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Abstract

To enable the portable use of electronic devices, (rechargeable) batteries need to be used. These
batteries require a battery management system in order for them to operate safely and efficiently. This
thesis describes such a system for the Wireless Powerlizer: a power bank with wireless charging ca-
pabilities and an integrated sterilizer using UV-C light.

The battery management system comprises of a charging circuit, a protection module, and cell
balancing features. These features are designed to function with Li-ion batteries, which are chosen
for their high volumetric energy density, in a 5S1P configuration. These batteries will be charged via a
constant-current, constant-voltage (CC-CV) scheme in order to improve charging speed. This charging
scheme will be facilitated by a DC-DC boost converter with current and voltage control.

The mechanism behind the protection module (overcharge, overdischarge, overcurrent, and tem-
perature) and passive cell balancing features are elucidated via flowcharts and also verified by simula-
tion in Simulink. A prototype encompassing the charging circuit is implemented on a PCB and tested.
The realized boost converter successfully allows for CC-CV charging: it operates at 263 kHz, has a
charging current of 1 A, a constant voltage boundary of 19.6 V, and shows an efficiency of 92-93.6 %.
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Introduction

The current COVID-19 pandemic has increased the demand for the disinfection of personal belongings.
Mobile phones, for example, are frequently touched and thus facilitate the spreading of viruses and
bacteria, and thus should be disinfected often. Furthermore, these phones run on batteries meaning
that they need to be recharged relatively frequently. An increasing amount of phone manufacturers
implement wireless charging features. Power banks can be a helpful tool for recharging batteries, with
the added convenience of being portable and small. A product that combines both sterilization and
charging increases ease of use, and reduces the total time needed for sterilization and charging, by
performing them simultaneously.

1.1. Project objective

This project will focus on designing the Wireless Powerlizer: a power bank and sterilizer as one product.
The power bank should run on batteries, be chargeable via a USB-C connection, support wireless
charging, and the sterilizer should disinfect personal belongings with UV-C light. The project is split
into three parts: battery management system, wireless charging, and UV-C sterilization. The top-level
project overview is depicted in Figure 1.1.
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Figure 1.1: The general overview of the different subparts of the total project.

A 3D model of the Wireless Powerlizer is shown in Figure 1.2. All circuit boards integrated in the
model were made as part of the prototype. From left to right, the wireless charging PCB, the cail, the
sterilizer PCB, the battery management system PCB, and the battery pack can be seen. Furthermore,
the Powerlizer has an adjustable lid that is used to close and open the device.
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Figure 1.2: 3D Model of the Wireless Powerlizer.

This thesis focuses on the battery management system. Since batteries can severely damage their
environment if left uncontrolled, the battery management system should prevent this. It should also be
optimized for fast charging of the battery and supply the rest of the Powerlizer with sufficient energy and
power. The design of the UV-C sterilizer and wireless charging system is done in other theses [1, 2].

1.2. Analysis

Rechargeable battery cells have existed for several decades. The first rechargeable battery cell was
invented by Gaston Plante in 1859 [3]. This battery was based on a lead-acid chemistry and set the
basis for new technological progress. Since then, the limits of the lead-acid battery chemistry were
discovered. Newer battery cells have been invented which are smaller in size and have higher energy
densities.

A battery management system is used to enhance battery lifetime and make optimal use of the
capacity available. It controls the currents going in and out of the battery. Charging and discharging a
battery needs to be done in such a manner that the battery will not be damaged [4]. Portable electronic
devices have experienced rapid growth over the last several decades. This growth goes together with
the battery technology development. Despite several improvements of the battery management system
that have been made during the last decades, the limiting factor in the technological advancement of
portable electronic devices still is the battery system [5].

Since portable devices are developing more rapidly than battery systems, the demands that battery
management systems have to meet are very high. This thesis will focus on the design of a battery
management system for the Wireless Powerlizer. It shall follow last decades developments, such as
smaller size, higher capacity, faster charging, and lower costs.

1.3. Thesis outline

This thesis is divided into several parts. First, in Chapter 2, the program of requirements is outlined.
Chapter 3 explains the battery cell. The cell chemistry is selected together with a suitable topology
such that the requirements can be met. In Chapter 4, the charging method for the battery is selected.
First, a controller is chosen for the USB-C input. After that, the preferred charging method for the
battery cells is selected. Based on this, a DC/DC converter is designed with the subsequent control
circuit. Finally, the converter is verified by simulations. In Chapter 5, the battery management for safe
operation is discussed. The battery management algorithm is elucidated with flowcharts and finally
verified by simulations.

A prototype for the charging circuit is designed using KiCad in Chapter 6. The prototype has been
verified by tests. Conclusions and recommendations are given in Chapter 7. Appendix A shows the
abbreviations used in this thesis.



Program of Requirements

This chapter describes the program of requirements as given by the project outline and set by the
team. The requirements are separated into Powerlizer requirements and battery management system
requirements.

2.1. Powerlizer requirements

The requirements for the entire Wireless Powerlizer system are derived from the project objective and
can be divided into several categories. The functional requirements specify what functionality the sys-
tem must provide.

[SF.1] The Powerlizer shall be able to provide two full (0—100 %) wireless phone charges to a phone
with average battery capacity (roughly 3500 mAh). This will determine the minimum required
battery capacity, as well as the wireless charging time.

[SF.2] The Powerlizer shall have a USB-C port for charging the internal battery. An official USB
protocol shall be supported.

[SF.3] The Powerlizer shall be able to disinfect an area of 10cm x 17.5cm. These dimensions are
chosen such that most modern smartphones will fit in the disinfection area. Modern smart-
phone dimensions typically range between 65-80 mm width, 145-170 mm height, and 7.5—
10 mm thickness.

[SF.3.1] The disinfection should inactivate the most common microbes found on mobile phones.
[SF.3.2] The disinfection should inactivate at least 99 % and preferably even 99.9 % of these
microbes. This corresponds to a 2 or 3log reduction, respectively.

[SF.4] The state of charge of the power bank shall be displayed on an LED indicator. These LEDs
may also be used for other user interface purposes (such as displaying disinfection status,
wireless charging status, etc.)

Taking into account the portable nature of the Wireless Powerlizer, the allowable operating conditions,
aspects of the enclosure, and product dimensions must be considered.

[80.1] The Powerlizer shall be able to operate in ambient temperatures between 0-45°C. The
allowable temperature range is limited by the operating temperature of the battery cells.

[80.2] The Powerlizer enclosure shall be

[SO.2.1] Capable of withstanding temperatures up to 60 °C.
[S0.2.2] Splash resistant.

[$0.3] The Powerlizer enclosure shall be at most 12.5¢cm x 27.5¢cm x 6cm.
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Safety is another important aspect since the Powerlizer will be used in close proximity to humans.
[$S.1] The Powerlizer shall follow the relevant IEC, ISO, and national safety regulations.

[$S.2] The disinfection area shall not be accessible while the disinfection LEDs are turned on. If the
area is opened, disinfection must stop as soon as possible.

[8S.3] The wireless charging system must comply with EMI, electromagnetic field exposure, and
safety regulations.

2.2. Battery management system requirements
The battery management system has some functional requirements which it shall meet.

[F.1] The battery shall be chargeable via USB-C connection. The profile shall be support the official
USB protocol.

[F.2] The battery shall be able to deliver at least 34 W.

[F.2.1] The Wireless Charging module requires 30 W [2] (considering 50 % efficiency) .
[F.2.2] The Sterilizer module requires 4 W [1].

[F.3] The battery shall be able to provide at least two full (0—100 %) phone charges to a phone with
average battery capacity (roughly 3500 mAh).

[F.3.1] The battery voltage shall be at least 15V as specified by the wireless charging mod-
ule [2].

[F.3.2] The charging efficiency is 50 % as specified by the wireless charging module. [2]

[F.4] The battery shall be able to provide at least enough energy to disinfect an area of 10cmx17.5cm.
This requires 1.5Wh [1].

[F.5] The battery shall be able to deliver at least enough energy for the controllers.

[F.5.1] Each of 3 modules use a maximum of one micro-controller.
[F.5.2] The micro-controllers each require a maximum of 500 pA over a potential of 3.3 V.
[F.5.3] The controllers shall be supplied as long as the battery is not empty.

[F.6] The state of charge of the battery shall be displayed on an LED indicator. These LEDs may
also be used for other user interface purposes (such as displaying disinfection status, wireless
charging status, etc).

Safety is an important aspect. The battery management system shall meet the safety requirements.

[S.1] The system should follow the relevant safety measures mentioned in technical standard IEC 62113:2017.
The trade-off requirements are given as follows.

[T.1] The battery weight should be minimized.

[T.2] The battery costs should be minimized.

[T.3] Switching frequencies in the range of 80—200 kHz should be avoided to minimize interference
with the wireless charger.

[T.4] The battery capacity should be maximized.
[T.5] The battery should support charging as fast as possible.



Battery Cell

In this chapter, the battery type and its topology are selected. First, different battery chemistries are
discussed and compared. Based on their properties, the battery cell type is chosen. Then, the topology
of cells forming a battery is presented. Finally, the battery is selected based on commercially available
cells.

3.1. Battery chemistry
A battery cell consists of three main parts: a positive electrode, a negative electrode, and an electrolyte
in between. During discharging, an oxidation reaction is initiated between the electrolyte and negative
electrode (anode) forming an excess of electrons. The electrolyte allows electrons to flow to the positive
electrode (cathode) through a connected load. Here, a reduction reaction takes place. This process
is reversed during battery charging. The negative electrode becomes the cathode and the positive
electrode the anode.

The battery capacity is expressed in the units of Ah. The C-rate defines the current to charge
or discharge a battery and is expressed as the ratio of the current relative to the battery capacity [6].
When a battery is charged to a higher potential than specified, the battery is overcharged and this could
cause thermal runaway: increasing temperature initiates exothermic chemical reactions and causes the
temperature to rise further. Batteries could catch fire under these conditions [6-8].

There are many widely-known battery chemistry types where lead-acid, nickel-based, and lithium-
ion are the most widely used in commercial consumer devices. The chemical reactions for charging
and discharging these battery types are shown in Appendix B.1.

3.1.1. Lead-acid

Lead-acid (Pb-acid) is an old widely used rechargeable battery chemistry with the negative electrode
made of Lead (Pb), the positive electrode coated with lead-oxide (PbSO,), and the electrolyte contain-
ing sulfuric acid (H,SO4) and water (H,O) [9]. The practical energy density of lead-acid batteries is
approximately 35 Wh/kg and its nominal cell voltage is 2V [6, 9, 10].

Lead-acid batteries do not support very fast charging and are limited to 0.25C [10]. They do support
very high burst C-rating discharging [11] but have a relative low sustained discharging rate. Their
charge-discharge efficiency lies between 50-85 % [12]. Additionally, they have low self-discharge rates
(less than 5% per month). Lead-acid batteries have a relatively high overcharge tolerance, and can
operate in a wide temperature range: from —20°C to 60 °C. While its electrical properties are more
stable than other battery types, chemically the electrolyte is very toxic. On top of this, while overcharging
does not harm the battery much, it does generate hydrogen and oxygen gases due to electrolysis which
need to be removed by ventilation to reduce the risk of explosions [11]. Furthermore, lead-acid batteries
do have a low initial cost (€125 to €165 per kWh), but their lifetime is limited up to only 300 cycles, and
will thus require that the battery is replaced more frequently, increasing the long-term cost.
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3.1.2. Nickel-based

Several nickel-based battery chemistries are known, the oldest one being the toxic Nickel-Cadmium
(Ni—Cd) chemistry, which is banned in the EU. The most promising nickel-based battery chemistry is
the nickel-metal hydride (Ni—MH) type with the negative electrode consisting of a hydrogen-absorbing
alloy, the positive electrode containing nickel-hydroxide (Ni[OH],), and the electrolyte being alkaline.
The practical energy density of Ni—MH battery cells is approximately 60—80 Wh/kg and its nominal cell
voltage equals 1.2V [4, 6].

Ni-MH batteries support charging up to 1C and discharging up to 2C [13]. Their charge-discharge
efficiency lies between 66-92 % [14]. Self-discharge is a big issue with these batteries, going up to 30 %
per month [11]. Although there are "low-capacity” Ni-MH batteries that have much lower self-discharge
(<10 % per month) [15], they are still in development and lower capacity than the normal "high-capacity”
Ni-MH batteries. Unlike lead-acid batteries, Ni-MH batteries need to be carefully protected against
overcharging because of potential temperature rise. They can also produce hydrogen gases in case
of overcharging and will need vents to release these gases, similar to lead-acid batteries. They can be
used between —10 °C and 60 °C. "Low-capacity” Ni-MH batteries have a cycle life of up to 3000 cycles,
whereas the normal, "high-capacity” Ni-MH batteries only last up to 500 cycles [11, 13].

