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審定書
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摘要
近年來因為能源愈來愈不足夠，導致晶片以及各項研發的方向愈來愈趨於低
功耗，可攜帶式，不外乎是為了在這個能源枯竭的時代減少資源的消耗以及節省
成本。
本文介紹一種基於微電流量測為基礎，加上微控制器的編譯，進而達到晶片
功耗測量的功能；除此之外，利用微控制器的編譯，只要取得任何種類電池的放
電曲線，就可以藉由 Datasheet 的內容，依實際的負載動態模擬各式電池的輸出，
甚至可以按自己需要的比例將整個電池的放電時間縮短，將原本很長時間的放電
曲線，按比例縮短成需要的時間，藉此節省實際測量晶片功耗或任何種類的負載
所需的能量。將固定能源的利用達到最大化，藉此省去購買實體能源的費用，例
如電池。另外，此系統可以依據輸入的電流大小的不同，靈活的切換電容值，增
大可量測的電流範圍，且調整至誤差最小的範圍。
本系統主要使用 Microcontroller 和 DAC, integrator 組成並利用 Cadance 的
Specture 以及 Synopsys 的 Hspice 做模擬，並且使用 National Instruments 的
LABVIEW 做輸出結果，紀錄工作並利用 matlab 做輸出結果的分析。

關鍵詞：微電流測量，功耗量測，動態模擬，按比例縮短，切換電容值
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Abstract
In recent years, electronic products became portable and have lowered power
consumption because of the limited energy resource availability. The measurement
of energy consumption of these devices is important for benchmarking and testing.
This study describes a battery emulator that measures the energy consumption of a
circuit under test (e.g. ASIC) using an energy measurement circuit and a
microcontroller. The microcontroller allows any battery voltage to be emulated
dynamically via a digital-to-analog converter, depending on the loading evaluated
from energy measurement and from the datasheet representing an emulated type of
battery. Furthermore, the system emulates a condensed battery lifetime so that the
measurement time is reduced. Using a battery emulator in testing saves time and
cost compared with a using real batteries. The system changes between two
measurement ranges depending on the magnitude of the detected current. National
Instruments LabVIEW software and DAQ was used to measure the result.
Evaluation is presented which shows a current measurement range from 0.3 nA to 2
µA and an emulated battery voltage between 0 V and 4.0 V.
Keywords: energy consumption, current measurement, dynamic emulation,
simulating battery lifetime, capacitor changing
iii
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Chapter 1 Introduction
1.1 Background and motivation
In recent years, energy saving has become increasingly important. Most new
products are becoming smaller and more portable. For portable devices, the most
important component for their functioning is a battery. A battery emulator can be
used to mimic a real battery and evaluate power consumption during design and
benchmarking. The emulator can measure power consumption and adjust battery
voltage according to the requirements during testing in product development. The
advantage of using a battery emulator is that battery specification can be changed;
thus, one battery emulator can be used to simulate the behavior of any battery.
Pervious research describes a programmable power supply that emulates the
behavior of a battery [1]. Most studies on battery emulators use battery models such
as RC circuits, to simulate the features of a real battery [2]. Therefore, a new
emulator is required to simulate different types of batteries.
The battery simulator shown in Figure 1.1 is made by the Tektronix Company [3]
and it is very expensive. The system in this thesis is more suitable for a low range
of battery emulators, such as ASIC or other circuits used in the laboratory. This
system can measure the loading. It is cheaper and equipped with more functions
1

than other systems.

Figure 1.1 Commercial battery simulator [from Website of the Tektronix Company]

In this thesis, the battery emulator is combined with a power measurement circuit.
The system is equipped with an integrator to measure energy consumption, in
contrast to the studies that use resistance to measure power consumption, and it has
the ability to switch measurement ranges. This feature allows the system to measure
a wide range of current and power. The present thesis discusses a system that uses the
integrator for measuring the energy consumption of the device that is being tested,
and it provides a voltage to the device that varies depending on the amount of energy
consumed.
To measure energy consumption, the average current of the system is measured
using a specifically designed circuit. National Instruments LabVIEW is used to
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display the measured result. The power of the test circuit is calculated using a
microcontroller which also serves to adjust the emulated battery voltage accordingly.
As shown in Figure 1.2Error! Reference source not found., the system can first
simulate the required battery output voltage using pic18f2520 and data taken from
the datasheet of battery specification. Second, after connecting it to the device under
test (DUT), the current can pass through the DUT and the power consumption can be
measured. With the measured power consumption, the next output voltage depends
on the look-up table of the battery datasheet.
A comparison can be made as in Error! Reference source not found.. First it
shows the ability of the battery emulator - the information if the battery emulator
can simulate different kinds of battery. Second item and third item show if the
system contains the ability of measuring current and power. Fourth part is the size
comparison of these systems. Final is the cost of each system. In Error! Reference
source not found., the system in the thesis concludes all the advantage of similar
system.
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With the battery datasheet, make a V-T
table of battery

