L.- Capacity indicator [V] I—’Capacity [Ah]

Internal resistance by Dual Pulse method [Ohm]
b [nternial resistance by High Current method [Ohm]

Figure 10: Flow chart for a battery where acquisition of battery data is
performed.
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In order to do these measurements, the following hardware and functions
were needed:

e A microcontroller.

e High precision voltage measurement

A function to store data during all phases.

Circuit board to slowly charge batteries to 14.6V.

Circuit board to measure self discharge phase.

Circuit board to measure internal resistance and capacity indicator.

Circuit board to measure capacity of battery.

3.3 Battery performance

The overall goal of this master thesis is to predict battery failure in an Assa
Abloy slider door, therefore the batteries are tested in a slider door to examine
battery performance. In order to introduce comparability and performance
quantification of a battery pack, the measurable figure was chosen to be the
number of consecutive openings a battery can do until battery failure occurs.
The procedure to retrieve number of door openings per battery pair is close
to similar as procedure to ” Acquisition of battery data”. Instead of capacity
measurement the battery pack is mounted in a slider door and performs
consecutive door openings until battery failure occurs. The flow chart is seen
in figure 11.

22



Flow chart for battery performance

Battery pair Battery pair

—— | Battery Rack —_— Slow Charge |=—
--Charging--
Battery pair
Battery pack Measurements ' Battery
. -,
Board Performance

L’ Capacity indicator [V] I_' Number of door openings
performed by battery pair

Internal resistance by Dual Pulse method [Ohm]
] [Nternal resistance by High Current method [Ohm]

Figure 11: Flow chart for evaluation of battery performance.

3.4 Design of hardware
In the following sub-chapter, the design of the boards are presented.

3.4.1 Choice of microcontroller

At an early stage it was decided to use an Arduino Mega which has an
ATMega 2560 on its board. The reason why an arduino was chosen was
mostly because of its easy start-up and our experience working with it. The
easy possibility of using an SD-card was also another factor, because it was
an easy way to store data. It is important to know that the ATMega2560 can
only measure up to 5V on its ADC pins. Since the batteries’ voltage reaches
approximately 14.6V, the voltage has been divided with two resistors to not
damage the microcontroller.

23



3.4.2 Slow Charge and Self Discharge PCB

UBAT == Uarduino * (1 + R5/R4) (11>

The current the battery is charged with will vary with the voltage of the
battery. However, since the batteries have been fast charged before they are
attached to this board, most of them will be close to 13.6V. The software
also checks to make sure the battery’s voltage is higher than 13.0V. If it is
not, the charge is not turned on since the battery is considered to be bad.
Using figure 12 as reference, the charge current is calculated as:

Icharge == (‘/1 - UBAT - UQQ)/(RI + RZ + R3) (12>

The board itself has ten identical circuits as shown in figure 12.

Figure 12: Slow Charge and Self Discharge Board

3.4.3 Measurements PCB

The measurements board has been designed to be able to get the data needed
for the ”Dual-Pulse Method”, ”High-Current Method” and ” Capacity Indi-
cator Method”. Figure 13 shows the design of the board.

24



Figure 13: Measurements Board

The Dual-Pulse Method is described in detail in chapter 2.5.1. Equation 8
is used to measure the internal resistance. To acquire Uy and [y, the circuit
named DPH in figure 13 is used. A signal is sent from the microcontroller
to the NPN transistor which also makes the PNP transistor above conduct.
The current Iy drawn from the battery is the sum of the current running

through R5 and Ry;.

Iy = Ips + Ipu (13)
When the current Iy is drawn, Uy = Upgar in figure 13. To acquire U;, and
I, it is done in the same way but using the DPL circuit in figure 13.

I, = Ipi7 + g2 (14)

Ur, = Ugar when I7 is drawn.

The High-Current Method is described in detail in chapter 2.5.2. In this
case, it has not been designed to fully follow the theory, but instead to what
is available to do in Assa’s slider doors. In their slider doors, they can draw
a peak of 7TA and the circuit has therefore been designed to draw a high
current but not exceed 7A. Refering to the High-Current circuit in figure 13,
the theoretical maximum current that can be drawn is:

Inaz = (Uocv — Uppess) /R (15)
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The current drawn for the closed circuit voltage is calculated according to:

Icov = (Ucev — Uppeas) /R (16)

Uocv = Upar when the battery is under no load. Uccy = Ugar when a
current is drawn through R, in figure 13.

Theory of the capacity indicator is described in detail in chapter 2.4.2. The
procedure to measure the capacity indicator is as follows: current is con-
ducted through node 5 in figure 13 during five seconds. The battery voltage
is sampled continuously. The capacity indicator value is then calculated as
the battery voltage when no current is conducted equ. (18), minus the bat-
tery voltage when current has been conducted for five seconds. This can be
seen in equation (17). It is the impact of equation (19) that results in volt-
age drop. See figure 21 in results for a graphical illustration of the battery
voltage during a capacity indicator measurement sequence.

Capacity indicator = Upgiiery(t = 0) — Upqttery (t = 55) (17)
Intery(t = 0) = 0 [4] (18)
Ubattery(t)

Dpattery (0 <t < 5) = [A4] (19)

Rll

Ry; can be seen in figure 13.

3.4.4 Capacity Measurement Board

The capacity measurement board has been designed to discharge the batteries
with a current of approximately 0.2C, according to the theory described in
chapter 2.7. Figure 14 shows how each circuit is built. The current drawn
from the battery is measured according to the following method:

IBAT:UBAT/RIZUBAT/47~O (20)

During a capacity measurement, the current drawn will vary as the voltage
decreases. The current voltage will decrease from approximately 13V to 9.0V
and thus the current will vary accordingly:

IBAT,start = 13/47 == 2777TLA (21)

IBAT,end = 9/47 == 191mA (22)
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Since the battery is rated to C = 1200 mAh, the recommended current, 0.2C,
is equal to:
Tooc = 1200 % 0.2 = 240mA (23)

The deviation from the recommended current should not have a big impact
on the capacity measurement based on figure 8 in chapter 2.7.

The capacity in Ah is measured based on the current over time according to:

T2
C= / IBAT/3.6>I<dt, (24)
T1

where T2-T1 is the total time in seconds it took to discharge the battery to
9.0V. Division by 3.6 is executed to receive the result in mAh.

The board has ten identical circuits to the one shown in figure 14.