3.1.3. Lithium-ion

Lithium-ion (Li-ion) batteries have become widely known in the industry nowadays. Different structures
are used for the cell parts with the electrolyte commonly consisting of a carbonate [4, 9, 16]. The
negative electrode is mostly made of a form of graphite (Cg). Another negative electrode chemistry
of the Li-ion battery is lithium titanate (LisTisO42), which allows faster charging than graphite, but has
a reduced cell voltage of 1.4V resulting in a reduced energy density [4, 16]. The positive electrode
of Li-ion battery cells can be made of lithium cobalt oxide (LixCoO,), the cheaper and safer lithium
manganese oxide (LiyMn20,), and the low-cost lithium iron phosphate (LixFePO,), which has a reduced
cell voltage of 0.5V resulting in a lower energy density [4, 16]. The practical energy density of Li-ion
battery cells ranges between 80-160 Wh/kg and its nominal cell voltage equals 3.7 V. The cell voltage
can decrease to 3.0V during discharging [6].

Li-ion batteries support charging and discharging up to at least 4C [10] without significantly impacting
the charge/discharge efficiency, which lies between 80-90 % [17]. Self-discharge is less than 10 % per
month. Similar to the Ni-MH battery, overcharge is an issue, and protection against it needs to be
carefully designed. Li-ion batteries only operate well between 0 °C and 60 °C, although the upper limit
generally is set much lower (45 °C due to the flammability of the liquid electrolyte). Charging below
freezing temperature does not only reduce efficiency, but it can also cause permanent damage to the
battery cell [10]. Initial costs are relatively high (€330 to €580 per kWh), but due to its long lifetime of
up to 3000 cycles, it is cheaper than other battery types over a longer period of time.

3.1.4. Comparison
The advantages and disadvantages of the discussed battery types are summarized in Table 3.1.

3.2. Battery design

The combination of individual cells forms a battery pack that shall meet the requirements. For cells
placed in series, the cell voltages add up such that a higher potential can be reached. Placing cells
in parallel increases the maximum current draw while the voltage stays the same. In both cases, the
amount of energy (in Wh) available is still the same and depends only on the number of cells and the
amount of energy in each cell.

3.2.1. Requirements

Given the BMS system requirements from Chapter 2.2, firstly, the battery shall be able to deliver at
least enough energy to charge (0—100 %) an average phone twice (which requires 25.9 Wh, based on
an average capacity of 3500 mAh, at 3.7 V). Taking the absolute minimum wireless charging efficiency
into account (50 %), 51.8 Wh is required. Secondly, the battery shall be able to deliver enough energy
for the disinfection module (which requires on average 1.5Wh [1] each charge cycle). Furthermore,
the battery output shall have an output bus with at least 15V. Given the trade-off requirements from
Chapter 2.2, the battery weight and costs should be minimized while the capacity should be maximized.
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Table 3.1: Property comparison between the discussed battery types.

Property Lead-acid Ni-MH Li-lon
Specific energy (Wh/kg) 35 60-80 80-160
Nominal voltage (V) 2.0 1.2 3.7
Charge-discharge efficiency (%) 50-85 66-92 80-90
Maximum charging rate (C) 0.25 1 >4
Maximum discharging rate (C) 0.1 2 >4
Self-discharge per month (%) 5 30 <10
Cycle life (to 80% of initial capacity) 300 500 3000
Operating range (degrees Celsius) —20to60 —10to60 O to 60°
Chemical stability Medium High Low
Overcharge tolerance High Low Low

@ Sustained discharge
b For normal "high-capacity” batteries
¢ Generally set lower for safety

3.2.2. Topology

In Section 3.1.4, the promising battery chemistries were compared. The specific energy of Li-ion batter-
ies is found to be the highest compared to the lead-acid and Ni—MH chemistries. Regarding charging
and discharging, the Li-ion battery can also reach rates larger than 4C, whereas the other types only
reach 0.25C and 1C. The efficiency of Li-ion competes in the higher (dis)charging efficiency range of
Ni—MH. In terms of self-discharge per month and temperature operating range, the lead-acid battery
is most favorable. Li-ion batteries have the smallest temperature operating range and score badly on
chemical stability and overcharge tolerance.

The system functional requirement [F.3.1] specifies one output with at least 15V. Since the cell
voltages fluctuate depending on SoC, designing the battery voltage for at least 15V reduces the need
for a step-up converter. Furthermore, having a higher battery potential reduces the current needed for
constant power, which reduces the losses in the wires and the required thickness of the wires.

The trade-off requirements [T.1] and [T.4] indicate that the battery weight should be minimized and
capacity maximized. This makes the Li-ion chemistry the best option based on specific energy. With a
nominal cell voltage of 3.7V, and 3.0V discharged, it also requires only 5 series cells in order to have
at least the required 15V in all conditions. For lead-acid and Ni-MH, respectively 8 and 13 cells are
required to obtain the required potential considering nominal cell voltages. Furthermore, the achievable
charge and discharge rates are also much lower for lead-acid and Ni-MH battery cells. As mentioned
in Section 3.1.3, Li-ion configurations with different cell voltages exist. The electrolytes can be made
of different materials. For the lithium-iron-phosphate, the nominal cell voltage is reduced to 3.2V.
Consequently, the cell voltage when discharged is reduced such that more cells are required to obtain
at least 15V. This makes the nominal cell voltage around 3.7V required.

Following from system functional requirements [F.3] and [F.4], at least 51.8 Wh is required to charge
an average phone battery twice, plus an additional 1.5 Wh for disinfecting, totalling 53.3 Wh. However,
due to general losses (converter efficiency, heat dissipation losses in wires, etc.), more energy than
this baseline will be needed. The wireless efficiency has been estimated at the absolute minimum of
50 % [2]. Since each Li-ion battery cell has 12.6 Wh energy (based on 3500 mAh at 3.6 V), the absolute
minimum amount of cells needed is 5 cells. This makes the topology 5S1P (5 series, 1 parallel).

3.2.3. Selection

The battery chemistry was selected as Li-ion with a 5S81P configuration in Section 3.2.2. Commercially
available Li-ion battery cells are presented in Table 3.2. The selection is made from the websites of
Farnell, Mouser, and RS-online.
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Table 3.2: Selection of commercially available battery cells.

Type Capacity Voltage Charge Discharge Self discharge Price
[mAh] (V] [mA] [mA] [%] [€/pc]
1307-0000 2600 3.6 1300 5000 10 22.25
1307-0001 3500 3.6 1700 5000 10 29.09
1307-0002 2600 3.6 2600 5000 10 24.92
1307-0003 3400 3.6 1625 4875 10 33.24
2347-3003 2600 3.7 2500 2500 20 24.99
2347-3008 2600 3.6 2500 2500 20 31.16
2347-3008-20 3500 3.6 2500 2500 20 38.24

For 5S 3.6V battery cells, at least 3044 mAh per cell is required. For 5S 3.7V battery cells, at least
2962 mAh per cell is required. Cell types: 1307-0001, 1307-0003 and, 2347-3008-20 meet the capacity
requirements. Based on the trade-off requirements [T.2] and [T.4], the 2347-3008-20 battery type is the
most promising. It has the highest capacity of 3500 mAh, with a moderate discharging current of up
to 2500 mA. For discharging this is enough since the maximum available discharging power (45.4 W)
is in that case far above the required 34 W. It has the highest possible charging current of the three
possible battery types. Even though its unit cost (38.24 €/pc) is relatively high, it does score the best
on performance aspects.



Battery Charging

In the previous chapter, the battery cell and topology were selected. Now, the design of the subsequent
charging system is discussed. Firstly, the USB-C input is outlined together with its implementation.
Secondly, the charging methods are discussed. Lastly, the charging converter is designed and verified
by simulation.

4.1. USB-C connector

As specified by system functional requirement [F.1], the battery shall be charged via a USB-C input
using an official USB protocol. The USB Type-C is a USB connector consisting of 24 pins, including 4
power (VBUS) pins, 4 ground (GND) pins, 8 pins for super-speed differential data (TX, RX), 4 pins for
high-speed differential data (D+, D-), 2 pins for channel configuration data (CC) and 2 pins for sideband
use (SBU) data. The USB-C connector is rotationally symmetrical, which means that it can be plugged
into in any orientation. When a connection between two devices with USB-C connectors is made, the
cable orientation will be synchronized by monitoring the CC1 and CC2 pins. The layout of a USB-C
connector is shown in Figure 4.1.

A2 A1 A1 A9 A8 A7 A6 A5 A4 A3 A2 Al
(GND ) [Rx2+] [Rx2-] (vBUs] [sBut] [ D- ] [ D+ ] ((cct ] [vBUS) (TX1-] (TX1+] [GND |
(oD (Tx2+] (Tx2-) (vBus] (cc2 ] [ b+ ] [ D- ) (sBuz2) (vBus) (Rxi-] (Rx1+] [GND ]

B1 B2 B3 B4 B5 B6 B7 B8 B9 B10  B11  Bi2

Figure 4.1: USB-C Header pin diagram.

4.1.1. Protocol
An official USB protocol shall be supported as specified by system functional requirement [F.1]. The
USB-C standard classifies different port types [18]. For data flow, a device can be a downstream-
facing port (DFP), upstream-facing port (UFP), or dual-role data (DRD) port. A DFP sends data and
acts as host, a UFP receives data and acts as a device. A DRD can act as either a DFP or a UFP. For
power flow, these ports can be configured as source, sink, and dual-role power (DRP) device. A source
provides power on the VBUS pins. A sink draws power from the VBUS pins and a DRP device can act
either as a source or sink. The configuration is communicated between both ends of the connection
over the CC1 and CC2 pins.

Different USB protocol versions with power-flow capabilities are supported by USB-C compliant
connectors [19-23]. A comprehensive description of these protocols is given in Appendix B.2. The
main properties of these protocols are summarized in Table 4.1.
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Table 4.1: Different profiles of the USB-power delivery standard.

Version Maximum power Voltage Maximum current
USB 2.0 25W 5V 500 mA

USB 3.1 25W 5V 900 mA

USB 3.2 75W 5V 15A

uUusBBC 1.2 75W 5V 1.5A

USB-Type C1.2 15W 5V 3A

USB-PD 100 W 5/9/15/20V 5A

In Section 3.2.3, the battery cell type was selected. This battery has a recommended charging
current of 1.75 A [24]. For the 5S1P configuration, the standard charging voltage is 21 V. Following from
trade-off requirement [T.5], the battery should be charged as fast as possible. This means that the USB-
PD protocol is most favorable since it supports a power transfer at the desired value of 1.75A - 21V =
37W.

4.1.2. Specifications

As specified in the USB-PD standard [22], several power rules have to be followed when designing a
USB-PD compliant device. These rules define four voltage levels: 5, 9, 15, and 20V. When a USB-PD
connection is made, the lowest power transfer is initiated first (5V, 900 mA). If the source advertises
higher power transfer capabilities, the sink may draw more power if it supports the advertised quantity.
Sources shall be able to supply all levels below the maximum power output (i.e. sources able to supply
27 W shall support 5 and 9V). The source shall advertise its power delivery capabilities. A sink may
not draw more current than a source advertises over the CC lines. The power rules are illustrated in
Figure 4.2.

6 T T T T T T T T T
5V profile
5F 9V profile
15V profile
4 20V profile i
<
St |
5
(©] o | B
1k 4
0 Il Il Il Il Il Il Il Il Il
0 10 20 30 40 50 60 70 80 90 100

Power [W]

Figure 4.2: USB-PD power profiles as specified by the USB-PD standard [22].

The individual battery cells have a capacity of 3500 mAh and a voltage of 3.635V. When discharged,
the cell voltage equals 3V and when fully charged 4.2 V. Therefore, the 5S1P topology battery voltage
range is in between 15-21V.

Since the battery voltage is not equal to the USB-PD power rule voltages and the battery charging
process needs to be controlled, a converter is needed. This converter can be step-up, step-down or
both step-up/step-down. For the 5 and 9V power rule, only a step-up converter is needed. When 15
and 20V power rule are used, a step-up/step-down converter is needed. The efficiency for a step-up
converter is in general higher than for a step-up/step-down converter [25]. Therefore, the 9V power
rule is chosen.
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4.1.3. Driver

As specified, the charger needs to be charged via a USB-C connector. The chosen protocol is USB-
PD with the 9V power rule. At this power rule, the maximum power draw is 27 W. The USB-PD
protocol requires a driver that is able to detect the amount of power that may be drawn. For the driver,
the simplest model is a UFP since the only requirement is that it needs to be charged via a USB-C
connector with an official USB protocol [18]. The functional model of a UFP is shown in Figure 4.3.