Using the look up table to tune the
next output voltage

The battery emulator
output the voltage

Measure the current and calculate
the power consumption

The current go through the current
circuit

The current is very large or very small

Change to smaller capacitor

Figure 1.2 System flowchart

Table 1.1 Comparison of different battery emulator
This work

[1]

[2]

[3]

Emulate different kinds of battery









Ability of measuring current









Ability of measuring energy









Size of the system

Small

Medium

Medium

Large

Cost

Low

Medium

Medium

High
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1.2 Battery types
There are different kinds of battery including mercury and lithium-ion batteries
(Figure 1.3) [4]. These batteries have different supply voltages that are specified in
the datasheet. Batteries can be primary, where they can be used once, such as a
normal alkaline AA battery, or secondary, which can be charged and reused. When
the battery is flat, a new battery is not necessary, but the same battery can be simply
charged; e.g., lithium-ion polymer batteries.” such as lithium-ion polymer batteries.
In summary, different batteries have different supply voltages and different features.

Figure 1.3 Different batteries [from the WIKIPIDIA Website]

The desired system can simulate different batteries. Furthermore, it will save time
and cost when measuring power consumption because any point in the battery
lifetime can be simulated as needed. Thus, the system can do more than a real
battery.
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1.3 Overview of the thesis
The following chapters present details of the design and evaluation of the
programmable power measuring-system.
Chapter 2 discusses the design of the battery emulator. First, we describe the
design of the microcontroller and present details of different circuits used in the
system and their operating voltage. Then, the simulation results are presented, and
the printed circuit board (PCB) and basic diagram of the whole system is shown.
Chapter 3 describes measured results. The size of the whole system is shown, and
details of how data is acquired using SPI and the method of data processing are
given. Moreover, an example of how the battery emulator changes within a look-up
table is provided. Besides, measurements are compared with the theory and
discussed. Modeling equations are used to fit the results so that parameters gain error,
offset error and measurement noise can be specified. Maximal and minimal current
values that can be measured are presented, and the precision of the system is
analyzed. Chapter 5 presents the conclusion and future work.
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Chapter 2 System Design
2.1 System topology
The system is divided into four parts as listed in Error! Reference source not
found.. The first part is the voltage emulator, which is used to replace the battery
voltage of a real battery, allowing the simulation of any type of battery. The second
part is a switch, which enables the shifting of measurement. The third part is the
current measuring part, which uses an integrator to obtain an average current that
passes through the chip or the circuit that is to be tested. The energy consumption is
thus determined. It uses an ADC to measure the charging line of a capacitor over a
dV

time period according to EquationI=C dt (2.1).

dV

I = C dt

(2.1)

The fourth part is the output, which is an SPI sending out the power consumptions
of the entire measurement process for display.
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Table 2.1 System diagram (structure)
System diagram
First part

Battery voltage emulator

Second part

Range selection Switch

Third part

Current measurement and power
calculation
Output transmitter

Fourth part

Error! Reference source not found. lists the specifications of the chips used in the
system, including the operating voltages and main features of pic18f2520,
MCP4822, ICL7611, and CD4016BC.
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Table 2.2 Specifications of the chips used in the system
Chip specification
Microcontroller 2520

3.3-5.5V

Give digital output to MCP4822,
control the switch and output the
power consumption result to
LabVIEW6215

MCP4822

2.7-5.5V

Giving the battery emulator output
voltage depends on the pic18f2520

ICL7611

±1- ±8V

Amplifier

CD4016BC

3V-15V

Switch

Figure 2.1 presents the schematic of the whole system. Number 1 is pic18f2520,
which controls most of the chips in the system, including MCP4822 to simulate the
battery voltage, and the switch CD4016BC to charge and discharge the capacitor.
Number 2 is MCP4822, a DAC which provides the voltage in a range between VDD
and VSS. Number 3 is OPA, which is ICL7611 in this system. Number 4 is the
switch CD4016BC, which is controlled by pic18f2520, and used for discharging the
capacitor. Number 5 is the loading in the system, which can insert any loading that is
needed, e.g. inserting a DUT. Number 6 is two capacitors, combined with the OPA,
9

as an integrator.