R3
6868
R1 +| U_BAT
Carin; 70 =
R2
2685

Figure 14: Capacity Measurement Board

3.4.5 Miscellaneous functions

To obtain high precision voltage measurement, an external reference is used.
To store data, an arduino shield that supports an SD-card was used. All
measured data is stored on the SD-card and then transfered to a computer.
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3.5 Verification of circuit boards

Once all of the boards had been designed and built, it was important to verify
that each board worked as intended and that correct values were acquired at
all positions.

3.5.1 Accuracy of internal resistance measurement

Dual Pulse- and High current method are the two methods employed to
measure internal resistance. The internal resistance of a newly produced
NiMH battery in an Assa Abloy’s slider door is below 1.07R €. It is then
important that the Dual Pulse- and High Current method are able to measure
low resistance with good accuracy. To evaluate this a circuit with known
resistance was built, see figure 16. This has set-up 1 and set-up 2 with true
reference resistance values of:

Rycp1 = 1.123Q0  R,cpo = 0.334Q

See table 3 and 4 in Appendix A.1 for how R,.; and R, was calculated.

Figure 15: Board with known resistance that is used to test measurement
board’s accuracy.
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Figure 16: Resistance board that has two set-ups: Ryier; and Ryep

3.5.2 Accuracy of battery voltage measurement

This was done with the help of a voltage source with a resolution of one
millivolt and a voltmeter with the resolution of ten millivolts. The micro-
controller itself has 2! or 1024 discrete steps to measure the voltage, where
1023 will equal 5V. Thus, the resolution of the microcontroller is:

Ubiseretestep = 5.0/1024 = 4.88mV (25)

To verify a board, a voltage source was connected to it. Using the measure-
ments board, see figure 13, the voltage source was connected to the board at
the far right instead of a battery. The voltage in node 7 was calculated in
the following way:

Uvs = Unoder * (1 + R19/R18) (26)

, where Uy g is the voltage that the voltage source outputs.
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In table 1, Uggqe is the calculated voltage at node 7. As can be seen in
the table, the average error is 11 mV or 0.107%. The reason why the error
is larger than the resolution of the arduino of 4.88 mV is because the error
measured in node 1 also gets multiplied by the factor (1 + R19/R18).

Table 1: Verification of voltage measurement

U_VS [V] | U.Calc [V] | U_VS - U_Calc [V] | Error [%]
14 14.005 -0.005 -0.036
13.5 13.512 -0.012 -0.089
13.036 12.989 0.047 0.361
12.975 12.989 -0.014 -0.108
12.342 12.346 -0.004 -0.032
11.943 11.943 0.0 0.0
11.426 11.434 -0.008 -0.070
10.768 10.769 -0.001 -0.009
10.205 10.209 -0.004 -0.039
9.761 9.760 0.001 0.010
8.828 8.819 0.009 0.102
7.490 7.473 0.017 0.227
6.702 6.681 0.021 0.313
Average 0.011 0.107

The Error has been calculated as:
Error = (Uvs — Ucae)/Uys) * 100 (27)

Similar methods were used to verify all of the boards. In the appendix, more
data for all boards can be found.
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From Appendix A.1, it can be concluded that the accuracy of Dual Pulse
and High-Current method is good. When the resistance board in figure
16 is connected as illustrated in figure 15 the measurement board is able
to measure the reference resistance R..;; and Riepp with less than 0.008 €2
deviation. The real value of the resistance was determined by connecting
the circuit to a constant voltage source where the current was measured and
thereby the true resistance of the circuit.

3.6 Measurement Sequence

In the following chapter, each sequence mentioned in chapter 3.2 is described
in more detail. The measurement sequence has been carried out on approxi-
mately 200 batteries. Most of these batteries have been returned from service
visits due to some, unfortunately, unknown reason. A few of the batteries
have been brand new.

3.6.1 Fast charge using Assa Abloy’s battery rack

The first phase is the least important one because it is only to quickly charge
the batteries to an almost fully charged state. This is done by a battery rack
commonly used at Assa Abloy. The battery rack starts by discharging the
batteries with a current of 0.63C until it reaches a certain voltage. After
that, it charges the battery with a constant current of 0.3C for four hours.
During this phase, no data is acquired.

3.6.2 Slow Charge and Self Discharge Phase

The second phase is the Slow Charge and Self Discharge Phase (SCSDP). On
this board, the batteries will be top-charged with a current of approximately
0.045C to ideally 14.6V. If the capacity of the battery has been reduced, it
will be top charged to whichever voltage it maxes out at. The rate at which
the batteries are charged have been designed to match the charge-current
used in Assa Abloy’s doors. Once a battery reaches its maximum voltage,
the Self Discharge Phase (SDP) is initiated. The slow charge is turned off
and the battery will self discharge for 60 minutes or until it reaches 14.0V.
During both phases, the voltage is continuously measured and saved to an
SD-card.
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3.6.3 Measurements Phase

Once the SDP has been completed, the next phase is the measurements
phase. This involves retrieving data to calculate the internal resistance of
the battery using both the Dual Pulse Method and the High Current Method
as well as calculating the battery capacity indicator. In figure 13, the mea-
surements board can be seen. Based on which NPN-transistor of the three
available conducts, the different circuits will be active.

3.6.4 Capacity Measurement

After the Measurements Phase has been completed, the capacity of the bat-
tery is measured. The battery is connected to the Discharge Board where
the voltage is continously measured until it reaches 9.0V.

3.7 Battery performance based on measured parame-
ters

Once all the batteries had gone through the measurements, a large set of
of data from batteries had been acquired. The two parameters that were
anticipated to be the most crucial to the batteries’ performance was the
internal resistance and the capacity. The question was how well a battery
would perform based on the value of these two parameters. Therefore, a set
of batteries with varying capacity and internal resistance were chosen to be
tested on a "worst case scenario” door; a door with a high peak current and
a long distance to travel. The high peak current will result in a high voltage
drop during an opening and the long distance will impact the capacity. Figure
17 shows the battery current during one opening.
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Figure 17: Current output from battery during one opening.

The doors use two battery packs in series and therefore batteries with similar
internal resistance and capacity were paired. The idea was to see how many
consecutive door openings one pair of battery packs could do based on their
internal resistance and capacity. The batteries will fail if the voltage at some
point during an opening drops below 11.11ay V.