O——[—> Vbus
VBUS ]
Connection
O /\/\/\/\,—:: detection [«  Control
CcC Rd = | <
\J_ USB-PD
O AAAA Controller
1
cc Rd =
USB Type-C
O——] current
GND — detection

Figure 4.3: Functional diagram of a USB-C upstream facing port.

The CC pins shall be terminated to ground via pull-down resistors (Rd). The VBUS pins shall be
monitored to detect a connection with a source. According to the voltage drop over the resistors, the
maximum power draw advertised by the DFP can be determined. The cable orientation should be taken
into consideration since both CC lines have different voltage specifications indicating the power draw
advertisement. For USB-PD, a dedicated controller is needed for connection detection and negotiation
with the DFP about the power draw. Several USB-PD drivers satisfying the requirements are presented
in Table 4.2.

Table 4.2: Commercial USB-PD drivers, selection from [26].

Type Maximum power Controller Price
W] [€/pc]
STM32L5x2 100 internal 3.76
STUSB4500 100 internal 1.48
TPS65983B 100 external 8.63
TUSB321 15 internal 1.98
TUSB422 100 external 1.23

Based on the available drivers presented in Table 4.2, it can be seen that the STM32L5X2 and
STUSB4500 support at least the desired power draw and have an internal controller to minimize ad-
ditional components. The STM32L5x2 also supports the controller requirements as specified by the
UV-C module [1]. Combining the system controller and USB-PD controller reduces the number of
components needed which makes it the preferred device.

Architecture For the implementation, specific I/O pins are used for the STM32L5x2 internal USB-PD
driver [27]. These pins feature the necessary pull-up and pull-down resistors. The STM32L5x2 can be
programmed by the use of its programming manual [28]. The IC can be supplied by the battery using
a step-down converter.

4.2. Charging methods

There are several methods of charging a battery. The most well-known ones are Constant Voltage (CV),
Constant Current (CC), Constant Current — Constant Voltage (CC-CV), and pulse charging [29, 30].
The method of charging is determined by the converter used between the USB-C port and the battery.
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Constant Voltage The output voltage of the converter is kept constant with this method. This way,
a fluctuating current will be present at the output and charge the battery. As the battery voltage nears
the converter output voltage, the current will decrease until both voltages are equal, at which point the
current will approach zero. This method has a low risk of overcharging if the output voltage level is set
below the maximum battery voltage. The disadvantage is that the charging time is relatively long, since
the current decreases over time as the battery becomes more fully charged [29].

Constant Current With this method, the converter keeps its output current constant. As a result, the
output voltage will fluctuate. Since the voltage fluctuates, it becomes harder to reach 100 % SoC, de-
creasing the effective capacity of the battery. Another issue is overcharging, as it will not automatically
stop charging when the battery reaches a set voltage level. However, since the current is set to be
constant at a higher value than with CV, charging time will be relatively fast [29].

Constant Current — Constant Voltage This method combines the advantages of the two previously
discussed charging techniques. First, a constant current is applied up to a certain SoC (which is usually
around 60-80 %) [31], then a switch is made to the constant voltage scheme to prevent overcharging
and permanent damage to the battery cells. Afterward, the charging is completely terminated when
the current reaches a threshold value. This combination provides the benefit of having a lower risk of
overcharging, while at the same time having relatively fast charging rates.

Pulse charging This method uses mono-phasic current pulses (i.e. square waves) to charge the bat-
tery. In comparison to just CC charging, pulse charging achieves a higher maximum SoC and a higher
charging rate. On the other hand, it also increases heat generation, which can become problematic
for Li-ion batteries. The circuit required for pulse charging is also more complex than the previously
discussed techniques [30].

4.2.1. Charging method selection

Considering trade-off requirements [T.5] and [T.4], the battery should be charged as fast as possible
and have the highest possible capacity. This makes pulse charging the most promising method as it
achieves a higher maximum SoC and a higher charging rate than CC, CV, and CC-CV charging.

In order to meet safety requirement [S.1], charging must be done in a safe manner. The battery
chemistry was selected in Section 3.2.2 as Li-ion. Since the additional heat generation of the pulse
charging method may cause problematic failures for the chosen Li-ion cells, pulse charging is excluded.
As a relatively fast and safe charging method, CC-CV charging will be used. This method combines
the benefits of both CC and CV charging to obtain higher performance in charging time, whilst ensuring
safety.

For the implementation of CC-CV charging, a DC-DC converter is typically used directly for constant-
voltage regulation [32]. The duty cycle can be adjusted to match the desired output voltage. Current
feedback is applied alongside the DC-DC converter to implement constant-current control. The duty
cycle can then, similarly to constant voltage regulation, be adjusted to keep the output current at the
desired value.

4.3. Converter

As mentioned in Section 4.2.1, the typical implementation of a CC-CV charger is a DC-DC converter
with duty cycle regulation and current feedback. There are two types of DC-DC converters: isolated
and non-isolated. Since isolated converters will require more components and a larger area, this type
will not be considered by trade-off requirement [T.2]. The requirements, derived from the battery and
USB specifications, which the converter shall meet are presented in Table 4.3.

For non-isolated converters, there are many different topologies available for use: boost, buck-
boost, SEPIC, Zeta (inverse SEPIC), and Cuk [33]. The boost converter is the most area-efficient in its
task (stepping up, and non-inverting) since the other topologies are basically a combination of the buck
and boost converters. This also means the SEPIC, Zeta, and Cuk topologies do allow for both stepping
up and stepping down without changing their topology. Since the required battery voltage is always
higher than the input voltage, a boost converter is sufficient without adding unnecessary complexity
and components.
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Table 4.3: The overall requirements for the converter.

Parameter Specification
Input voltage 9V

Output voltage 15-21V
Output current 1A2

Control mechanism CC-CV
Output polarity Non-inverting
Isolation Not required

@ Based on the available input power,
the recommended 1.75A is not feasi-
ble. This will be explained more in-
depth in Subsection 4.4.1.

4.3.1. Boost topology
The general functionality of a boost converter is that it converts a lower DC voltage to a higher DC
voltage. The configuration and operation can have different forms.

Configuration There are two possible configurations for the boost converter: asynchronous and syn-
chronous. Figure 4.4 shows these two configurations of the boost converter. The difference is in the
use of either a diode (asynchronous) or an additional switching transistor (synchronous) in the conduc-
tion path to the load. The main advantage of using a synchronous configuration is that it generally has
higher efficiency, due to the lower conduction losses of the transistor (as the drain-source voltage is
lower than the diode forward voltage in case the MOSFET is fully conducting). However, an additional
transistor also adds complexity to the circuit. The output capacitor will be shorted when both transis-
tors are conducting at the same time. Furthermore, using Schottky diodes can decrease the efficiency
gap between the two variations (although there still will be noticeable differences). Finally, the chosen
controller must also support a synchronous topology, which reduces the number of options. Due to
these reasons, an asynchronous design is chosen.

(a) Asynchronous boost converter layout. (b) Synchronous boost converter layout.

hv4

Figure 4.4: Synchronous vs asynchronous boost converter topologies.

Conduction mode In continuous conduction mode (CCM), the current through the inductor will never
drop below 0 A and thus will continuously conduct. In discontinuous conduction mode (DCM), this
current will clip at O A for a non-zero time period, and the inductor will be completely discharged during
this period. Since in DCM the input to output relation becomes non-linear, staying in CCM is preferable.

4.3.2. Working principle

The output voltage of the converter can be controlled by the on-time and off-time of the MOSFET switch.
When the MOSFET is in the on-state (closed), the current flows as in Figure 4.5a. The MOSFET off-
state (opened) is depicted in Figure 4.5b.
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(a) Boost converter in on-state (MOSFET is closed). (b) Boost converter in off-state (MOSFET is opened).

Figure 4.5: Boost Converter Topology.

In the on-state, the current flows from the source through the inductor and the switch to ground.
The diode current (I;) equals zero and the voltage over the inductor equals the source voltage, with
the inductor current increasing as given in equation 4.1.

h=1-Loy 4.1
=L o (4.1
When the switch is in the off-state, the diode current equals the inductor current, and the voltage
over the inductor will be the difference of the source and output voltage: essentially the inductor will
act as a current source, and thus steps up ("boosts”) the output voltage over the load. The output
voltage then depends on the input voltage, the duty cycle of the switch, and the efficiency (n) of the

components:
Vs
Vour = 1-D “Ntotal (4.2)

Since the output voltage is stepped up, the output current must be stepped down with the same
ratio, as otherwise there will be a power imbalance. The output current can then be found as:

I - Vs

Vout

(4.3)

out —

4.3.3. Theoretical design
In this section, the theoretical background and equations of a boost converter will be discussed.

Ripple Due to the way the boost converter continuously charges and discharges the inductor, the
current and output voltage will not be completely constant. It will decrease and increase every cycle,
and thus also depends on the switching frequency: the lower the frequency, the higher the deviation.
This deviation from the average signal is called the ripple. Even though the output ripple does not
affect the performance and lifetime of a battery [34], care must be taken to ensure that the peak output
(constant voltage/current + ripple) is still below the maximum rating of the battery.

The current ripple will be dependent on the inductor value, and the output voltage ripple will be de-
pendent on the capacitor value. More specifically, since the time-averaged voltage across the inductor
must be zero for one cycle (when in steady state), for the inductor current ripple:

VD
fiL

Similarly, since the time-averaged current through the capacitor must be zero for one cycle (again,
when in steady state), for the output voltage ripple:

AIL =

(4.4)

Iout'D
fs-C

However, the equivalent series resistance (ESR) of the capacitor also adds additional output voltage
ripple [35]:

AVour = (4.5)

Al
AVoutesk = ESR - | Lout;max + T (4.6)
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Switching frequency Since the supply voltage is constant (USB output), and the duty cycle D is
already designed for in other parameters (such as output voltage), it can be seen that the switching
frequency f; and inductance L need to be chosen. The switching frequency does not have a hard
requirement, but some trade-offs should be considered. A lower frequency will result in a higher ripple
and the need for larger passive components that will have more passive losses. A higher frequency
will require faster switching MOSFETs and increase switching losses.

Inductor As explained in Section 4.3.1, it is preferable that the inductor remains in CCM. To this end,
the inductor must be above a minimum value to avoid that the current drops below zero due to the
ripple. This means that:

Al < 21 (4.7)

Then the minimum value for the inductor is:

D -V,

L. =—— 5 4.8

i fs ) 2IL,min ( )

Diode As mentioned before, an asynchronous topology is chosen, and hence the diode needs to be
chosen carefully. The diode needs to capable of dissipating the power in conduction mode:

Pp=Ve-Ir (4.9)

Where the forward current I represents the output current 1,,,;. The highest instantaneous P,; will
be at peak I nq.. The diode also needs to be capable of handling this peak current, however, most
Schottky diodes will have a high enough peak current rating [35]. Schottky diodes should be used
anyway, as they not only have a lower forward voltage than normal p-n junction diodes but also do not
have a reverse recovery time [36], both of which will reduce losses significantly. On the other hand,
Schottky diodes do have a higher junction capacitance C;, which can increase switching losses of the
MOSFET: o

P]',loss = - Zr}ecsverse (4.10)

MOSFET The MOSFET switch has to be able to handle the peak current:

Al
Isw,max = 7 + Imax,L (411)

Furthermore, it must be able to block the voltage across it in its off-state:

Vout

A
Vswmin = T + Vnaxour + Vf (4.12)

The MOSFET should be chosen such that its maximum current and voltage rating are above these
minimum values, with a safety margin of 30 %. It should also be able to switch fast enough.

4.4. Design

In this section, the design of both the boost converter and the converter control will be discussed.

4.4.1. Overall charging requirements
First, the overall requirements of the total charger (e.g. charging current, switching frequency) must
be discussed, as these are necessary for both the design of the CC-CV control (Section 4.4.2) and the
boost converter (Section 4.4.4).

The recommended values for charging the batteries (found in the datasheet of the chosen bat-
tery [24]) for the two phases (CC and CV) can be seen in Table 4.4.

The recommended end current specified in the datasheet is 35 mA. However, for this charger, an
end current of 175 mA will be used. The reason for this is that the lower the end current is, the shorter
the lifetime of the battery will be. Consequently, it will have a lower SoC, but the difference in SoC and
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Table 4.4: Battery charging specifications of the 2347-3008-20.

Parameter Specification
Recommended charging current  1.75A
Maximum charging current 25A
Standard charging voltage 21V

End current 175 mA®

a8 Recommended is 35mA, however this will not be
used. See text for the explanation.

the difference in lifetime justify the higher end current [37]. With the chosen end current, an SoC of
more than 99 % can still be reached.