VDD(2.5V)

4

6
4

VSS(-2.5V)

PIC18F2520

1

MCP4822

2

5

3

Figure 2.1 Schematic of the whole system
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2.2 Battery emulator design
See the battery datasheet

Make the V-T table base on a
fixed loading given in datasheet

Output the battery voltage

With the loading and the V-T
table, made the E-T table of the
battery

Measure the power
consumption of the system

Compare the measured power
consumption and the E-T table
and find the parameter

Figure 2.2 Working flowchart of the battery emulator

The battery emulator uses the SPI of the microcontroller [5] connected to
MCP4822 [6] to simulate the output voltage. As shown in Figure 2.2, the first step is
to refer to the battery datasheet Figure 2.3 that shows the specification of the battery
and Figure 2.4 that presents the voltage-time dependence of the battery. With the
datasheet [7], the battery voltage at a time point can be obtained. The record of these
voltages is used to create a table of time and voltage, here called a V–T table. The
final step is to use this table in the microcontroller. Use SPI to send the table to
11

MCP4822. This DAC can provide a wide range of voltages (output from 0 to 4.095 V)
with 16 bits resolution.

Figure 2.3 Example of a battery datasheet [from the Energizer Website]

Figure 2.4 Voltage–time dependence from the battery datasheet [from the Energizer
Website]
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To prepare the V–T table, the datasheet is separated into several parts.
DAC MCP4822 was selected for two reasons. The first reason is that most DACs
accept only 8 bits of input and MCP4822 can accept 12 bits of input. Moreover, DAC
MCP4822 operates more precisely than other DACs. The second reason is that the
chip is controlled by an SPI input; thus, it uses only 8 pins in total. The number of
pins in this chip is less than those in other chips. Figure 2.5 shows the connection
between pic18f2520 and MCP4822. As shown in Figure 2.5, only four output pins
are required for the DAC.

Figure 2.5 Connections between pic2520 and MCP4822

The purpose of designing this battery emulator is to reduce cost, size and
measurement time. If condensing the battery lifetime, most of the measuring time

13

and money can be saved. In this system, any scale of battery lifetime can be made.
But if doing this way, the measured power consumption should be converted to real
power consumption after the time scaling has been compensated. The equation to
convert the measurement power consumption is linear as follows.

Measurement result = Real result × condense parameter

(2.2)

Figure 2.6 Output reading of the battery emulator

Figure 2.6 shows an example of the output reading of the battery emulator; it
condenses 4.5 hours of battery lifetime to 3 seconds. Thus, the condensing parameter
is

3

.

4.5∗60∗60
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Figure 2.7 shows a comparison of the simulation and battery datasheet. The
output voltage shows that both discharge from 1.46V to 0.8V. The spikes in the
measurement are artifacts from acquisition for display which is not present in actual
operation.

Figure 2.7 Comparing the battery emulator with a real battery

Another important function of the system is to change the battery emulator
voltage depending on the loading on the system. Using a datasheet, such as that
shown in Figure 2.4, a V–T table can be prepared. Then, the fixed loading of the
datasheet is used to prepare the Energy-Time (E–T) table of the battery. Using the
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E–T table, the energy consumption of each time interval is known (called Eb in this
thesis).

2.3 Current integrator and reset circuit
An integrator [8] [9] is used to measure the current and energy consumption.
Figure 2.8 shows the general circuit of the basic integrator;

C
VSS
Vin

DC

Vc

R

Figure 2.8 Basic integrator circuit

The voltage of the capacitor Vc in this circuit can be determined by

VC (t) =

Q
C

t

= Vc0 − ∫t end

start
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iin
C

dt

( 2.3 )

iin_avgt=dVc0−Vct∗Cdt (2.4), the average of the input current can be obtained
by the time integration of the capacitor output voltage.

iin_avg (t) =

d(Vc0 −Vc (t))∗C
dt

(2.4)

For example, in the specific case that the input voltage or current is through a DC
source, the input current can be obtained using the slope of the output voltage. The
output voltage of the capacitor with a DC input, such as that shown in Figure 2.9,
iin_avgt=dVc0−Vct∗Cdt (2.4)

17

Pdt+E0=tstarttendiin∗Vbatterydt=Vbattery∗tstarttendiindt
tstarttendiindt=Vc0−Vct∗C
Vbattery ,

(2.5) and

(2.6), the input voltage of the battery emulator

and the input average current, the energy consumption can be calculated.