After an initial test phase it was seen that the number of door openings
was strongly correlated to the internal resistance and less so to the capacity.
A new test phase was then started where the battery pairs were chosen only
based on the internal resistance. This set of batteries was tested in different
temperatures and the internal resistance of the batteries was also measured
at these temperatures.
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4 Results

4.1 Capacity

Figure 18 shows the discharge curves for a number of batteries. The batteries
with a high capacity has two very clear knees and a plateau. It can also be
seen that the batteries with lower capacity has a greater slope in its plateau
than the good ones, which has somewhat of an impact on its performance in
the doors. The reason why is explained more in detail in chapter 5.1.

8.0 A -
—— Battery capacity: 1.2 Ah

Battery capacity: 0.84 Ah
—— Battery capacity: 1.27 Ah

[V *a,]

o ~ ~
()] o ()]
1 1 1

o
o
1

Battery voltage

5.5 1

5.0 A

0 1 2 3 4
Time [hours]

Figure 18: Mlustration of discharge characteristics of fully charged NiMH
batteries with different Ah.

4.1.1 Self discharge’s correlation to capacity

The method used to measure the capacity is not possible to use on a battery
in a door. The self discharge measurements were done to see if there was
a correlation between the self discharge and the capacity. Figure 19 shows
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the self discharge curve for five different batteries and figure 20 shows the
correlation between self discharge and capacity.

0.00 4

—0.02 A

—0.04 1

—0.06 A

—0.08 A

—0.10 A

—0.12 -

voltage decrease since start of self discharge [V * a.]

—014 - T T T T T T T
0 200 400 600 800 1000 1200
time elapsed since start of self discharge [s]

Figure 19: Self discharge curves during first 1100s of time. Full self discharge
can be found in Appendix A.5.
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Figure 20: Total voltage drop during self discharge vs capacity

Looking at figure 20, no correlation between the two parameters can be seen.

4.1.2 Capacity indicator’s correlation to capacity

The voltage drop of the battery during the capacity indicator measurement
sequence is presented in figure 21. Regarding the stated hypothesis, it is
interesting to examine the correlation between battery performance and ca-
pacity indicator, see figure 22.
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Figure 21: Voltage drop during capacity indicator measurement sequence.
Each line represents one battery pack.

4.1.3 Capacity indicator’s correlation to door openings

Correlation between a battery’s capacity indicator value and it’s ability to
open a door, see figure 22. According to this, a battery with a capacity
indicator value lower than 1.0y V results in a successful door opening.
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Figure 22: Number of door openings versus capacity indicator value. Each
dot represents one battery pair. Note that dots which are located as half
circles on the x-axis did perform 0 door openings in this test.

4.2 Age of battery counted from production date

Correlation between age of battery and its performance has been analyzed.
The result is seen in figure 23. It is seen that there is no correlation between
age and battery failure. This is most likely due to too many other factors
affecting the battery; the climate, type of door and rate of usage to name a
few.
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Figure 23: Each dot represents a battery pair that has been through door
opening phase where its production date is known.

4.3 Internal Resistance

The internal resistance of the batteries have been measured with two different
methods; the Dual Pulse Method and the High Current Method. Figure 24
shows the correlation of the internal resistance between the methods. It can
be seen that there is a strong correlation between the two and almost a linear
relationship when the internal resistance is less than 1.67c; €2 measured by
the High Current Method. It should also be noted that there is a static error
between the two.
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Figure 24: Internal resistance measured by dual pulse- and high current
method. Each dot represents a battery pack.

The result of the ten battery pairs that were chosen to go through tests on
a door in different temperatures can be seen in figure 25. The internal resis-
tance displayed in the figure is from the Dual Pulse Method.
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IR DP-Method 10°C DO 10°C |IR DP-Method 20°C#2 DO 20°C #2 |IR DP-Method 65°C DO 65°C

0

© o ©o o © © o

195
200+

IR DP-Method -10°C DO -10°C |IR DP-Method 0°C DO 0°C
2,8460, 0 2,2850
2,285, 0 1,779,
2,2800, 0 1,827a,
1,981, 0 1,923q,
2,003, 0 1,679a,
1,943, 0 1,487q,
1,961a, 0 1,422a,
1,803, 0 1,494q,
0,715a, 78 0,647a,
0,621a, 165+ 0,521a,

1,701a,
1,4170,
1,4110,
1,5130,
1,3780,
1,3090,
1,212a,
1,4670,

0 1,386q, 0
0 1,139q, 0
0 1,106a, 0
0 1,153a, 0
0 0,942a, 6
0 1,037q, 0
0 1,010a, 0
0 1,011q, 3
200+ 0,573, 200+
200+ 0,449q, 200+

0,675q; 2
0,567a

0,567a, 3
0,575a, 18
0,534a, 16
0,526a, 30

Figure 25: Internal resistance vs door openings

It can be seen that the internal resistance increases as the temperature de-
creases and that the threshold of the internal resistance when it still manages
to do a door opening is somewhere around 1.0a; €2. If the internal resistance
vs door openings is analyzed in general, it can also be seen that there seems
to be a deviation for the 65°C test. For instance, at 20°C' there is a battery
pair with 0.573a; €2 that does 200+ openings and at 65°C' there is a pair
with 0.575a; ) that does 18. The reason why it does not seem to behave in
a similar way at 65°C is discussed in chapter 5.3.
A second set of batteries were chosen to go through tests on a door to
strengthen the result from the previous set. Due to lack of time, they were
only tested at 0°C" and 10°C'. The result is shown in table 2.

Table 2: Internal resistance vs door openings

IR DP-Method 0°C[Q?] | DO 0°C' | IR DP-Method 10°C[Q?] | DO 10°C
1.44604 0 1.081; 0
1.1830 0 0.91704 15
24540, 0 1.6350 0
1.4840 0 1.238a 0
1.657&1 0 - -
1.6130 0 - -
1.6390 0 - -

- 0.979a 16

Figure 26 shows the correlation between the internal resistance and number
of door openings for all tests that were done except for the 65°C' one. It
can be seen that there seems to be a threshold for the internal resistance at
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approximately 1.0 €2 or 1.7a4 €2, depending on if the Dual-Pulse Method
or the High Current Method is used, for when the door no longer manages
to open the door.
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Figure 26: Internal resistance vs door openings

Temperature

3.0

A battery generates power by a chemical reaction. Since temperature has
impact on chemical reactions and electrical characteristics such as resistance,
it is of interest to examine temperature impact on a battery’s characteristics.
See figure 27, 28 and 29 on how temperature impacts on respectively: capac-
ity indicator, internal resistance measured by dual pulse- and high current

method.
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Figure 27: Temperature impact on internal resistance measured by Dual
Pulse method. Each line represents a unique battery pair.
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Figure 28: Temperature impact on internal resistance measured by High
Current method. Each line represents a unique battery pair.