Based on the power available through the USB connection, it is not possible to reach the recom-
mended charging current in CC-mode, as 1.75A at 21V is well above the available 27 W. Therefore,
the charging current is set close to the highest possible value instead (taking into account efficien-
cy/losses), which is 1A.

Switching frequency Another requirement that has to be chosen beforehand is the switching fre-
quency f;. As explained before in Section 4.3, this does not have a strict requirement but trade-offs
that need to be kept in mind. To prevent unwanted noise for the wireless-charging subgroup [2], the
switching frequency needs to be outside their operating range (which is 80—-200 kHz [2]). Since the
switching MOSFET is integrated into the charging IC, and there is little information about its switching
characteristics, the switching frequency is taken as low as possible. However, the IC cannot output
a constant frequency. The datasheet shows that this can deviate by 10 % below and above the set
frequency. In order to ensure that it remains above 200 kHz, a frequency of 250 kHz is chosen.

4.4.2. Boost control
There are several integrated circuits available on the market that facilitate CC-CV charging by means
of converter regulation. Potential models with their properties are listed in Table 4.5.

Table 4.5: Various DC-DC converter regulators ICs available on the market.

Model Topology Frequency Current-sensing FET Configuration
[kHz]

LM5022  Boost, SEPIC 200 - 2200 Inductor external asynchronous

LT3579 Boost, SEPIC 200 - 2000 Inductor external asynchronous

LT3956 Buck, boost, buck-boost 100 - 1000 Inductor orload internal asynchronous

LTC3786 Boost 50 - 900 Inductor external synchronous

All models mentioned in Table 4.5 could be used as a converter regulator, and support the overall
requirements as given in Table 4.3. The LT3956 allows load current-sensing as opposed to only inductor
current-sensing, making current regulation much more precise. A disadvantage of the LT3956 is that
it has an internal switch, and thus the switch cannot be specifically designed and chosen for the exact
functionality needed (it is now designed to work in a broader range of values for voltage, current, etc.
than needed). However, a reasonable assumption is that the losses have been taken into consideration
in the given frequency range. Furthermore, having an internal switch can help reduce costs and area
size. The advantages of having load current-sensing available outweigh the potential extra MOSFET
losses (see Appendix B.3 for the loss calculation), and thus the LT3956 is selected as the converter
controller.

4.4.3. LT3956 configuration
The LT3956 needs external components connected to several of its ports. The values of these com-
ponents will be discussed in the following paragraphs.
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Switching frequency As per Section 4.4.1, the switching frequency had been set to 250 kHz. The
LT3956 allows setting the frequency by use of an external resistor R. The datasheet provides a figure
with the switching frequency plotted against the resistance value. The value for R is estimated using
this figure as:

Rr =43kQ

Enable/Undervoltage detection The EN/UVLO pin allows the user to set a rising and falling voltage
level at which the IC enables or disables itself. This is done by using a 2.1 pA pull-down current when
below the falling voltage level and thus increasing the rising level.

R1+R2

Veatiing = 1.22V - R2

Vrising =21pA-R1+ Vfalling (4.13)

WW EN/UVLO Pin

R1
+> v R2

Figure 4.6: Resistive divider to the EN/UVLO pin.

With R1 and R2 being the resistors as shown in Figure 4.6. Since hysteresis is not necessary;, it will
not be specifically taken into account during design. However, it should be noted that it is present, and
the rising voltage level should be below the input voltage or else it will never turn back on. By using a
resistive divider, undervoltage of the input source can be detected. The undervoltage limit will be set
at 8.5V. Since the falling threshold is 1.22V, the divider will have the resistors:

R1=60kQ and R2=10kQ

which gives the final voltage levels of:

V;”ising = 867V and Vfalling = 854V

Soft-start The LT3956 allows for soft-start, which prevents high inrush currents when starting the
circuit and consequently limits the rate at which the output voltage rises. This protects the components
from excessive peak currents. The soft-start interval can be set by using an external capacitor Cys. The
datasheet mentions a 10 yA pull-up current towards an internal 2.5V rail. This means the capacitor
will be charged towards the internal rail. The soft-start finishes when 2V is reached, as this voltage is
compared to a separate internal value. The time spent reaching this value is:

L 2Gss
S~ 10 A

(4.14)
The datasheet recommends a C,; of 10 nF, which would result in a t;; of 2ms.

Loop compensation With additional loop compensation, the inductor and output capacitor can be
chosen purely based on cost, size, and performance. It is possible to use an external capacitor and
resistor at the output of the internal error amplifier to compensate the control loop and ensure loop
stability (Type 2 compensation without an extra parallel capacitor). The datasheet does not give an
exact formula for the values of these components, and only recommends a value of 4.7 nF. However,
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testing in LTspice showed that this was insufficient and resulted in oscillations in the output voltage and
current. Using the following parameters, the oscillation was no longer present in the simulation:

Ccomp = 50nF

Reomp = 1.5KQ

Operation mode The LT3956 has a pin that shows the current operation mode of the charger: namely
either CC or CV. It requires an external pull-up resistor. Since the resistor will be connected to a pin that
regulates its output to 7.15V and a maximum current of 1 mA is allowed, a resistor with the following
minimum value is needed:

Royin = 7.15kQ (4.15)

Output voltage regulation The output voltage regulation can be set to the constant voltage level
required, which is 21V. The controller will regulate the duty cycle based on the voltage present at the
FB pin and will regulate this towards 1.25V. So then a simple resistive divider (see Figure 4.7) can be
used to regulate the output voltage:

R1+ R2

Vour = 125V - —

(4.16)

which gives the following resistor values:

R1=158kQ and R2=10kQ

Output voltage FB Pin
R1

R2

Figure 4.7: Resistive divider from output to the FB pin.

Output current regulation The output current regulator in the LT3956 will regulate the output current.
The current value to which it will regulate depends on the current-sensing resistance as the LT3956
limits the voltage over this resistor to 250 mV, and hence the average current through this resistor
according to:

250 mV
= 4.17)

Rsense

Imax
which, for a current of 1 A gives a sense resistor of:

Rsense = 250 MQ

4.4.4. Component requirements
In this section, the design of the components in the boost converter will be discussed.
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Inductor In order to keep the inductor in CCM, the inductor current ripple must conform to equa-
tion 4.7. In this case, I; in this case will be the lowest required output current. This output current
will be the 175 mA mentioned above (i.e. the stopping current in CV-mode). Using equation 4.3, and
using the ideal efficiency n;,:4; Of 100 % for the lowest inductor current, this results in an average I, of
408.3 mA.

Then, the maximum ripple allowed will be around 816.6 mA. First, the maximum duty cycle must be
found, so that the minimum inductor value can be calculated using equation 4.8. The maximum duty
cycle will result in the highest output voltage, as per equation 4.2. Since the highest output voltage
required is 21V, and the worst-case efficiency 1n:ytq;1 is 80 % [35], the maximum duty cycle is 0.66
according to equation 4.2. Then finally, the minimum inductance value needed is 29.1 uH.

Output capacitor Similarly, the output voltage ripple must not cause severe overcharging of the bat-
tery. The absolute maximum rating of the battery used is 4.325V per cell [24]. Therefore, an additional
125mV is allowed over the constant voltage value per cell, i.e. a ripple of 250 mV is allowed per cell.
With five cells, this gives a maximum voltage ripple of 1.25V. The voltage is determined by the capaci-
tance and its ESR (see equation 4.5 and equation 4.6). It is best to therefore use a capacitor with a low
ESR. Since the contribution of the ESR to the voltage ripple for sufficiently low ESR capacitors (i.e. less
than 100 mQ at 250 kHz) is negligible (less than 0.1V), the minimum capacitance can be calculated,
using D = 0.66, Iyaxour = 1.07A, which gives a value of 2.2 yF. Note that this is the absolute minimum,
and it is advisable to be well above this value after taking into account tolerance and variability (i.e. 5x
this value).

MOSFET switch The MOSFET switch has to be chosen such that it can handle the switching fre-
quency, the peak current during conduction, and the reverse recovery current during switching. The
peak current can be calculated using equation 4.11. This gives a maximum current of 3.07 A, however,
due to switching mechanisms and overshoot the rating should be well above (30 %) this value, giving
a minimum current rating of 4 A.

The maximum voltage the MOSFET needs to be able to handle when it is off is found using equa-
tion 4.12. This is the sum of the maximum output voltage, maximum ripple, and the forward voltage V,
which is 22.45V. Adding the safety margin of 30 %, the final minimum voltage rating of the MOSFET
is 29.2V.

Diode Finally, the diode must be able to dissipate the power without overheating (see Section 4.6 for
more details). Since every Schottky diode will have a slightly different forward voltage (150—-800 mV),
this will have to be judged case to case. Although in the best-case scenario of 150 mV, the diode will
need to dissipate 160.5mW (see equation 4.9). Furthermore, the diode needs to be able to handle
the maximum reverse voltage across it, and the maximum forward current through it. The maximum
reverse voltage over the diode is, similar to the MOSFET voltage rating, the maximum output voltage
of 21V. The maximum average current through the diode will be I, max, Which results in @ minimum
average current rating of 1 A. Taking a 30 % safety margin into account, a minimum voltage rating of
27.3V and a minimum average current rating of 1.3 A is required.
The parameters and their values explained in the text above, are summarized in Table 4.6.

4.4.5. Component selection
With these component requirements, components can be selected. This will be done in the following
paragraphs.

Inductor Aside from the parameters described above, the inductor ESR is also very important. While
this does not have a strict requirement, it should be as low as possible to reduce losses. Table 4.7 shows
a selection of the commercially available inductors.

The inductor chosen is the Kemet MPXV1D1250L680 [38]. While other inductors can have even
lower ESR, they are much more expensive and generally take up more space, and are thus not con-
sidered for this design. However, if the highest possible efficiency is desired with disregard to the cost
and size, the Kemet MPXV1D2213L680 [39] can be considered, as it only has an ESR of 30.8 mQ.
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Table 4.6: The parameters needed for the design of the
boost converter.

Parameter Value

Maximum inductor current ripple  816.6 mA
Maximum output voltage ripple 1.25V

Minimum inductance 29.1 uH
Minimum capacitance 2.2 uFa
Minimum voltage rating switch 29.2V
Minimum current rating switch 4A
Minimum power rating diode 160.5 mW?P
Minimum voltage rating diode 273V
Minimum current rating diode 1.3A

@ Given an ESR of less than 100 mQ
b Given a forward voltage of 150 mV

Table 4.7: Selection of inductors available on the market.

Inductor Inductance ESR Current Rating Cost
[uH] [mQ]  [A] [€]
Bourns SRP1040VA-680M 68 210 3.5 1.37
Kemet MPXV1D1250L680 68 163 3.6 297
Kemet MPXV1D2213L680 68 30.8 125 10.27
Vishay / Dale IHLP4040DZER9Q00K5A 90 252 3.5 1.47

Capacitor Table 4.8 shows a selection of capacitors available on the market that are considered.

Table 4.8: Selection of capacitors available on the market.

Capacitor Capacitance Dielectric ESR Voltage Rating Cost
[uF] [(mQ] V] (€]
AVX 12065D106KAT2A 10 X5R 6 50 0.48
Murata GRT31CR61H106KEO1L 10 X5R 20 50 0.58
TDK C3216X5R1H106K160AB 10 X5R 15 50 0.72
TDK CNA5L1X7R1E106K160AE 10 X7R 15 25 1.13

The capacitor chosen is the AVX 12065D106KAT2A [40]. The reason for this is its lower cost for
the same performance as the other mentioned capacitors. Taking into account the DC bias (—70 %),
this capacitor will give an AV,,,; = 941.6 mV, which is below the maximum of 1.25V.

MOSFET Since the MOSFET is integrated into the control IC, this component does not have to be
selected individually. This internal MOSFET should, however, adhere to the requirements set above.
The internal MOSFET of the chosen IC has a voltage rating of 84V, and a maximum current rating of
4.6 A [41]. It supports switching up to 1 MHz and has an on-resistance of 90 mQ. Thus it satisfies the
minimum values for the parameters.

Diode Table 4.9 shows a selection of commercially available Skottky diodes that are considered.
The Schottky diode chosen is the Nexperia PMEG3020BER [42]. Aside from the parameters seen

in Table 4.9, it can handle peak currents up to 50 A, has a worst-case reverse current of 50 yA, and can

dissipate up to 1.8 W. This is sufficient since the peak power is 460mV - 1.07 A = 492.2 mW.
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Table 4.9: Selection of Schottky diodes available on the market.

Diode Vp Capacitance Voltage Rating Current Rating Cost
[(mV]  [pF] \ [A] [€]
Nexperia PMEG3020BER 460 <60 30 2 0.31
Nexperia PMEG3050BEP 450 <275 30 5 0.39
ROHM RB0O88LAM-30TR 690 <150 30 5 0.38

4.5. Simulation

This section describes the simulations performed for the converter setup. First, the ideal behavior is
simulated in Simulink. Then, the designed converter with its controller is simulated in LTspice. Lastly,
the simulations are compared to see if the expected behavior is met.