It is assumed that the energy measurement starts from zero (E0=0) and that the
emulated voltage Vbattery is constant during the measurement interval. Voltage VC0 is
the reset voltage of the capacitor at the beginning of the measurement cycle.

t

t

start

start

E = ∫ P dt + E0 = ∫t end iin ∗ Vbattery dt = Vbattery ∗ ∫t end iin dt

(2.5)

(2.4)

iin_avgt=dVc0−Vct∗Cdt
t

∫t end iin dt = (Vc0 − Vc (t)) ∗ C
start

(2.6)

The equation can be rewritten as

t

E = Vbattery ∗ ∫t end iin dt = Vbattery ∗ (Vc0 − Vc (t)) ∗ C
start

(2.7)

The total energy consumption can be calculated by summing the result for
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Vbattery∗tstarttendiindt=Vbattery∗Vc0−Vct∗C (2.7). The total energy is
important to dynamically tune the output voltage of the battery emulator.
The capacitor reset circuit [10] becomes important for the system to define initial
voltage VC0. Figure 2.10 shows the reset circuit in the system. When the switch is
ON, the negative end of the capacitor will connect to VSS, and the positive end will
connect to VDD. This means that when the reset is active, the capacitor will
precharge to VDD-VSS. On the other hand, when the reset is OFF, the capacitor will
discharge and output voltage Vc will change from VDD to VSS.

Figure 2.11 shows the output wave after resetting the capacitor, the Vc voltage level
precharges from VSS to VDD, and discharges from VDD to VSS.

19

VDD
reset
reset
VSS
Vin

C

DC

Vc

R

Figure 2.10 Reset circuit

Figure 2.11 Precharge of the integrator
20

Figure 2.12 shows CD4016BC [11], which is the switch used in the system. The
chip exhibits the property of a low leakage current and wide-range supply voltage
(up to 15 V input). Another advantage is that four switches are combined in one chip,
which saves space in the system.

Figure 2.12 CD4016BC [from CD4016BC datasheet]

ICL7611 [12] is the OPA used in the system. Figure 2.13 shows the schematic of
ICL7611. ICL7611 was selected because it is a MOSFET OPA. Compared with other
structures, it has a high input impedance (1012 ohm) and wide operating voltage
range (±1–8 V)
21

Figure 2.13 Schematic of ICL7611 [from ICL7611 datasheet]
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2.4 Circuit board design
Figure 2.14 shows a layout of the PCB [13] employed in the system. Most of the
pins can be used for measurement in this PCB, such as the pins of the CLK, battery
emulator, and SDO.

Figure 2.14 Layout of the PCB employed in the system
23

Chapter 3 Results
3.1 PCB
Figure 3.1 shows the PCB (7.5 × 5.5 𝑐𝑚2 ). It has five chip sockets. All of the
testing pin such as SDO, CLK or other functions can be measured on the board.
Also, the voltage output of the battery emulator can be measured using the board.

Figure 3.1 Photo of the PCB
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3.2 Processing of received data
LabVIEW6251 DAQ card [14] is equipped with 16 analog inputs with 16-bit
resolution and 24 digital I/O and was used to acquire the digital SPI signals from the
PCB. With the digital I/O port, it is easy to acquire the digital signal from the
microcontroller. Moreover, the analog I/O ports make it easy to observe charging
and precharging of the integrator.
To acquire a result, an ADC function in pic18f2520 is set to detect the voltage
change in the capacitor output. Figure 3.2 presents the output port of the charging
capacitor and ADC processing as the capacitor is charging. It is an example of ADC
processing, which uses eight conversion points for the entire discharging line.