44



2.50

2.25 A

2.00 4

1.75 A

y

1.50 4

1.25 A

1.00 ~

Voltage drop, capacity indicator [V * @.]

0.75 4

0.50 A

-10 0 10 20 30 40 50 60
Temperature [degrees Celcius]

Figure 29: Temperature impact on capacity indicator. Each line represents
a unique battery pair.
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5 Discussion

5.1 The capacity’s impact on battery performance

The capacity has according to the investigation in this master thesis no im-
pact on the battery’s performance to open a door once or not. The capacity
is the energy stored in the battery and does not correlate to the power it
can deliver. Another idea was that the internal resistance and the capacity
correlates. By studying figure 30 it can be seen that there is no apparent
correlation between the two parameters.
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Figure 30: Internal resistance using DP-Method vs capacity

5.2 Capacity indicator’s correlation to battery perfor-
mance

The capacity indicator is the method employed in order to examine hypoth-
esis number 2, which says:
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"The likelihood of battery failure is correlated to the magnitude of a voltage
drop occurring from current conducted from a battery during a five seconds
period.”

In figure 22, it can be seen that the capacity indicator does correlate to the
probability of battery’s failure. This validates the stated hypothesis. Accord-
ing to figure 22, a capacity indicator value less than 1.11ay V does ensure
that the door will be able to open.

5.3 The temperature’s impact on the open circuit volt-
age

As mentioned in chapter 4.3, it could be seen that the tests carried out at
65°C' did not behave in the same way as the other temperatures. It was seen
that two battery pairs with very similar internal resistance, but measured at
20°C and 65°C', had a big discrepancy in the amount of door openings. What
was observed and what is believed to be the reason, is that when a battery
pack is charged at 20°C' versus 65°C, the open circuit voltage is significantly
lower for the 65°C' case when using Assa’s charge algorithm. Because it was
observed at a late stage during the master thesis, no documentation of this
has been done and it should be said that this is only a hypothesis. Further
investigation needs to be done to verify this.

5.4 Conclusions

The results has been presented and discussion upon them have been em-
ployed. With knowledge from this it is now appropriate to draw conclusions
in a failure prediction perspective.

5.4.1 Internal Resistance’s impact

The parameter that showed the strongest correlation to the performance of
the batteries was the internal resistance. The reason why is because when the
internal resistance increases, much power is lost and the powered delivered
decreases. When opening a door, high power during a short period of time
is needed. This means that the internal resistance affects the likelihood of a
battery failure, which answers hypothesis 1.
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5.4.2 Capacity’s impact

The conclusion is that the capacity does not have any correlation to the
performance of the batteries. If the battery can’t deliver a power high enough,
it doesn’t matter if the battery has a high capacity. This means that the
capacity does not affect the likelihood of a battery failure, which answers
hypothesis 3.

5.4.3 Temperature’s impact

The temperature does have a strong correlation to the performance of the
battery because it strongly affects the internal resistance of the battery. Thus,
when the battery is under a load, there will be a voltage loss which is depen-
dent on the internal resistance. This means that the temperature affects the
likelihood of a battery failure, which answers hypothesis 5.

5.4.4 Age’s impact

The age of the battery does not have any correlation to the performance
of the battery. This means that the age of the battery does not affect the
likelihood of a battery failure, which answers hypothesis 4.

5.4.5 Capacity Indicator’s impact

The capacity indicator method shows a correlation to the performance of
the battery. When the capacity indicator value decreases, the performance
of the battery increases. It thus affects the likelihood of a battery failure,
which answers hypothesis 2. The reason why, is because it basically is a
measurement of the internal resistance.

5.4.6 Failure prediction - What is needed?

As seen in the previous chapter, it is quite straight forward to calculate if the
door will succeed or not. All of the three parameters needed can be measured
in real-time. However, to predict battery failure, the following needs to be
known:

e The correlation between temperature and internal resistance

e The correlation between time/aging and internal resistance
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e The correlation between temperature and the peak battery voltage with
no load.

To be able to predict battery failure, Assa Abloy is recommended to do the
following;:

e Collect a set of new battery pairs and measure the internal resistance
at different temperatures to see how the internal resistance correlates
to the temperature.

e Implement measurement of the internal resistance in their slider doors
and after a couple of months crunch the data to see if any correlation
between age and internal resistance can be found.

e Collect a set of new battery pairs and measure the battery voltage at
different temperatures, using the same charge-algorithm as used in the
door. This is done to see how the battery voltage correlates to the
temperature.
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A Verification data

A.1 Internal resistance measurement

By applying various voltage levels with a power supply to the resistance
circuit board in figure 16 on page 29, true resistance value for set-up 1 and
2 was retrieved, see table 3 and 4.

Rycr1 = 1.1230hm  R,cpo = 0.3340hm

These two values will serve as reference values to evaluate the accuracy of

the internal resistance measurement methods.

Table 3: measurements to evaluate reference resistance value for Ry .

Power sup- Setup 1-
ply [V] current [A]
0,202 0,18
0,315 0,28
0,431 0,38
0,559 0,5
1,272 1,14
2,072 1,85

Setup 1
-Resistance
of resistance
board [Q]
1,12
1,13
1,13
1,12
1,12
1,12
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Setup 1 - Setup 1 -

standard average re-
deviation  sistance [(2]
(€]

0,00719 1,123



Table 4: Measurements to evaluate reference resistance value for R .

Power sup- Setup 2 - Setup 2 Setup 2 - Setup 2 -
ply [V] current [A] -Resistance  standard average re-
of resistance deviation  sistance [()]
board [€] Q]

0,112 0,34 0,329

0,36 1,11 0,324

0,453 1,35 0,336

0,19 0,56 0,339

0,292 0,87 0,336
0,00593 0,333

Table 5: Measurement of R,.;; with Dual Pulse method.

Voltage Voltage Upset  1- Standard Average
DPH [V] DPL [V] Resistance  devia- value [(2]
measured tion of
by Dual measured
Pulse [Q] resistance
6,13 6,63 1,13
9,29 10,08 1,13
11,97 13 1,12
12,75 13,85 1,13
12,81 13,91 1,12
0,00547 1,126
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Table 6: Measurement of R, with Dual Pulse method.