4.5.1. Simulink

The converter has been modeled as an average model at the system level. Appendix E.3 shows the
simulation diagram. Equation 4.2 is used for the converter model where the efficiency has been taken
unity. This means that the output voltage of the model scales with the duty cycle. The current that flows
through the resistor is mapped to the input current by the same scaling factor.

For the battery model, the Simulink generic battery model has been used. The error between model
and reality is below 5 % for an SoC between 10-100 % [43]. Therefore, the initial SoC has been set at
10 % in the simulation. The battery has been connected to the charger with two ideal switches in order
to disconnect it when the end current of 175 mA has been reached.

The duty cycle control mechanism has been modeled with two Pl controllers. The first controller
saturates to the constant current limit while the battery voltage is below the desired constant voltage
threshold. As a result, the second controller regulates the duty cycle for constant current mode. When
the desired battery voltage is reached, the first controller is not longer saturated and now regulates the
duty cycle for constant voltage mode. The simulation results for the battery current, voltage, and SoC
are shown in Figure 4.8.
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(a) Battery voltage and current during CC-CV charging. (b) Battery SOC during CC-CV charging.

Figure 4.8: Simulink simulation results of CC-CV charging.

As seen in the simulation results, the battery SoC increases during charging. The current is moni-
tored as the outgoing battery current, which means that during charging it is negative. The CC mode
with a current equal to 1 A can be seen clearly. The battery voltage starts increasing non-linearly first,
followed by a linear pattern. This corresponds to the expected behavior of the battery model [43]. After
approximately two and a half hours, the battery voltage increases exponentially.

In Figure 4.9 it can be seen that when the CV voltage of 21V has been reached, the voltage is kept
constant. The current now decreases till it is less than the specified end-current of 175 mA. Here, the
charger is disconnected from the battery. It can be seen that the current steps to zero, resulting in a
small decrease in battery voltage. This is because the battery is charged at a higher potential than its
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Battery voltage and current during switching CC-CV
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Figure 4.9: Battery voltage and current enlarged during switching from CC to CV mode.

nominal voltage. When the end current is reached, the SoC almost equals 100 %. The total charging
time in this ideal case can be estimated to be around 3 hours.

4.5.2. LTspice

The setup for the LTspice simulation can be found in Appendix E.4. The USB-C input connection is
modeled by a 9V voltage source. Since the maximum input current possible is 3 A, the drawn current
should be checked to satisfy this requirement in each simulation.

The battery is modeled as a voltage source with a series resistance. In order to simulate the in-
creasing resistance of the battery as it gets charged, the resistance value of this series resistance is
exponentially increased in time via a behavioral source, see Appendix E.4 for the implementation.

With this setup, the efficiency, output current, and output voltage can be plotted. These can be seen
in Figure 4.10. As can be seen, the battery starts charging up to 21V with a constant current of 1 A
after the initial start-up is complete. When it nears this voltage, the converter switches to CV mode and
keeps the output voltage constant. The current then decreases as a result.
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(a) Converter efficiency. (b) Output current.

Figure 4.10: LTspice results of the converter simulation. Note that there is no end-current, as this has not been implemented in
LTspice, and that the time scale is not realistic.

The exact frequency, output voltage ripple, inductor current ripple, and efficiency in each mode (both
CC- and CV-mode), are shown in Table 4.10.

Current [A]
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Table 4.10: Numerical results from the LTspice simulation.

Parameter CC-mode CV-mode
Frequency 259.7kHz  259.7 kHz
Efficiency 92.8% 94 %

Inductor current ripple 226 mA 270 mA
Output voltage ripple  215mV?@ 186 mVv@

@ The DC Bias of the output capacitor is not modeled.
In reality, the ripple will be much higher due to the
reduced effective capacitance.

4.6. Thermal verification

For the components to function properly, the maximum specified (junction) temperature should be
higher than the highest (junction) temperature during operation. The components for which this ver-
ification will be done are the LT3956 Controller IC, the inductor, the Schottky diode, and the output
capacitor, as they are directly in the power path from input to output and will thus generate the most
heat.

The LT3956 datasheet shows the formula for the internal junction temperature of this IC as:
AT; = Rgjq - (Vin - (g + fow - 7nC) + 13, - 0.14Q - D) (4.18)
The theoretical junction temperature increase for the three passive components can be calculated by:
AT; = Py - Ry jq (4.19)

Here, P, is the power dissipated (in W) by the component and Ry j, is the thermal resistance (in
K/W). Table 4.11 shows the maximum junction temperature, the junction to ambient thermal resistance,
the power dissipation, and the resulting temperature increase.

Table 4.11: Maximum and expected junction temperature rise

Component Timax Roja Fa AT;
[°’Cl  [K/W] W]  [°C]
LT3956 IC 125 43 0.788 33.87
Inductor 155 18.92 1467 27.73
Diode 150 220 046 101.2

Output capacitor 85 <30® 0.01 03

@ Based on 40 °C rise at 3.6 A (from datasheet).

b Exact value cannot be found. Based on other similar
capacitors. Exact value not important regardless due to
low power dissipation.




Battery Management

In this chapter, the SoC estimation, cell balancing, and protection of the selected Li-ion battery cells are
discussed. First, different SoC estimation algorithms are discussed. Then, the necessity for cell bal-
ancing is discussed and different balancing strategies are presented. After that, the battery protection
features are discussed together with their implementation. Finally, the design of the SoC estimation,
cell balancing, and battery protection is outlined, supported using a flowchart, and verified by simula-
tion.

5.1. State of charge estimation

The State of Charge (SoC) of a battery is a percentage indicating how much charge is present in a
battery compared to that of a fully charged battery [44]. It is needed for cell balancing and in order
to meet functional requirement [F.6], as it is specified that the battery SoC needs to be displayed by
LEDs on the outside of the Wireless Powerlizer. There are multiple methods for SoC estimations. The
voltage readout method and coulomb counting method are the most promising.

Voltage readout A method to estimate the battery SoC is by using the open-circuit voltage (OCV)
of the battery. The OCV represents the magnitude of the battery voltage and is needed to determine
the SoC from the OCV-SoC curve. These curves are necessary but hard to obtain for different current
conditions [45]. For determining the OCV from the OCV-SoC curve, the battery should be disconnected.
Hence, this method is not suitable during continuous operation [46].

Coulomb counting The coulomb counting method is most used nowadays. In order to estimate the
remaining SoC, the current entering and leaving the battery is integrated over time [44, 47]. By taking
the charging or discharging efficiency n(t) into account, and dividing by the nominal battery capacity
Cnom [Ah], the remaining battery capacity is known. This is mathematically shown in Equation 5.1.

‘ n@Ii@

to Crom

SoC (t) = SoC (t,) — (5.1)

However, this method is sensitive to errors [47, 48]. First, the current draw is influenced by the battery
temperature and current direction. Secondly, the accurate initial SoC value is hard to obtain and current
sensors need to be very accurate. Lastly, the deterioration of battery lifetime affects the SoC estimation.
Besides, the efficiency is usually determined by experiments, which makes calibration necessary.

5.2. Cell balancing

Due to the different capacities of battery cells caused by aging, use, manufacturing conditions, and
so forth, cell balancing is needed to ensure that each battery cell is operating within its safety limits.
The cell with the highest voltage will limit the amount of rechargeable electrical energy during charging,
and thus limit the overall capacity of the battery pack. On the other hand, the cell with the lowest

24
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voltage limits the amount of dischargeable electrical energy, as discharging will stop before the rest
of the battery cells are at the discharge limit [49]. Figure 5.1 shows this limitation for charging and
discharging (note that the configuration shown is not the battery configuration used).

Charge
Charge

\ 4 \ 4
(b) Discharging stops when the lowest capacity cell reaches zero
SoC, even though the other cells still have charge left.

(a) Charging stops when the lowest capacity cell reaches full SoC,
even though the other cells are not full yet.

Figure 5.1: Cell imbalance during charging and discharging.

In a parallel configuration, balancing will already happen naturally, as the voltage across each cell
will have to be equal, although extra balancing measures are often still implemented to ensure that the
balancing currents do not exceed the maximum charging current of the cell, and that SoC is balanced
as well [50]. In a series configuration, this does not happen automatically and thus always requires

balancing circuitry [51].

5.2.1. Balancing methods
Two types of cell balancing methods exist: passive balancing and active balancing [52]. These two

types will be elaborated further in the following two sections.

Passive balancing For passive balancing the extra energy from the most charged battery cells is
dissipated in a resistor and thus lost. It is not transferred over to another cell. Furthermore, since the
cell with the lowest capacity is the limiting factor during discharge and is not being recharged by the
other cells, the total capacity of the battery pack is not increased over the weakest cell. Figure 5.2

shows this limitation during discharge.
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(b) Passive balancing finishes when all cells have been discharged.
The discharged energy from cell 1 and 2 is not used for charging and
is thus lost.

(a) Cell 3 has the lowest SoC, and the passive balancing circuitry
discharges cell 1 and 2 via a resistor or transistor.

Figure 5.2: Passive balancing during discharge.

Passive balancing can be implemented by measuring individual cell voltage and SoC. Depending
on the values of parameters, a switch can be turned on to connect the cell to a bleeding resistor. This
way the cell discharges until it reaches the desired voltage and SoC again, and then the switch is
turned off. This is the most often implemented balancing method in commercial ICs due to its easier

control [53].

Active balancing Active balancing transfers extra energy from one cell to another. This way the
energy is not dissipated and lost, as with passive balancing. Due to this, the total capacity of the battery
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pack will be increased. During discharge, a cell with a higher SoC will charge the almost depleted cell,
as shown in Figure 5.3.
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(a) Cell 3 reaches zero SoC first, and the active balancing circuitry (b) Active balancing is finished with all cells having the same voltage
charges cell 3 with cell 2. and SoC.

Figure 5.3: Active balancing during discharge.

Active balancing can be achieved via DC-DC converters or switched capacitors [54]. However,
these only support energy transfer between adjacent cells and thus increases the total balancing time,
and decrease the total efficiency. One possible method that does not have this limitation is the LC
series circuit. Despite a higher efficiency, active balancing is not often used due to its added control
complexity and costs.

5.3. Protection

Due to the volatility of the Li-ion battery [10, 55], protection circuitry is mandatory. Special care needs
to be taken for overheating and overcharging (which results in overheating), as the liquid electrolyte is
flammable [56].

5.3.1. Overcharge

Inherent to CC-CV charging is that the battery is already protected against overcharging. It will not go
above the set upper voltage limit during charging. However, most of the time a separate form of over-
charge protection is still built in. This is due to the fact that CC-CV only protects against overcharging if
all cells are perfectly balanced. While this should be the case in correctly working systems, a fail-safe
is often still used. Overcharge protection therefore will be based on each individual cell, instead of the
total pack. The cell voltage of each battery cell will be measured individually and then compared to
set limits. If it exceeds the threshold voltage, the charging circuit will be disabled. It will not re-enabled
until the cell balancing circuit reduces the cell voltage below a certain release voltage again, which is
set lower than the threshold voltage.

5.3.2. Overdischarge

Overdischarging of a battery cell causes its voltage to drop below its recommended operating range
(i.e. undervoltage). This can cause permanent damage to it: the capacity will be reduced due to copper
dissolution of the anode into the electrolyte and decomposition of the solid electrode interface, which
results in the generation of gases [57]. Similar to overcharge protection, the cell voltage of each battery
cell is measured individually and compared to set limits. When the set threshold values are reached,
discharging is interrupted. A possible method to do this is via the use of a MOSFET that interrupts the
power path from the battery to the load [58].

5.3.3. Overcurrent

Overcurrent or short-circuiting the battery, even if it is only momentarily, can cause damage to the
battery, as it can drop the battery voltage below its safe threshold, causing the same problems as
mentioned with overdischarge. Furthermore, a high current can cause excessive heat generation. To
protect against this, a current-sense resistor can be used. The voltage across this resistor can then be
measured and be compared to the set limits. Similar to overdischarge protection, the discharge path
can then be interrupted to prevent further damage to the battery.
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5.3.4. Temperature

Especially with Li-ion batteries, the operating temperature must be closely monitored. As is also ex-
plained in Section 3.1.3, operating under freezing temperature can cause permanent damage to the
battery. On the other hand, operating above the recommended temperature limit (60 °C) can not only
reduce the lifespan and efficiency of the battery but also cause internal sparks and ignite the liquid
electrolyte [59]. To prevent this, thermal sensors should be implemented, so that the battery can be
disconnected and shut down in time. Ideally, the internal temperature is measured of each cell individ-
ually. However, even though techniques have been demonstrated that can do this [60], most chips still
use a combination of surface sensors and thermal models to estimate the internal temperature. Thin
platinum resistive temperature devices that are less than 100 um thick can be used to this end. In most
cases, however, thermistors with a thickness in the range of 1 mm suffice [61].