Figure 3.2 ADC acquisition of the discharging line

25

After ADC processing, the energy consumption can be calculated using Equation
t

E=Vbattery ∗ ∫t end iin dt = Vbattery ∗ (Vc0 − Vc (t)) ∗ C
start

(2.7). When using the

ADC process to detect the voltage, the average slope change of the discharging line
in the microcontroller can also be calculated using Equation
REF _Ref428861094 \h
ADC1−ADC2ADC time
F _Ref430356458 \h

\* MERGEFORMAT average change of slope =
(3.1) and related to energy using
t

\* MERGEFORMAT E=∫ P dt + E0 = ∫t end iin ∗ Vbattery dt =

Vbattery∗tstarttendiindt

start

(2.5) and tstarttendiindt=Vc0−Vct∗C (2.6).

average change of slope =

ADC1−ADC2
ADC time

(3.1)

To send the slope data using the microcontroller, the SPI function communicates
with LabVIEW6251. With the SPI function in the microcontroller, the average
change of the slope can be sent to LabVIEW6251, and the value can be saved to a
text file. Moreover, this result can be used to switch capacitors and improve the test.
Figure 3.3 SPI and ADC result shows the ADC result received by the SPI. With
eight ADC processes, the SPI will send eight ADC results to LabVIEW6251.
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Figure 3.3 SPI and ADC results

3.3 Principle of integrator error measurement with DC input
Figure 3.4 shows the measurement circuit used for testing the integrator with DC
and AC input currents. A resistance and DC or AC power supply are set as the input
current source for the integrator. The charging result of different capacitors was
recorded.

27

AC

vss
Vo

Figure 3.4 Principle measurement circuit

If the input current is through a DC source, the output charging will be a straight
line, and the input current can be easily calculated using Equation E=Vbattery ∗
t

∫t end iin dt = Vbattery ∗ (Vc0 − Vc (t)) ∗ C (2.7). On the other hand, if the input
start

current is through an AC source, the calculated result will be the average value of
two ADC processes and be representative of the energy consumed as described in
t

E=Vbattery ∗ ∫t end iin dt = Vbattery ∗ (Vc0 − Vc (t)) ∗ C
start

(2.7).

To evaluate measurement noise, gain and offset error, a linear interpolation over
the acquired data points for DC input was used. The method of generalized least
squares (GLS) [15] was used to minimize the square of the deviation from the fitted
line. Figure 3.5 shows an example where the blue dots are the measurements and
GLS fitted an optimal function (red line). The function was used to find the
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measurement error parameters.

Figure 3.5 GLS [16]

Because the microcontroller SPI has 8-bit resolution, the measurement result can
be processed using the equationmeasured voltage=

5V (supply range of system)
28

convert to the voltage

measured voltage =

5V (supply range of system)
28
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(3.2)

(3.2) to

3.4 Different input current and measurement
In the system, 0.1 uF and 0.01 uF are chosen for the current recording. With the
larger current input, the system switches to 0.1uF capacitor, while the smaller
current inputs, and make the system a smaller capacitor. With the microcontroller
ADC (10 bits processing), the least-significant-bit (LSB) is

5V
210

= 4.883 mV. The

following tests set the integrator reset time to 168.579 ms and four ADC samples
tstarttendiindt=Vc0−Vct∗C

(2.6), the minimal current that can be measured

with this system is thus about 0.3 nA. If the input current is lower than this, the
voltage cannot be detected due to the same value given by the two ADC points. The
maximal current that can be measured by the system is about 2 uA, because if the
input current is higher than 2 uA, the charging line will charge to VSS before the
integrator is reset.
Error! Reference source not found. shows the measured results using the
tstarttendiindt=Vc0−Vct∗C

(2.6) the DC input current was calculated from the

measured slope of the integrator discharge line. 1 Mohm DUT resistance is used and
0V to 1V signal supply to make a test current from 0.1 uA to 1 uA DC. Moreover,
Error! Reference source not found. shows the DC input current calculated from the
supplied voltage and the 1 MOhm resistor using Ohm’s law and the measurement
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result. For noise suppression, each measurement result in the table is the average of
20 data points.
Figure