Voltage Voltage
DPH [V] DPL [V]

6,48
9,61
11,54
12,45
13,58

6,63
9,84
11,82
12,76
13,93

Upset 2
-Resistance
measured

Dual

Pulse [Q]

0,32
0,33
0,32
0,33
0,33

Standard
devia-

of
measured
resistance

0,00547

Average
value [(2]

0,326

Table 7: Measurement of R, with High-Current method.

Voltage in node 7 Voltage in node 7
when current is con-

when no current is

conducted [V]

9,75
11,7
13,64

ducted

branch

through
High-Current

8,684
10,403
12,136
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Upset 2
Resistance
measured

High-Current [Q]

by

0,326
0,325
0,328

Standard
devia-

tion of

measured
resistance

0,00152

Average
value [Q]

0,326



A.2 Verify Measurements Board

U_VM = U_VoltMeter

U_Voltage Source

U_Voltage Source

U_VM_node7

14
13,735
13,562
13,273
12,949
12,393
11,978
11,655
11,137
10,647
10,283
9,747
9,275
8,579
7,862

U_VM_node6

14
13,735
13,562
13,273
12,949
12,393
11,978
11,655
11,137
10,647
10,283
9,747
9,275
8,579
7,862

13,86
13,59
13,42
13,14
12,82
12,27
11,85
11,53
11,02
10,54
10,18

9,65

9,18

8,49

7,78

DPH/Capacity Indicator Circuit

U_Calc_node7
13,871
13,602
13,422
13,138
12,824
12,271
11,868
11,539
11,031
10,538
10,179

9,641
9,177
8,475
7,772
Average:
Median:

U_Calc_node6

4,106
4,033
3,984
3,901
3,813
3,652
3,53
3,438
3,286
3,145
3,042
2,886
2,749
2,544
2,334
Average:
Median:

Node 7 - Error [%] U_VM_node4

0,079
0,088
0,015
0,015
0,031
0,008
0,152
0,078
0,100
0,019
0,010
0,093
0,033
0,177
0,103
0,067
0,078

Node 6 - Error [%]

0,146
0,025
0,050
0,000
0,131
0,082
0,000
0,087
0,030
0,064
0,033
0,035
0,036
0,196
0,299
0,081

4,16
4,076

4,02
3,933

3,83
3,655
3,525
3,423

3,26
3,106
2,991
2,823
2,674
2,455
2,229

U_Calc_noded

4,175
4,092
4,038
3,95
3,848
3,672
3,54
3,438
3,271
3,115
2,998
2,827
2,681
2,456
2,231
Average:
Median:

Figure 31: Verification of DPH/Capacity Indicator Circuit

o4

Node 4 - Error [%]
0,361
0,393
0,448
0,432
0,470
0,465
0,426
0,438
0,337



DPL Circuit

U_VoltageSource [V] U_Calc_node7 [V] Node 7 Error [%] U_VM_node2 [V] U_Calc_node2 [V] Node 2 Error [%]

14 14,005 0,036 4,059 4,0625 0,086
13,562 13,557 0,037 3,936 3,931 0,127
13,171 13,168 0,023 3,818 3,823 0,131
12,928 12,929 0,008 3,747 3,75 0,080
12,344 12,346 0,016 3,578 3,579 0,028
11,788 11,793 0,042 3,417 3,418 0,029
11,233 11,24 0,062 3,256 3,257 0,031
10,527 10,523 0,038 3,051 3,052 0,033

Average: 0,033 Average: 0,068
Median: 0,036 Median: 0,056
U_VoltageSource [V] U_VM_node 3 [V] U_Calc_node3 [V] Node 3 Error [%]

14 4,2 4,214 0,333
13,562 4,19 4,189 0,024
13,171 4,12 4,121 0,024
12,928 4,05 4,053 0,074
12,344 3,875 3,877 0,052
11,788 3,703 3,706 0,081
11,233 3,531 3,53 0,028
10,527 3,311 3,311 0,000

Average: 0,077
Median: 0,040

Figure 32: Verification of DPL Circuit

High Current Circuit

U_Voltage Source U_VM node 1 [V] U_Arduino_nodel [V] Error nodel [%]

14 2,99 2,983 0,007
13,7 2,98 2,979 0,001
13 2,98 2,974 0,006
12,302 2,98 2,974 0,006
11,401 2,98 2,974 0,006
10,2 2,98 2,974 0,006
8,2 2,54 2,539 0,001

7.2 2,23 2,231 0,001

6,5 2,02 2,012 0,008

57 1,77 1,763 0,007
Average: 0,0049

Median: 0,006

Figure 33: Verification of High Current Circuit
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A.3

U_Voltage Source

U_Voltage Source

Verify SCSD Board

14,6
14,5
14,4
14,3
14,2
14,1

139
138
13,7
13,6
135
134
133
13,2
131

14,6
14,5
14,4
14,3
14,2
14,1

139
138
13,7
13,6
135
134
133
13,2
131

Position 1
U_calculated [V]
14,60397949
14,49648438
14,4043457
14,29685059
14,20471191
14,0072168
14,00507813
13,89758301
13,80544434
13,69794922
13,60581055
13,49831543
13,40617676
13,20868164
13,20654297
13,09904785
13,00690918
Average
Median

Position 4
U_calculated [V]
14,60243253
14,4950617
14,40302956
14,29565874
14,2036266
14,09625577
14,00422363
13,80685281
13,78948198
13,69744984
13,6054177
13,49804688
13,40601474
13,20864391
13,20661177
13,09924094
12,99187012
Average
Median

Error [mV]

3,97949219

3,515625
4,34570312
3,14941406
4,71191406
2,78320313

5,078125
2,41699219
5,44433594.
2,05078125
5,81054688
1,68457031
6,17675781
1,31835938
6,54296875
0,95214844.
6,90917969
3,93353631
3,97949219

Error [mV]
2,43252841
4,93829901
3,02956321

4,3412642
3,62659801
3,7442204
4,22363281
3,1471946
10,518022
2,5501598
541770241
1,953125
6,01473722
1,3560902
6,61177202
0,7590554
8,12988281
4,8199156
3,7442294

Error [%]
0,0272568
0,02424569
0,03017849
0,02202387
0,03318249
0,01973903
0,03627232
0,01738843
0,03945171
0,01496921
0,04272461
0,0124783
0,04609521
0,00991248
0,04956795
0,00726831
0,05314754
0,0285825
0,0272568

Error [%]
0,01666115
0,03405723
0,02103863
0,03035849
0,02553942
0,02655482
0,03016881
0,02264169
007621755
0,01861431
0,03983605
0,01446759