5.4. Implementation

Different market available integrated circuits that implement cell balancing, SoC estimation, and various
protection functions are presented in Table 5.1. Since all implementations support a wide range of
protection features, this category is not considered during comparison.

Table 5.1: Selection of ICs on the market that support battery management functions.

Type Series cells  SoC estimation Balancing Note Cost
[cells] [€/pc]
BQ40Z80 2-6 Coulomb & OCV Passive SoC display 4.76
BQ76942 3-10 Coulomb & OCV Passive 4.29
BQ769142 3-14 Coulomb & OCV  Passive 4.52
BQ76952 3-16 Coulomb & OCV Passive 4.76
LTC3300-1 2-6 None Active External voltage sensor 11.10
LTC3300-2 2-6 None Active External voltage sensor 10.66

Following from functional requirement [F.6], the SoC needs to be displayed, this can be done using
the BQ40Z80. Due to trade-off requirement [T.4], the battery capacity should be as large as possi-
ble, an aspect that cell balancing helps with. The LTC3300 devices have a balancing efficiency of
approximately 93 % [62, 63], which is evidently much higher than with passive balancing. On the other
hand, it can be seen that the active balancing types are in the higher price range compared to passive
balancing. Additionally, an external voltage sensor is needed for these types. Considering trade-off
requirement [T.2], costs should be minimized. Considering all requirements, the BQ40Z80 is selected
for battery management. The BQ40Z80 can be programmed via the SMBus protocol. The following
paragraphs explain the specific implementation for SoC estimation, balancing, protection, and control
using the BQ40Z80 [64, 65].

SoC estimation SoC estimations with the Impedance Track™ algorithm are supported. This algo-
rithm includes both the voltage readout and coulomb counting method. When the battery is not supply-
ing or charging (relaxed state), the SoC is calculated using the OCV-SoC curve. This is done for each
separate cell and specific for the selected cell chemistry. In case the battery is in supplying or charging
modes, the SoC is updated with the coulomb counting method. A temperature model with temperature
prediction is included to increase the accuracy of the estimations.

In case a high to low transition is detected at the DISP pin, status information is shown on the LED
display for a pre-defined time interval. The SoC can be selected on this LED display, in order to meet
functional requirement [F.6]. All six LEDs can be set to a specific SoC threshold, where they start
blinking or lighten solid. The circuit implementation can be seen in Appendix E.8.

Balancing Passive cell balancing is supported by the BQ40Z80. Dissipation resistors are connected
in parallel to the individual cells. The balancing current is controlled by FETs in series with those
resistors. Multiple cells can be balanced simultaneously with a maximum balancing current of 10 mA.
External resistors can be used for higher balancing currents.
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Cell balancing is possible during charging mode and relaxed mode. For the first, coulomb counting
is used for SoC estimations. For the latter, OCV measurements are performed in order to calculate the
charge difference between cells. Here, the temperature is also taken into account. The balancing time
for specific cells determines how long the FET should be conducting by pulsing it with a pre-defined duty
cycle. Balancing time is calculated based on the cell properties, series resistance, and FET resistance.
The balancing circuit implementation is shown in Appendix E.8.

Protection The most important protection features, as mentioned in Section 5.3, are supported.
Overcharge protection is included and extended into overcharging voltage and current protection.
When the measured charging voltage is bigger than the programmed charging voltage, charging is
terminated. The same action is executed when the actual charging current is measured to be higher
than the programmed charging current. When the battery capacity is charged over its specified maxi-
mum capacity, charging is also terminated.

Overdischarge protection is integrated and listed as cell undervoltage- and overcurrent in discharge
protection. First, cell undervoltage protection detects if individual cells are discharged too much and
prevents them from becoming damaged. Overcurrent in discharge protection takes care that the dis-
charging current stays below the programmed value.

Current protection is classified into overcurrent- and short-circuit protection. Overcurrent protection
can be set with specific thresholds during charging and discharging. This is favorable since the battery
specifies different maximum currents for these modes [24]. Short circuit protection is featured for both
charging and discharging actions.

Individual cell temperature sensors can be connected in order to protect the cells against overtem-
perature and discharging below the minimum battery cell temperature. Protection processes discon-
nect the battery in case a temperature outside the allowed range is measured.

Control As mentioned in Section 4.1.3, the selected USB-PD controller has some side functions.
This controller can be used to control the BQ40Z80. The main functions that need to be driven are
the DISP pin for SoC display and status updates via the SMBus protocol. Besides, this controller can
be used to switch off the charger when the end current of 175mA has been reached, as specified in
Section 4.4.1.

A push-button on the outside of the Wireless Powerlizer can be connected to the STM32L5x2 GPIO
pins so that the user can decide when the SoC needs to be displayed. Two data pins of the controller
can be connected to the SMBC and SMBD pins of the BQ40Z80 for the SMBus protocol. This protocol
can be used to exchange status information. The VMODE pin of the LT3956 needs to be connected to a
voltage sense pin of the controller. When VMODE is low, and the battery current is below 175 mA, one
of the STM32L5x2 GPIO pins needs to disable an NMOS transistor in series with LT3956 pin EN/UVLO
and ground to disable the charger. When one of these conditions is no longer met, the charger needs
to be enabled again. The state diagram for the controller is shown in Figure 5.4.

VMODE low
VSENSE high ik
e .
Show SoC . g Start Ibat = 175 mA o[ Disable charger
DISP high o DISP low - DISP low
EMNAELE high VSENSE low EMNAELE high VIMODE h|gh EMABLE low
OR
Ibat = 175 mA

Figure 5.4: State diagram of the external controller.

5.5. Protection and balancing flowcharts
The simplified operating mechanism and algorithm of each protection and balancing feature can be

summarized into a flowchart. For a more comprehensive description, the technical reference of the
BQ40Z80 can be consulted.
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Balancing As explained in Section 5.4, the BQ40Z80 uses parallel dissipation resistors and MOS-
FETs to balance each individual battery cell. Each cell will be discharged through this resistor until they
reach the SoC of the weakest cell. In reality, a margin (e.g. 5%) should be taken for the comparison
with the lowest SoC, as otherwise it can potentially discharge to zero SoC when a cell is discharged
below the former lowest SoC. The algorithm for each cell is shown in Figure 5.5.

Measure cell
SoC

Lowest cell
soC
reached?

MOSFET
turns off

Yes—p-|

MOSFET
turns on

Figure 5.5: The cell balancing algorithm.

Protection The overcharge, overdischarge, and temperature protection all work similarly: the volt-
age and temperature are monitored, and charging or discharging is terminated when these parameters
exceed the set thresholds. Charging or discharging is only resumed when these parameters have
returned to the range of the release thresholds. Overcurrent protection on the other hand cannot con-
tinuously measure current as it disrupts the power path when triggered and hence will resume operation
after a certain amount of time has passed (which is defined by the user) instead of having a release
threshold. After five consecutive overcurrent fails (definable by the user), the overcurrent protection
triggers indefinitely, until it is manually reset (e.g. with a button press or signal from the external MCU).
Figure 5.6 shows the two general algorithms in a flowchart.
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(a) The voltage and temperature protection algorithm. (b) The current protection algorithm.

Figure 5.6: The algorithm for voltage, temperature, and current protection.
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5.6. Simulation

The cell balancing method and the protection algorithms, as described in Section 5.5, have been im-
plemented in Simulink using the charger and battery model of Section 4.5.1. The results and setup of
these simulations will be discussed in this section.

5.6.1. Cell balancing

Cell balancing is achieved by connecting a MOSFET and resistor in parallel to each battery cell. The
control of the MOSFET can be implemented via a MATLAB Function block. This block receives the
SoC of each cell and determines which cell has the lowest SoC. Every cell that is above this SoC wiill
have its parallel MOSFET turned on, and thus will start discharging. The schematic and code for the
function block can be found in Appendix D.1. Figure 5.7 shows the balancing simulation: both when
the battery is being charged and when the battery is at rest.

100Passive cell balancing with 5 cells (during charging) 45 Passive cell balancing with 5 cells (during rest)
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(a) Balancing during charging. (b) Balancing during rest.

Figure 5.7: Cell balancing during rest and during charging. Each cell has a different initial SoC and different capacity.

5.6.2. Protection

Battery protection is achieved through a MATLAB Function block (similar to balancing). Depending on
the input (e.g. cell voltage, battery current, etc.) it can pull low or pull high a MOSFET that disconnects
or reconnects the battery to the charging circuit or load. The schematic and code for the function block
can be found in Appendix D.2. Figure 5.8 shows the simulation results for each of the four algorithms
mentioned in Section 5.5.
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Figure 5.8: Different protection modules triggering in Simulink.



Prototype

The physical prototype is explained in this chapter. First, the scope of the prototype is discussed and
the specific subsystems implemented in the prototype are chosen. Then, the design of the prototype
is summarized. Finally, the prototype is verified by tests.

6.1. Scope

In order to verify the functionality of the battery management system, a prototype needs to be built.
Limitations on time and budget make it unrealistic to test the whole system. The prototype implemen-
tation of the battery cell, battery charger, and battery management will be further outlined in the next
paragraphs.

Battery cell A battery pack would help to show the charging behavior of the charger. However, there
is no additional value in showing that the selected battery cell is able to discharge. In order to be
able to safely charge batteries, a battery management system needs to be implemented as well. The
combination of these two parts would be too expensive (and require too much time debugging) for its
added value. Therefore, it will not be incorporated into the prototype. For the other subsystems, the
battery will be mimicked by another component, such as a power supply.

Battery charger The battery charger consists of the USB controller and the converter with its con-
trol circuitry. Since the focus of the thesis is on power electronics, the USB controller will not be im-
plemented in the prototype. Additionally, it holds less educational value to show that the purchased
controller is functioning as described by the manufacturer.

The converter with its control circuit will be implemented in the prototype. For the input, a power
supply with current regulation capabilities can be used to mimic the behavior of the USB-C input. For
the output, a power supply in parallel with a power resistor can be used to mimic the behavior of the
battery cells. As the battery voltage needs to increase during charging, when the converter is still in
constant current mode, the voltage over the resistor needs to be set by a power supply.

Battery management For the battery management system, a prototype will not be made. As men-
tioned before, the battery management system is too expensive and its costs cannot be justified for
its added value (especially since it will not be used by others after this project). Additionally, it is not
actually required, since no batteries are being used. Also, similar to the USB controller, the chip is a
complete stand-alone circuit, such that it virtually is a black box and does not provide additional insight
into the functionality of the protection features.

6.2. Design

A prototype of the battery charger has been made as PCB since the LT3956 IC is only available as an
SMD component. KiCad has been used for PCB design. The schematic and layer prints are depicted
in Appendix E.1. Figure 6.1 shows a render of the PCB.
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Figure 6.1: Render of the prototype PCB.

Since one of the resistors in the feedback loop (see Section 4.4.3 for the setup) was not delivered,
an available replacement resistor of 150 kQ was used. This gives a CV-mode voltage of 20V. Since
no real battery will be used for the prototype, this will not present problems.

6.3. Verification

The verification of the prototype will be done according to the test plan shown in Appendix F. These
tests are classified into startup behavior, CC-mode behavior, CV-mode behavior, thermal behavior, and
mode-switching behavior. An input power supply with a current limit is needed to mimic the USB input.
For the output, a variable power resistor is needed to mimic the behavior of the battery.

The results of the startup, thermal, CC-, and CV-mode tests are presented in the following sections.
The mode switching test is presented in Appendix C.1.

6.3.1. Startup
The result for the startup test with an 18 Q load resistor can be seen in Figure 6.2.
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Figure 6.2: Output current during startup.

The output current first increases to 0.5 A. This is the current needed to bring the output voltage to
the input voltage level, which is 9V. The step results from the use of a resistor to mimic the battery
behavior. After this, soft-start appears to be enabled and brings the output current to the wanted 1 A
in roughly 2ms, which is the soft-start time that was calculated. In Table 6.1, the current during the
first step in the startup is shown, where it can be seen that the current indeed decreases as resistance
increases. Appendix C.2 shows the startup behavior with a load resistance of 15 Q graphically.
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Table 6.1: Output current step
measured during startup with
different load resistances.

Resistance Step current

[Q] [mA]
15.0 552
16.0 528
17.0 496
18.0 472

6.3.2. CC-mode

The results of the tests performed in CC-mode can be found in Table 6.2. It can be seen that the output
current stays constant at 1 A, regardless of load resistance (as long as output voltage does not exceed
the CV threshold).