Fitted

Table
Input current

Measurement result

117.9 nA

1.246 uA

219.1 nA

1.293 uA

318.9 nA

1.435 uA

417 nA

1.483 uA

515 nA

1.578 uA

616 nA

1.625 uA

717 nA

1.673 uA

815 nA

1.782 uA

31

Figure

32

Figure

A

Fitted

Figure

Table
Input current

Measurement result

22.65 nA

0.137 nA
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32.81 nA

0.141 nA

42.6 nA

0.159 nA

52.8 nA

0.163 nA

62.5 nA

0.172 nA

73.1 nA

0.181 nA

82.7 nA

0.186

Figure
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Figure

By

Corrected
= (1.200 uA-1.15602 uA)/ 0.76752=57 nA

3.5 Testing with AC input-square wave
After
Table
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( 3.5)

Type

Square wave

High voltage

418 mV

Low voltage

27 mV

Frequency

1.420 Hz

With this square wave, using the loading of 1M ohm, the energy consumption of
Vbattery∗tstarttendiindt=Vbattery∗Vc0−Vct∗C (2.7).
Using the same way as before, the SPI data is observed; then correcting the
measured current for gain and offset. The receiving data from SPI, as Figure 3.10
shows. Take some samples for comparing with the theory. Error! Reference source
not found. shows the comparison of the measurement result and the result using (2.9)
for different measurement time points (i.e. ADC sample number). Take the
measurement result and the theory, calculate the relative error

Relative error =

measurement result
theory

The
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( 3.6 )

Figure

Table
Measurement result

Theory

Sample

Rel. error

1

1.259

1.172

69

0.0739

2

2.068

2.016

117

0.0257

3

2.526

2.433

135

0.0814
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4

3.045

3.119

181

0.0243

5

3.324

3.412

198

0.0265

6

3.343

3.550

206

0.0619

7

4.616

4.929

286

0.0678

The
. The theory of average energy consumption is using the
Vbattery∗tstarttendiindt=Vbattery∗Vc0−Vct∗C (2.7)). And Error! Reference source
not found. is the measurement result of testing wave 2. The relative error is from
1.0151 to 1.0922.

Table 3.5 Specifications of test square wave 2
Type

Square wave

High voltage

515 mV

Low voltage

27 mV

Frequency

1.420 Hz
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Table 3.6 Measurement results and the theory of testing square wave 2
Measurement result

Theory

Sample

Rel. error

1

1.897 uJ

1.785 uJ

68

0.0630

2

2.395 uJ

2.204 uJ

84

0.0866

3

3.794 uJ

3.543 uJ

135

0.0709

4

5.247 uJ

5.169 uJ

186

0.0151

5

5.496 uJ

5.144 uJ

198

0.0685

6

5.926 uJ

5.406 uJ

216

0.0922

3.6 Testing with sine wave input
By doing the same way as mentioned above, change the input wave to sine wave,
the input resistance remains at 1M ohm. The specification is in Error! Reference
source not found..

Table 3.7 Specifications of test sine wave
Type

Sine wave
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High voltage

360 mV

Low voltage

35 mV

Frequency

18.92 Hz

The measurement result and the theory are presented in Error! Reference source
not found., the relative error ranges from 0.9452 to 0.9983.

Table 3.8 Measurement results and the theory of testing sine wave
Measurement result

Theory

sample

Rel. error

1

8.945 uJ

8.998 uJ

1358

0.0059

2

9.030 uJ

8.759 uJ

1332

0.0300

3

2.887 uJ

2.813 uJ

439

0.0256

4

11.179 uJ

11.826 uJ

1700

0.0579

3.7 Testing with triangle wave input
Change the input wave to the triangle wave, the same input resistance
remains with 1M ohm. The specification of the input wave is in
Table 3.10 Measurement results and the theory of testing sine wave. The
measurement result and the theory is present in Error! Reference source not
found., the relative error is from 0.9452 to 1.0062.
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Table 3.9 Specifications of testing triangle wave
Type

Triangle wave

High voltage

308 mV

Low voltage

35mV

Frequency

18.91Hz

Table 3.10 Measurement results and the theory of testing sine wave
Measurement result

Theory

sample

Rel. error

1

3.039uJ

2.896 uJ

445

0.0471

2

5.766 uJ

5.456 uJ

840

0.0538

3

7.986 uJ

7.716 uJ

1189

0.0338

4

8.327 uJ

8.052 uJ

1240

0.033

5

7.074 uJ

7.126 uJ

1097

0.00734

3.8 Testing with battery emulation
Now the battery emulator gives the voltage to the system. The system is equipped
with the fixed loading of 1M ohm.
This testing is using the battery wave as Figure 3.11, from 1.46V to 0.8V. The
battery emulator uses the time condense parameter

1

. It means the battery

648

emulator condensed each hour of actual battery life time to 5.56 seconds. The setting
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is the same as before, 168.579 ms capacitor reset time, every reset interval is covered
by four ADC samples.