0,0448861
0,01019617
0,05008918
0,00579432
0,06253756
0,03115642
0,02655482

SCSD Board Pos 1-6

U_Voltage Source
14,6
14,5
14,4
14,3
14,2
14,1

14
13,9
138
13,7
13,6
135
134
13,3
13,2
131

13

U_Voltage Source
14,6
14,5
14,4
14,3
14,2
14,1

14
13,9
138
13,7
13,6
135
134
13,3
13,2
131

13

Position 2
U_calculated [V]
14,60397949
14,49648438
14,4043457
14,29685059
14,20471191
14,0072168
14,00507813
13,89758301
13,80544434
13,69794922
13,60581055
13,49831543
13,40617676
13,20868164
13,20654297
13,09904785
13,00690918
Average
Median

Position 5
U_calculated [V]
14,59661976
14,50472079
14,39750533
14,30560636
14,19839089
14,09117543
13,99927646
13,89206099
13,80016202
13,69294656
13,60104759
13,49383212
13,40193315
13,20471768
13,20281871
13,09560325
13,00370428
Average
Median

Error [mV]

3,9794922

3,515625
4,3457031
3,1494141
4,7119141
2,7832031

5,078125
2,4169922
5,4443359
2,0507812
5,8105469
1,6845703
6,1767578
1,3183594
6,5429688
0,9521484
6,9091797
3,9335363
3,9794922

Error [mV]
3,3802379
4,7207919
2,4946733
5,6063565
1,6091087
8,8245739

0,723544.
7,9390092
0,1620206
7,0534446
1,0475852

616788
1,9331499
5,2823153
2,8187145
4,3967507
3,7042791
3,9920256
3,7042791

Error [%]
0,0272568
0,0242457
0,0301785
0,0220239
0,0331825

0,019739
0,0362723
0,0173884
0,0394517
0,0149692
0,0427246
0,0124783
0,0460952
0,0099125
0,0495679
0,0072683
0,0531475
0,0285825
0,0272568

Error [%]
0,0231523
0,0325572
0,0173241
0,0392053
0,0113318
0,0625856
0,0051682
0,0571152
0,0011741

0,051485
0,0077028

0,045688
0,0144265
0,0397167
0,0213539

0,033563
0,0284945
0,0289438
0,0284945

Position 3

U_Voltage Source U_calculated [V] Error [mV]

14,6
14,5
14,4
14,3
14,2
14,1

14
13,9
138
13,7
13,6
135
134
13,3
13,2
131

13

U_Voltage Source
14,6
14,5
14,4
14,3
14,2
14,1

14
139
138
13,7
13,6
135
134
13,3
13,2
131

13

14,50873491
14,50682262
14,39959162
14,30767933
14,20044833
14,09321733
14,00130504
13,80407404
13,80216175
13,60493075
13,60301847
13,49578746
13,40387518
13,20664418
13,20473189
13,09750089

13,0055886

Average

Median

Position 6
U_calculated [V]
14,59314781
14,50098056
14,40881331
14,30128485
14,19375639
14,10158915
13,99406069
13,90189344
13,79436498
13,70219773
13,59466927
13,50250203
13,39497357
13,30280632
13,19527786
13,10311061
12,99558215
Average
Median

Figure 34: Verification of SCSD Board Position 1-6

56

1,2650923
6,8226207
0,4083807
7,6793324

0,448331
6,7826705
1,3050426
59259588
2,1617543
5,0692472
3,0184659
4,2125355
38751776
3,3558239
4,7318892
2,4991122
5,5886009

3,832355
3,8751776

Error [mV]
6,8521913
0,9805593

8,81331
1,2848525
6,243605
1,5891456
59393119
1,8934388
56350188
2,1977319
53307256
2,5020251
5,0264325
2,8063182
4,7221393
3,1106114
4,4178462
4,0791331
4,4178462

Error [%]

0,008665
0,0470526
0,002836
0,0537016
0,0031573
0,048104.
0,0093217
0,0426328
0,0156649
0,0370018
0,0221946
0,031204
0,0289192
0,0252318
0,0358476
0,0190772
0,0429892
0,0278589
0,0289192

Error [%]
0,0469328
0,0067625
0,0612035

0,008985

0,043969
0,0112705
0,0424237
0,0136219
0,0408335
0,0160418
0,0391965
0,0185335
0,0375107
0,0211001
0,0357738
0,0237451
0,0339834
0,0295228
0,0339834



U_Voltage Source

U_Voltage Source

14,6
145
144
143
14,2
141

14
13,9
138
13,7
136
135
134
133
132
131

13

146
145
14,4
143
14,2
141

14
139
138
13,7
136
135
134
133
13,2
131

13

Position 7
U_calculated [V]
14,60134943
14,50951705
14,40237926
14,29524148
14,20340909
14,09627131
14,00443892
13,89730114
13,79016335
13,69833097
13,59119318
13,4993608
13,39222301
13,30039063
13,19325284
13,10142045
12,99428267
Average
Median

Position 10
U_calculated [V]
14,50398082
14,50200195
14,39469327
14,3027144
14,10540572
14,10342685
13,99611816
13,90413929
13,79683061
13,70485174
13,50754306
13,49023438
13,3982555
13,20094682
13,19896795
13,09165927
12,9996804
Average
Median

Error [mV]
1,34943182
9,51704545
2,37926136
4,75852273
3,40909091
3,72869318
4,43892045
2,69886364
9,83664773
1,66903409
8,80681818
0,63920455
7,77698864

0,390625
6,74715909
1,42045455
5,71732955
4,4284759
3,72869318

Error [mV]
6,01917614
2,00195313

5,3067294
2,71439986
4,59428267
3,42684659
3,88183594
413929332

3,1693802
4,85174006
2,45694247

9,765625
1,74449574
9,05317827
1,03204901
8,34073153
0,31960227
4,28342768
3,88183594

Error [%]

0,00924268

0,0656348
0,01652265
0,03327638
0,02400768
0,02644463
0,03170657
0,01941629
0,07128006
0,01218273
0,06475602
0,00473485
0,05803723
0,00293703
0,05111484
0,01084316
0,04397946
0,03212453
0,02644463

Error [%]
0,04122723
0,01380657
0,03685229
0,01898182

0,0323541
0,02430388

0,0277274
0,02977909
0,02296659
0,03541416
0,01806575
0,07233796
0,01301862
0,06806901
0,00781855
0,06366971
0,00245848