The inductor current ripple was measured to be 300 mA, which is higher than the simulated 226 mA,
which can be explained by the 20 % tolerance of the inductance and the DC bias. The DC bias reduces
the effective inductance, and hence increases the current ripple. It still is lower than the maximum
allowed ripple of 816.6 mA.

The output voltage ripple during CC-mode can also be seen to be below the maximum allowed
value. AV, remains below the maximum 1.25V, and aligns reasonably well with the theoretical value
of 1V, when taking into account possible capacitance variations. The difference in output voltage ripple
between the different load resistances can again be explained by the DC bias. In the same manner as
with the inductor, a higher DC voltage over the capacitor decreases the effective capacitance, thereby
increasing voltage ripple.

The measured efficiency during CC-mode was 92.0 % (measured at R;,,4 Of 17.5Q, which aligns
with the efficiency found in the LTspice simulation of 92.8 %).

6.3.3. CV-mode

The results of the tests performed during CV-mode can be found in Table 6.3. The output voltage is
held reasonably constant around 19.5V. This is lower than the expected 20V. This difference is due
to the tolerance of the resistances used, as a 2.67 % reduction of the 150 kQ resistor will indeed result
in a constant voltage of 19.5V. Furthermore, the output current also logically decreases as resistance
increases.

The output current ripple is well below the maximum allowed value of 350 mA, and thus should not
present issues with the end-current. The output voltage ripple slightly exceeds the maximum allowed
value. This is, similar to CC-mode, due to the decreased effective capacitance at higher DC volt-
ages. To solve this, a larger capacitance should be chosen such that even with DC bias, temperature-
dependent variations, and tolerance it is above the minimum capacitance of 2.2 uF.

The measured efficiency at a load resistance of 24.5Q is 93.6 %. This is in line with the simulated
94 %.

Table 6.2: Measurement on output Table 6.3: Measurement on output during CV
during CC mode. mode.

Rload [out Vout AV;)ut Rload Iout Alout VZJut AVout
Q]  [mAl [VI [V] Q@  [mA] [mA] [Vl [V]
15 994 149 0.88 20 997 192 194 1.20
16 998 15.8 0.88 21 931 19.2 195 1.20
17 997 16.8 1.12 22 902 176 196 1.28
18 997 17.8 1.12 23 854 176 196 1.28

The inductor current ripple is presented in Figure 6.3 and was measured to be 380 mA. This exceeds
the simulated 270 mA current ripple, but it can be seen that it increases when compared to CC-mode,
which coincides with the simulations.
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Inductor current during CV mode

Inductor current

2.4

23
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[N}
T
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Figure 6.3: The inductor current measured in CV mode.

During both CC- and CV-mode tests, the switching frequency was measured to be 263 kHz, which
is consistent with the simulated 259.2 kHz.

Thermal The result of the thermal test is presented in Figure 6.4. Here, the ambient temperature was
approximately 21 °C. The overlay is slightly misaligned vertically. The highest temperature is measured
around the diode and the IC, which aligns with the expectations. The measured 41.9 °C is lower than
the theoretical values estimated in Section 4.6. This is partly due to the resolution of the thermal
camera, as it may not be able to precisely measure the temperature of the diode or IC. Furthermore,
the theoretical values were obtained using the maximum junction-to-ambient thermal resistance, which
is usually higher than the actual package thermal resistance.

41.9°C
2019:06:25
12:43:06 £0.95

Figure 6.4: Thermal image of the prototype.



Conclusion and Recommendations

This chapter describes the conclusions that can be drawn from this thesis. After that, recommendations
are given for future work.

7.1. Conclusion

This thesis discussed the design decisions made regarding the batteries and battery management
system for the Wireless Powerlizer. The battery cell and its configuration were selected in Chapter 3
such that functional requirements [F.2], [F.3], and [F.4] are met. Li-ion was chosen as chemistry in order
to meet trade-off requirements [T.4] and [T.2]. It was outlined that it has the highest performance based
on volumetric energy density and specific energy. The configuration was selected as 5S1P such that it
is capable of providing at least 2 full phone charges for wireless charging with an estimated worst-case
50 % efficiency and enough energy for disinfection. With this battery chemistry and configuration, it is
also possible to deliver the required 34 W when taking the efficiency for the UV-C and wireless charging
modules into account.

In Chapter 4, the charging method was selected as CC-CV in order to meet trade-off require-
ment [T.5]. This method is able to charge the chosen battery as fast as possible while also taking
safety into consideration (requirement [S.1]. The designed converter was a DC-DC boost converter
with current and voltage feedback. First, the overall charging control was simulated using Simulink.
Then, the LT3956 was selected as controller for the converter. The final design was simulated in LT-
spice and showed that it behaves as desired.

Then, in Chapter 5 the battery management module is elucidated. This entails the choice of the
USB-PD controller, the battery management chip BQ40Z80, and it describes the required balancing
and protection features for the battery pack. The general workings of the protection algorithms and
the cell balancing algorithm are also described and simulated in Simulink, which showed the expected
results, and thus meets requirement [S.1]. The high-level controller is also described, which is used to
set an end-current for charging and can control the LEDs to indicate status, satisfying requirement [F.6].

A prototype for the battery charger was presented and verified in Chapter 6. Testing of the PCB
showed that it meets all but one requirement of the performed tests: the output voltage ripple was too
high, which is to be solved by increasing the output capacitance. Charging control was also shown to
be functioning correctly, which helps meet requirement [T.5].

7.2. Recommendations

Although this thesis captured a significant part of the design of the battery management system, there
were still some things not possible in the time span of the project. Furthermore, there are some points
of improvement that can be implemented for better overall performance.

USB-Cinput Currently, the tests are performed with a power supply as input source. Ideally, the USB-
C connection and USB-PD protocol would also be included in the tests. While an IC has been chosen
that, in theory, should be able to handle this, tests should be performed to confirm this. Furthermore, the
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USB-PD protocol can support higher power draws than the system was designed for, and to increase
charging speed (as per requirement [T.5]), this possibility should be taken advantage of.

High-level controller A global, high-level controller that controls the visible display on the Powerlizer
is also not tested in this thesis. Since this controller should also control the end-current of the charger,
this should be tested in conjunction with the battery charger circuit, ideally on one single PCB. This
high-level controller must also be supplied with power, and most likely will require a buck converter to
be designed.

Battery charger improvements In our current version of the battery charger, an asynchronous boost
converter is used. However, testing shows that due to the large current (1 A average), the diode causes
a lot of conduction loss. A synchronous boost converter would reduce losses in this case, as the
MOSFET has a lower drain-source voltage and thus lower conduction losses. On the other hand, this
does mean that the boost regulator must also support this synchronous design, and that switching
losses will increase. However, since the switching frequency is relatively low (250 kHz), the overall
losses will decrease.

Battery charger testing For the next version of the prototype, more extensive testing should be done.
The battery has been mimicked by a power resistor instead of a real battery pack. The power resistor
can represent the behavior of the battery, but ultimately is a simplified model: it does not simulate the
capacitive effects of the battery, nor does it simulate the SoC.

Safety During the design of the battery management system, some parts of the IEC 62113:2017
were incorporated from the available summaries. However, because the availability of the standard is
restricted, it could not be investigated in detail for this project. Although the design was made as safe
as possible, in further designs and prototypes, the safety standard should be consulted and have its
requirements incorporated.



Abbreviation
BMS
CcC

cv
CCM
COVID-19
DC
DCM
DFP
DRD
DRP

EN

ESR

IC

IEC
LED
Li-ion
MOSFET
MCU
ocv
Pb-acid
PCB

Pl

PWM
RX

SBU
SEPIC
SMBus
SoC

TX

UFP
USB
USB BC
USB-PD
uv
UvLO
WCS

Abbreviations

Description

Battery management system

Constant current

Constant voltage

Continuous conduction mode
Coronavirus disease 2019 (SARS-CoV-2)
Direct current

Discontinuous conduction mode
Downstream facing port

Dual role data

Dual role power

Enable

Equivalent series resistance

Integrated circuit

International electrotechnical commission
Light-emitting diode

Lithium-ion

Metal-oxide—semiconductor field-effect transistor
Microcontroller unit

Open circuit voltage

Lead-acid

Printed circuit board
Proportional—integral [controller]
Pulse-width modulation

Receive

Side band use

Single ended primary inductor converter
System management bus

State of charge

Transmit

Upstream facing port

Universal serial bus

Universal serial bus battery charging
Universal serial bus power delivery
Ultraviolet

Under voltage lock out

Wireless charging system
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Elaborations

B.1. Battery cell

This appendix contains the chemical reactions during charging and discharging for the discussed bat-
tery cell chemistries.

Lead-acid Lead reacts with hydrogen-sulfate to form two electrons at the negative electrode during
discharging. This process is reversed during charging as shown in B.1.

discharge
charge

Pb + HSO,4 PbSO4 + H + 2e” (B.1)
Two electrons react with lead-oxide and hydrogen-sulfate at the positive electrode to form lead-sulfate
and water during discharging. This process is reversed during charging as shown in B.2

discharge
charge

PbO; + HSO4 + 3H" + 26" PbSO, + 2H,0 (B.2)

Nickel-metal hydride Metal Hydride reacts with hydrooxide-ions to form water, a metal, and an elec-
tron at the negative electrode during discharging. This process is reversed during charging as shown
in B.3

disch
MH + OH™ ——— €~ M+ H,0 + &~ (B.3)

charge

An electron reacts with water and nickel oxyhydroxide to form nickel hydroxide and a hydroxide-ion at
the positive electrode during discharging. This process is reversed during charging as shown in B.4

discharge
charge

NiOOH + H,0 + e~ Ni[OH], + OH™ (B.4)

Li-ion Li-ions in both the oxidation reactions move through the electrolyte. For a cobalt-oxide Li-
ion battery, lithium-carbide forms graphite, a Li-ion and an electron at the negative electrode during
discharging. This process is reversed during charging as shown in B.5

discharge
charge

Celi 6C+Li"+e” (B.5)
Cobalt oxide reacts with a Li-ion and an electron at the positive electrode to form lithium-cobalt-oxide
during discharging. This process is reversed during charging as shown in B.6

discharge

CoO, + Li* + &~
charge

LiCoO, (B.6)
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B.2. USB Profile description

This appendix contains descriptions for the discussed USB profiles.

USB 2.0 As specified in the USB 2.0 standard [19], a device can draw up to 500 mA. A device can
be a low-power or high-power device. In order to draw power, a controller is required. The maximum
current that can be drawn per device class is expressed in unit loads. One unit load is equal to 100 mA.
Low-power devices may draw a maximum of one unit load from the cable when operational, where
high-power devices may draw between 1 and 5 units loads from the cable when fully powered. The
USB 2.0 standard enables power transfer over either the low-power-port with voltage in range 4.40—
5.5V and current 100 mA, or the high-power-port with voltage in range 4.75-5.5V and current 500 mA.
A pull-down resistor of 14.25-15.75kQ shall be placed between each of D+ and D- line and GND. A
decoupling capacitor with value 1.0-10.0 yF shall be placed between Vbus and GND.

USB 3.x The USB 3.1 standard specifies one unit load as 150 mA and allows high-power-devices
to draw a maximum of 6 unit loads. In order to draw power, a controller is required. The standard
has equal voltage boundaries for both low-power-port and high-power-port, ranging 4.45-5.5V. The
allowed current draw equals 150 mA for the low-power-port and 900 mA for the high-power-port [23].
The USB 3.2 standard [21] sets a distinction between single-lane and multi-lane devices. The voltage
for both low-power port and high-power port ranges 4.75-5.5V. For the low-power port, the allowed
current draw equals 150 mA for single-lane and 250 mA for multi-lane. For the high-power port, al-
lowed current draw equals 900 mA for single-lane and 1500 mA for multi-lane. A dedicated controller
is required to implement charging with USB 3.x standards.

USBBC1.2 For USB Battery Charge (BC) v1.2, there are three port configurations possible: standard
downstream port (SDP), dedicated charging port (DCP), and charging downstream port (CDP) [20].
Downstream ports are end-devices whereas upstream ports are seen as hosts. First, a SDP could be
a host or hub complying with USB 2.0. It expects a current draw of 2.5 mA, up-to 100 mA, or up-to
500 mA depending on the configuration. For configuring as SDP, both D+ and D- pins shall be pulled
down to ground through two 15 Q typically resistors. The port defines its current draw by sensing the
D+ line. Secondly, a DCP is a dedicated power output port. It is not capable of enumerating (detecting)
a downstream device. A DCP requires a controller for detecting if a connection has been made. Lastly,
a CDP is a downstream port that could be a host or hub complying with USB 2.0. A CDP shall sense
the D- line and, if an upstream port is detected, output a voltage on the D+ line.