Figure 3.11 Battery emulator input testing wave

Follow the previous steps, the measurement result of average power consumed
from the battery until its depletion is 26.598uJ. Multiplying with the condense
parameter it is 17.236mJ.
For comparison, for calculating the power consumption by the battery datasheet
the battery datasheet is separated into 27 time intervals. Every interval is T=600 s
long. Then estimate the voltage of each interval, as Error! Reference source not
found. shows. For example, let the output voltage of the first interval be estimated
as 1.46V. With the loading R of 5.1 Ohm specified in the datasheet, the energy of
every interval can be calculated using equation 𝐸 =
𝐸=

Vinterval 2
R

𝑇𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙
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Vinterval 2
R

𝑇𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 (3.7).
(3.7)

Figure 3.12 Datasheet interpretation
Summing the energy for all intervals yields the total energy obtained from this
battery as 3761.271 J. Comparing the energy consumption of theory and
measurement result yields

3761.271𝐽
17.236𝑚𝐽

1𝑀 𝑂ℎ𝑚

= 218.23𝑘. The resistance ratio is

5.1 𝑂ℎ𝑚

=

196.08𝑘. It is concluded that the results match reasonably well.
To get a more accurate battery datasheet or to reduce the error, divide the battery
datasheet into more parts. With more separated parts, the more precisely simulation
can be shown by the battery emulator. In the same way, the battery emulator will be
more similar to a real battery by giving a detailed datasheet.
Finally, the discharge graph for a real battery (AAA type as in Figure 2.3) is
measured for a load of 5.1 ohm. Error! Reference source not found. is the
measured discharging line where the measurement period was approximately 4.5
hours. The energy consumed during this time calculates as 2894.546 J.
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Error!

Reference source not found. provides a summary of the measured results.

Figure 3.13 Real AAA battery testing
Table 3.11 Battery and emulator testing results comparison
Comparison of hand calculating and measurement result
Datasheet calculation

3761.271 J

AAA battery measurement result

2894.546 J

Emulator measurement result

3379.607 J

Table 3.12 Measured results summary
0.1 uF measurement
Gain error

Offset error

Variance

0.3029

1.5062 μA

(917 nA)2

0.01 uF measurement
Gain error

Offset error

Variance

0.1446

0.1333 μA

(1.6nA)2

Maximal voltage can be emulated

Minimal voltage can be emulated
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4V

0V

Maximal current can be measured

Current measurement resolution

2 uA

0.3 nA

Maximal condense parameter

Minimal condense parameter

No limit

71.173u

Max. Frequency measurement

Min. frequency measurement

>1MHz

DC

maximum relative error in AC measurement
6.35 %
Cost of making the system
Approx. NT 200
size of the prototype PCB board
7.5 × 5.5 𝒄𝒎𝟐
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Chapter 4 Conclusions and Future Work
4.1 Conclusions
This study presents a battery emulator system with two features. First is to
simulate real battery voltage. It can not only simulate any kind of battery but also
reduce the battery measurement time to a shorter scale. With these functions, it can
reduce the measurement time for circuit testing. Second, it can measure the current
through the load of the DUT and it enables very small current measurement in the
tens of nano-ampere range. The measurement result shows that the system can
measure the current from 0.3 nA to 2 uA and an emulated battery voltage between 0
V and 4.0 V. Furthermore, energy consumption is measured and used to
dynamically tune the output voltage of the battery emulator in a feedback loop. The
application of this is to integrate DUT into the system and measure its performance
as the battery drains and testing how its power consumption relates to battery usage
level. Using the microcontroller, it is easy to calculate the energy consumption of the
chip and directly send the result to LabVIEW software for display. A small size
prototype assembled on a PCB was presented and measured results were obtained
which confirm basic operation of the system.
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4.2 Future works
The first future work is to further decrease the size of the system to make it truly
wearable for testing small DUT in the field. In this thesis, five chips were used on the
system PCB. The PCB can be smaller if SMD components are used. Moreover, the
switch CD4016BC can be replaced with the one that contains more switches in a chip,
which saves the PCB space.
The second is to combine the battery emulator with a wireless transmitter. If
Bluetooth or other wireless connection was available, the data can be sent to the
computer without using a wire. Moreover, it can be made portable so that it can be
used anywhere.
Third, changing the microcontroller for one with a higher ADC resolution can
increase the accuracy of the system. If a microcontroller contains more than 10 bits
of resolution, the measurement error of the system will be smaller.
Furthermore, if a smaller current measurement is needed, smaller capacitors or
more capacitors can be added to the system to improve the range. Eventually, the
measurement noise will also be reduced by integrating the system more densely.
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