0,0311089

0,0277274

SCSD Board Pos 7-12

Position 8

U_Voltage Source U_calculated [V] Error [mV]

146
145
14,4
143
14,2
14,1

14
139
138
13,7
136
135
134
133
132
131

13

U_Voltage Source
146
145
14,4
143
14,2
14,1

14
139
138
13,7
136
135
134
133
132
131

13

14,60243253
14,4950617
14,40302956
14,29565874
14,036266
14,09625577
14,00422363
13,89685281
13,80482067
13,69744984
13,6054177
13,49804688
13,40601474
13,29864391
13,20661177
13,09924094
12,99187012
Average
Median

Position 11

2,4325284

4,938299
3,0205632
4,3412642

3,626598
3,7442294
4,2236328
3,1471946
4,8206676
2,5501598
5,4177024

1,953125
6,0147372
1,3560902

6,611772
0,7590554
81298828
3,9468531
3,7442294

U_calculated [V] Error [mV]

14,60397949
14,49648438
14,4043457
14,29685059
14,20471191
14,0972168
13,98972168
13,89758301
13,79008789
13,69794922
13,5904541
13,49831543
13,39082031
13,20868164
13,19118652
13,09904785
12,99155273
Average
Median

3,9794922

3,515625
4,3457031
3,1494141
4,7119141
2,7832031

10,27832
2,4160922
9,9121094
2,0507812
9,5458984
1,6845703
9,1796875
1,3183594
8,8134766
0,9521484
8,4472656
51226448
3,9794922

Error [%]
0,0166612
0,0340572
0,0210386
0,0303585
0,0255394
0,0265548
0,0301688
0,0226417
0,0349324
0,0186143

0,039836
0,0144676
0,0448861
0,0101962
0,0500892
0,0057943
0,0625376
0,0287279
0,0265548

Error [%]
0,0272568
0,0242457
0,0301785
0,0220239
0,0331825

0,019739
0,0734166
0,0173884
0,0718269
0,0149692
0,0701904
0,0124783
0,0685051
0,0099125
0,0667688
0,0072683

0,064979
0,0373135
0,0272568

U_Voltage Source
14,6
145
144
143
14,2
141

14
13,9
138
13,7
136
135
134
133
132
131

13

U_Voltage Source
146
145
14,4
143
14,2
141

14
139
138
13,7
136
135
134
133
13,2
131

13

Position 9
U_calculated [V]
14,60508034
14,49780273
14,4058505
14,29857289
14,20662065
14,09934304
13,99206543
13,90011319
13,79283558
13,70088335
13,59360574
13,5016535
13,39437589
13,30242365
13,19514604
13,1031938
12,99591619
Average
Median

Position 12

U_calculated [V]
14,6029652
14,49570313
14,4037642
14,20650213
14,20456321
14,00730114
13,99003906
13,89810014
13,79083807
13,60889915
13,50163707
13,49969815
13,39243608
13,30049716
13,19323509
13,10129616
12,99403409
Average
Median

Figure 35: Verification of SCSD Board Position 7-12

o7

Error [mV]
5,0803445
2,1972656
5,8504972
1,4271129
6,6206499
0,6569602
7,9345703
0,1131925
7,1644176
0,8833452
6,3942649
1,6534979
5,6241122
2,4236506
4,8539595
3,1938033
4,0838068
3,8914971
4,0838068

Error [mV]

2,9651989

4,206875
3,7642045
3,4978693
4,5632102
2,6088636
9,9609375

1,899858
9,1619318
1,1008523
8,3629261
0,3018466
7,5639205
0,4971591
6,7649148
1,2961648
5,9659091
4,3919201
3,7642045

Error [%]
0,0347969
0,0151536
0,0406285
0,0099798
0,0466243
0,0046593
0,0566755
0,0008143
0,0519161
0,0064478
0,0470167
0,0122481

0,041971
0,0182229
0,0367724
0,0243802
0,0314139
0,0282189
0,0314139

Error [%]
0,0203096
0,0296336
0,0261403
0,0244606
00321353
0,0191409
0,0711496

0,013668
0,0663908
0,0080354
0,0614921
0,0022359
0,0564472

0,003738
0,0512494
0,0098944
0,0458916
0,0318831
0,0261403



A.4 Verify Capacity Measurement Board

14,5
14
13,8
135
13
12,5
12
11,5
1
10,5
10
9,5
9

14,5
14
13,8
13,5
13
12,5
12
11,5
11
10,5
10
95
9

Position 1

U_calculated [V] Error [mV]
14,50614489  6,14488769
14,00233866  2,33865805
13,79386711  6,13288524
13,49853243  1,46757158
12,9947262  5,27380121
12,49091997  9,08003084
12,00448637  4,48636813
11,50068014 0,6801385
10,99687391  3,12609113
10,49306768  6,93232076
9,98926145  10,7385504
9,502827849  2,82784858
8,999021619  0,97838105
Average 4,63134871
Median 4,48636813

Position 4

U_calculated [V] Error [mV]
14,5031467  3,14670139
14,00124783  1,24782986
13,8108724  10,8723958
13,49934896  0,65104167
12,99745009  2,54991319
12,49555122  4,44878472
11,99365234  6,34765625
11,50906033  9,06032986
11,00716146  7,16145833
10,50526259  5,26258681
10,00336372  3,36371528
9,501464844  1,46484375
8,999565972  0,43402778
Average 4,30856036
Median 3,36371528

Error [%]
0,04237854
0,0167047
0,0444412
0,0108709
0,0405677
0,07264025
0,0373864
0,00591425
0,02841901
0,0660221
0,1073855
0,02976683
0,0108709
0,03948987
0,0373864

Error [%]
0,02170139
0,00891307
0,07878548
0,00482253
0,01961472
0,03559028
0,05289714
0,07878548
0,06510417
0,05011987
0,03363715
0,01541941
0,00482253
0,03617025
0,03363715

Position 2

u_vs U_calculated [V] Error [mV]
14,5 14,50513284  5,13284149
14 14,00256551  2,56551484
13,8 13,79460662  5,39337894
13,5 13,49999819 0,0018118
13 12,99743086  2,56913845
12,5 12,49486353 5,1364651
12 11,99229621  7,70379174
11,5 11,50705879  7,05878942
11 11,00449146  4,49146278
10,5 10,50192414  1,92413613
10 9,999356809  0,64319051
9,5 9,496789483  3,21051716
9 8,994222156  5,77784381
Average 3,96991401
Median 4,49146278