Type-C 1.2 The USB-Type C 1.2 can draw currents equal to 1.5A and 3 A [18]. Pull-down resistors
of 5.1kQ +10 % shall be placed between ground and both C7 and C2 pins. Depending on the resistor
values of the connected downstream facing port, the supply current is either 1.5A or 3A. The voltage
on both the C7 and C2 pins pins shall be monitored to detect if an appropriate connection has been
made. The voltage combination determines the maximum current that may be drawn by the port.

Power delivery The USB Power Delivery (PD) standard admits the biggest possible power draw.
Negotiation between host and device occurs over the CC pins to establish the power transfer [22].
A controller is required for the communication. USB-PD allows multiple voltages with different power
ranges. In case of 5V, the maximum power transfer equals 15W. Next is 9V with power 15-27 W.
Then, 20V with possibility 45-60 W and 60—100 W.

B.3. LT3956 internal MOSFET losses

While there is no information about the switching losses and characteristics of the internal MOSFET
for the LT3956, it does provide the on-resistance vs temperature in its datasheet, with which the con-
duction loss can be calculated. In the operating range from 0-125 °C (which is its maximum allowed
temperature), it has an R,,, of 80—165mQ, which is fairly high: other MOSFETs on the market (with the
required voltage and current ratings) in the same temperature range can go as low as 0.9-1.7 mQ.

With a nominal temperature of 25 °C, the difference is 90 mQ against 1 mQ (internal against external
MOSFET). With an RMS current of 2.2 A, this leads to a conduction loss of 436 mW for the internal
MOSFET, and a potential conduction loss of 5mW for an external MOSFET.



Figures

C.1. Prototype mode switching

The prototype mode switching behavior is verified using the test shown in Figure C.1.

Output current during mode switching Output voltage during mode switching
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Figure C.1: The output current and voltage measured during switching from CC to CV mode.

C.2. Prototype startup

The prototype startup behavior test output current with different load resistances is shown in Figure C.2.

Output current during startup (R = 15Q) Output current during startup (R = 18Q)
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Figure C.2: The output current measured during startup with different load resistances.
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Listings

This appendix contains all written software for the battery management simulations.

D.1. MATLAB Balancing control function block

©90000000900000000000000009090000000000099009000000000900000000000000000900000
O0OO0OO0OO0OO0OOOODOOODODODOOODODODOODODOOODODODODOODODOOODODODOOODODODOODODOOODODODODOODODOOODODODOOODODOOOOOOO™O
% Simulink balancing block %
% Authors: Jeroen van Ammers, Hsukang Chen %
% —Inputs: 5
% socl-5 = Battery SOC of the five cells %
% %
% —-Outputs: %
% gatel-5 = Gate of the MOSFET in the dissipation path of each cell%
©909000000000000000090000000000000900092000000000900000000000000000000000000
O0OO0OO0OOOOOOOOOODOOOOO™© o OO0OO0OOOOOOOOOOOOOOOOOOOODOOOOOOOODODOOOOODOOOOOWOOOO™©
function [gate5, gated4, gate3, gate2, gatel] = balancing(soc5,soc4, soc

$Convert SOC reading to integer (can be intl6, int32, or any integer)
y5 = intlé6 (socb);

y4 = intl6 (soc4d);
y3 = intl6 (soc3);
y2 = intl6(soc2);
yl = intl6(socl);

$Determine lowest SOC
lowestSOC = min([y5 y4 y3 y2 yl]);

%Test each cell SOC to see if it is the lowest one in the pack

if(y5 == lowestSOC)
gateb5 = 0;

else
gateb = 1;

end

if(y4 == lowestSOC)
gated = 0;

else
gated= 1;

end

if(y3 == lowestSOC)
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D.2. MATLAB Protection function block
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gate3 = 0;
else
gate3 = 1;
end
f(y2 == lowestSOC)
gate? 0;
else
gate2 = 1;
end
f(yl == lowestSOC)
gatel = 0;
else
gatel = 1;
end
end

=ty
c
S
5]
=
o
=
=2
o
o
o

% Simulink protection block %
% Authors: Jeroen van Ammers, Hsukang Chen %
% —-Inputs: %
% batVl-5 = Battery voltage of the five cells %
% batCurrent = Battery current %
% batTemp = Battery temperature %
% resetManual = Manual reset (for indefinite overcurrent failure) %
% —-Outputs: %
% ingateOut = Gate of the MOSFET in the charging path %
% outgateOut = Gate of the MOSFET in the dlscharglng path %
functlon [1ngate0ut outgateOut perm ] = protectl n(batvl,batv2, batV3
batv4,batVv5, batCurrent, batTemp, resetManual)

%These values have to carry over from call to call

persistent
persistent
persistent
persistent
persistent
persistent
persistent
persistent

overVoltageActive
underVoltageActive
overCurrentActive
tempActive

ingate

outgate

timer

permFail

%$Initialize values

if isempty (overVoltageActive)
overVoltageActive = 0;
underVoltageActive = 0;
overCurrentActive = 0;
tempActive = 0;

ingate = 1;
outgate = 1;
timer = 0;
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permFail = 0;

end

on = 1;

off = 0;

batCurrent = abs (batCurrent); %Battery current can be negative

overvoltageTrigger 4.325; %Triggers at 4.325V
overvoltageRelease = 4.075; %SReleases at 4.075V

undervoltageTrigger = 3.2; %Ideally 3V, but Simulink battery model does
not support it

undervoltageRelease = 3.3; %Releases at 3.3V

overcurrentTrigger = 2.5; %Triggers at 2.5A

temperatureTrigger = 45; $Triggers at 45 degrees Celsius

temperatureRelease = 40; $Releases at 40 degrees Celsius

%0Overcharge

%Check if any cell voltage is above the trigger point

if (batVl > overvoltageTrigger || batV2 > overvoltageTrigger || batV3 >
overvoltageTrigger || batV4 > overvoltageTrigger || batVb >

overvoltageTrigger)

ingate = off;

overVoltageActive = 1;
end

%$If triggered, check if all the battery cells are below the release point
%before releasing
if (overVoltageActive == 1)
if (batVl < overvoltageRelease && batV2 < overvoltageRelease && batV3
< overvoltageRelease && batV4 < overvoltageRelease && batVb <
overvoltageRelease)

ingate = on;
overVoltageActive = 0;
end
end
%$0Overdischarge
%Check if any of the cells are below the trigger point
if (batVl < undervoltageTrigger || batV2 < undervoltageTrigger || batV3 <
undervoltageTrigger || batV4 < undervoltageTrigger || batV5 <

undervoltageTrigger)

outgate = off;

underVoltageActive = 1;
end

$If triggered, release only when all cells are above release point
if (underVoltageActive == 1)
if (batVl > undervoltageRelease && batV2 > undervoltageRelease &&
batV3 > undervoltageRelease && batV4 > undervoltageRelease && batVb
> undervoltageRelease)
outgate = on;
underVoltageActive = 0;
end
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end
$Overcurrent
%Reset consecutive fail counter to 0 if it
if (permFail > 1 && overCurrentActive == 0
== 0)
if batCurrent < overcurrentTrigger
permFail = 0;
end
end

$Check if the battery current is above the
if batCurrent > overcurrentTrigger

ingate = off;

outgate = off;

overCurrentActive = 1;

permFail = permFail + 1; sAdd one

end

$If five consecutive fails,
if permFail > 4
ingate = off;
outgate = off;
overCurrentActive =
if resetManual
permFail = 0;
ingate = on;
outgate =

0;

on;
end
end

$Wait for 6 seconds before releasing

if (overCurrentActive == 1)
timer = timer + 1;
if timer == 24
timer = 0;
ingate = on;
outgate = on;
overCurrentActive = 0;
end
end
$Temperature

$Check battery temperature
if batTemp > temperatureTrigger

ingate = off;
outgate = off;
tempActive = 1;

end

%Release if below release point

if (tempActive == 1)
if batTemp < temperatureRelease
ingate = on;
outgate = on;

tempActive = 0;

wailt until manual

does not trigger straight away
&& ingate && outgate && timer

trigger point

to the consecutive fail counter

reset is high
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end
end
%O0utputs
perm = permFail;
ingateOut = ingate;

outgateOut = outgate;
end




Schematics

This appendix contains the schematics for the simulations, chosen integrated circuits, and prototype.

E.1. Prototype schematic
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E.2. Prototype board layout

(a) Front (b) Back

Figure E.1: Prototype PCB Layout.

E.3. Simulink CC-CV charger
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Figure E.2: Simulink simulation setup for CC-CV charging.
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E.4. LTspice CC-CV charger
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Figure E.4: LTspice simulation setup of the charging circuit.
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Figure E.5: LTspice setup for the battery model.

E.5. Simulink cell balancing control
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Figure E.6: Simulink setup of the balancing control.
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E.6. Simulink battery protection control
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Figure E.7: Simulink setup of the protection control.
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Test Procedure

F.1. CC-mode

Purpose Verify the working of the CC-mode of the charger.

Requirements

The charger will be in CC-mode when the EN/UVLO pin is above 1.2V and the
FB pin is below 1.25V.

Procedure

1) Connect a load with 17.5Q with its positive terminal to TP3 and negative
terminal to TP4.

2) Connect a power supply with positive 9V to TP1 and negative terminal to
TP2.

3) Measure the operation mode on TP5.

4) Measure the load current on TP3.

F.2. CV-mode

Purpose

Verify the working of the CV-mode of the charger.

Requirements

The charger will be in CV-mode when the EN/UVLO pin is above 1.2V and the
FB pin is equal to or above 1.25V.

Procedure

1) Connect a load with 24.5Q with its positive terminal to TP3 and negative
terminal to TP4.

2) Connect a power supply with positive 9V to TP1 and negative terminal to
TP2.

3) Measure the operation mode on TP5.

4) Measure the load voltage over TP3 and TP4.
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F.3. Mode switching

Purpose

Verify the working of the switching between CC-mode and CV-mode of the
charger.

Requirements

The charger will switch from CC-mode to CV-mode when the EN/UVLO pin is
above 1.2V, and the FB pin is increased from below to above 1.25V.

Procedure

1) Connect a load with 17.5 Q positive terminal to TP3 and negative terminal to
TP4.

2) Connect an output power supply with 18V and 1.5 A in parallel with the load.

3) Connect aninput power supply with positive 9V to TP1 and negative terminal
to TP2.

4) Increase the output power supply from 18V to 22 V.

5) Measure the operation mode on TP5.

6) Measure the load voltage over TP3 and TP4.

F.4. Inductor

current ripple

Purpose Verify that the inductor current ripple is <816.6 mA.
Requirements Measured both during CC-mode and CV-mode.
Procedure

1) Connect a load with 17.5Q (CC) or 24.5Q (CV) with its positive terminal to
TP3 and negative terminal to TP4.

2) Connect a power supply with positive 9V to TP1 and negative terminal to
TP2.

3) Measure the source current ripple through TP1.

F.5. Output voltage ripple

Purpose Verify that the output voltage ripple is <1.25V.
Requirements Measured both during CC-mode and CV-mode.
Procedure

1) Connect a load with 17.5Q (CC) or 24.5Q (CV) with its positive terminal to
TP3 and negative terminal to TP4.

2) Connect a power supply with positive 9V to TP1 and negative terminal to
TP2.

3) Measure the load voltage ripple over TP3 and TP4.

F.6. Output current ripple

Purpose Verify that the output current ripple is <350 mA.
Requirements Measured during CV-mode.
Procedure

1) Connect a load with 24.5Q with its positive terminal to TP3 and negative
terminal to TP4.

2) Connect a power supply with positive 9V to TP1 and negative terminal to
TP2.

3) Measure the load voltage ripple over TP3 and TP4.
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F.7. Thermal performance

Purpose Verify the thermal performance of the charger.
Requirements Measured both during CC-mode and CV-mode.
Procedure

1) Connect a load with 17.5Q (CC) or 24.5Q (CV) with its positive terminal to
TP3 and negative terminal to TP4.
2) Connect a power supply with positive 9V to TP1 and negative terminal to
TP2.
3) Measure the temperature of the following components:
a) Schottky diode (D1)
b) LT3956 IC (IC1)
¢) Inductor (L1)

F.8. Efficiency

Purpose Verify the efficiency of the charger.
Requirements Measured both during CC-mode and CV-mode.
Procedure

1) Connect a load with 17.5Q (CC) or 24.5Q (CV) with its positive terminal to
TP3 and negative terminal to TP4.

2) Connect a power supply with positive 9V to TP1 and negative terminal to
TP2.

3) Measure the load voltage over TP3 and TP4.

4) Measure the load current through TP3.

5) Measure the source voltage over TP1 and TP2.

6) Measure the source current through TP1.
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