Position 5

u_vs U_calculated [V] Error [mV]
14,5 14,50700419  7,00418558
14 14,00497182  4,97182116
13,8 13,81454575  14,5457519
13,5 13,50293946  2,93945674
13 13,00090709  0,90709233
12,5 12,49887473  1,12527209
12 11,99684236  3,15763651
11,5 11,49481 519000093
11 10,99277763  7,22236534
10,5 10,49074527  9,25472976
10 10,00602437  6,02436666
9,5 9,503992002  3,99200225
9 9,001959638  1,95963783
Average 5,25340916
Median 4,97182116

Capacity Measurement Board Pos 1-6

Error [%]

0,03539891
0,01832511
0,03908246
1,3421E-05

0,0197626
0,04109172
0,06419826
0,06138078
0,04083148
0,01832511
0,00643191
0,03379492
0,06419826
0,03406423
0,03539891

Error [%]

0,04830473
0,03551301

0,105404
0,02177375
0,00697763
0,00900218
0,02631364
0,04513044
0,06565787
0,08814028
0,06024367
0,04202108
0,02177375
0,04432739
0,04202108

Position 3

u_vs U_calculated [V] Error [mV]
14,5 14,50664932 664932166
14 14,00402945  4,02945269
13,8 13,79604882  3,95118275
13,5 13,50140958  1,40958372
13 12,99878971  1,21028525
12,5 12,49616985  3,83015422
12 11,99354998  6,45002319
11,5 11,49093011  9,06989216
11 11,00564196  5,64195849
10,5 10,50302209  3,02208952
10 10,00040222  0,40222055
9,5 9,497782352  2,21764842
9 8,995162483  4,83751739
Average 4,05548692
Median 3,95118275

Position 6

u_vs U_calculated [V] Error [mV]
14,5 14,50700419  7,00418558
14 14,00497182  4,97182116
13,8 13,79723429  2,76570894
13,5 13,50293946  2,93945674
13 13,00090709  0,90709233
12,5 12,49887473  1,12527209
12 11,99684236  3,15763651
11,5 11,49481 519000093
11 10,99277763  7,22236534
10,5 10,50805673 805673108
10 10,00602437  6,02436666
9,5 9,503992002  3,99200225
9 9,001959638  1,95963783
Average 4,25509826
Median 3,99200225

Error [%]
0,04586
0,02878
0,02863
0,01044
0,00931
0,03064
0,05375
0,07887
0,05129
0,02878
0,00402
0,02334
0,05375
0,03442
0,02878

Error [%]
0,0483
0,03551
0,02004
0,02177
0,00698
0,009
0,02631
0,04513
0,06566
0,07673
0,06024
0,04202
0,02177
0,03688
0,03551

Figure 36: Verification of Capacity Measurement Board Position 1-6
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Position 7

u_vs U_calculated [V] Error [mV]
14,5 14,50700419  7,00418558
14 14,00497182  4,97182116
13,8 13,81454575  14,5457519
135 13,50293946  2,93945674
13 13,00090709  0,90709233
12,5 12,49887473  1,12527209
12 11,99684236  3,15763651
11,5 11,49481  5,19000093
11 10,99277763  7,22236534
10,5 10,49074527  9,25472976
10 10,00602437  6,02436666
9,5 9,503992002  3,99200225
9 9,001959638  1,95963783
Average 5,25340916
Median 4,97182116

Position 10

u_vs U_calculated [V] Error [mV]
14,5 14,50343266  3,43265526
14 14,00212211  2,12211056
13,8 13,79468326  5,31673552
135 13,50081157  0,81156587
13 12,99950102  0,49897883
12,5 12,49819048  1,80952353
12 11,99687993  3,12006823
11,5 11,49556939  4,43061293
11 10,99425884  5,74115763
10,5 10,4929483  7,05170233
10 9,991637753  8,36224703
9,5 9,490327208  9,67279173
9 8,989016664  10,9833364
Average 4,87334507
Median 4,43061293

Figure 37:

Error [%]
0,04830473
0,03551301

0,105404
0,02177375
0,00697763
0,00900218
0,02631364
0,04513044
0,06565787
0,08814028
0,06024367
0,04202108
0,02177375
0,04432739
0,04202108

Error [%]
0,02367348
0,01515793
0,03852707

0,0060116

0,0038383
0,01447619
0,02600057
0,03852707
0,05219234
0,06715907
0,08362247
0,10181886
0,12203707
0,04561862
0,03852707

Capacity Measurement Board Pos 7-10

u_vs
14,5
14
13,8
135
13
125
12
11,5
11
10,5
10
95
9

Average
Median

Position 8

U_calculated [V] Error [mV]
14,5090107  9,01069627
14,00750735  7,50734682
13,79998872  0,01128054
13,506004  6,00399736
13,00450065  4,50064791
12,5029973  2,99729845
12,00149395  1,493949
11,4999906  0,00940045
10,99848725  1,51274991
10,4969839  3,01609936
9,995480551  4,51944882
9,493977202  6,02279827
8,992473852  7,52614772
4,1639893
4,50064791

1

Error [%]

0,06214273
0,05362391
8,1743E-05
0,04447405
0,03462037
0,02397839
0,01244958
8,1743E-05
0,01375227
0,02872476
0,04519449
0,06339788
0,08362386
0,03585737
0,03462037

u_vs
14,5
14
138
135
13
12,5
12
11,5
11
10,5
10
95
9

Position 9

U_calculated [V] Error [mV]
14,50299465  2,99464651
14,00110104  1,10103702
13,79342092  6,57907725
13,49920743  0,79257246
12,99731382  2,68618195
12,49542021  4,57979143
11,9935266  6,47340092
11,49163299  8,36701041
10,98973938  10,2606199
10,50515245  5,15244681
10,00325884  3,25883733
9,501365228  1,36522784
8,999471618  0,52838164
Average 4,16455627
Median 3,25883733

Error [%]
0,02065
0,00786
0,04767
0,00587
0,02066
0,03664
0,05395
0,07276
0,09328
0,04907
0,03259
0,01437
0,00587
0,03548
0,03259

Verification of Capacity Measurement Board Position 7-10

A.5 Self discharge curves for all batteries
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Figure 38: Self discharge curves.
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Voltage drop [V *a.]

Voltage drop [V * a]
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Figure 39: Self discharge curves.
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Figure 40: Slow discharge curves.
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Figure 41: Slow discharge curves.
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Figure 42: Slow discharge curves.
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