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Graphical abstract Abstract

The current multiplicity of mobile communication devices has provided an impetus for the
research info new mechanisms to supplement battery charge. Wireless charging is a
solufion that serves to eliminate the cable requirements of typical battery charging
implementations. Numerous wireless charging implementations are based on inductive
coupling, similar to existing non-radiative short range communication systems. This study
proposes incorporating a charge management protocol into the existing Near Field
Communication Interface and Protocol-1 (NFCIP-1) specification to achieve NFC-enabled
4P E—PEPE—PE—> \jecless charging. To this end, the original NFCIP-1 protocol has been modified through a
Tor | [nx Ties || Terage | | Taata fime-sharing arrangement to support a charging task within the protocol cycle. Simulations
Terw of the modified protocol cycle were implemented using an appropriate battery model
and charging algorithm. Numerical results show that the modified protocol is able to
charge the ftarget battery with minimum communication overhead.  Satisfactory
performance is also observed for charging up to 2 target devices in a single session.
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1.0 INTRODUCTION

The development of wireless charging technologies
has elicited considerable research interest in recent
times. The proliferation of mobile gadgets has
accentuated the need for the provision of
alfernatives to the traditional cable-dependent
battery charging arrangements. Although wireless
power transmission is an old ideq, it has only recently
been applied to the deployment of wireless charging
infrastructure. The most notable low-power wireless
charging deployment is the Qi standard, which is
based on inductive coupling at 110 kHz — 205 kHz'.
Traditional inductive  coupling-based  wireless
charging requires the use of high Q-factor coils to
infercept the magnetic field from a charging station.
Useful power exfracted from the intercepted

magnetic flux is then used to drive battery charging
circuits. Apart from its use in power delivery, inductive
coupling is also used to facilitate data transfers in
non-radiative short range systems, such as Radio
Frequency Identification (RFID) and Near Field
Communication (NFC) at 13.56 MHz?4,

NFC technology presents a convenient platform for
e-fransactions, and is projected to be incorporated
in about 863 million mobile phones by the end of
20155, With wireless charging deployments aiming for
similar market penetration, the tfrend is for handsets to
include both NFC and wireless charging hardware.
The need, therefore, arises for the integration of both
solutions fo  minimize hardware redundancy,
production costs, and device form-factors.
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2.0 PROTOCOL DESIGN

The NFC Interface and Protocol-1 (NFCIP-1)¢ specifies
the radio frequency interface, and communication
modes, for inductive coupled devices operating at
13.56 MHz. The general protocol, shown in Fig. 1,
consists of 5 stages. Stage A is the initialization
protocol, which begins with the initial Radio
Frequency Collision Avoidance (RFCA), followed by
Single Device Detection (SDD), mode initiation, and
choosing of fransfer speeds. The choice of operating
mode (active or passive) is determined by the higher-
level application employing the NFCIP-1 for
communication. Stage B is the protocol activation
stage, which involves an exchange of attributes
(ATR) such as bit-rate and payload length between
the paired devices. Stage C is an opfional Parameter
Select (PSL) stage, which can be invoked by the
initiator device to alter parameters of subsequent
protocol steps. Stage D is the Data Exchange
Protocol (DEP), which allows the initiator device
exchange data with the target device. Stage E is the
de-activation stage, involving the De-Select (DSL)
and Release profocols (RLS), effectively terminating
the fransaction between paired devices, and
returning them to their initial states. Stages B — E are
collectively described as the NFCIP-1 transport
protocolé.
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Figure 1 General Flow of NFCIP-1¢

The implementation of a charging step requires a
fime-sharing arrangement with minimal modification
tfo the original protocol cycle. The proposed
modification would be such as not to inferrupt a
session by triggering a fimeout exception along any
step in the original protocol sequence. Assuming a
passive mode NFC interaction, this is achieved by
inserting the charging step before the issuance of the
first command by the session initiator, that is,
between the initial RFCA and SDD tasks. The charging
duration (Teharge) is inserted between the initial guard
fime upon switching on the RF field (Tirrc), and the
start of data transfer (Taata), as shown in Fig. 2.
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Figure 2(a) Originalé and (b) Modified initial RFCA

Tior is an initial delay (Tior> 4096/fc), Trew is the RF
waiting time  (512/fc), where fc=13.56 MHz
and0<n<3. The NFCIP-1 protocol specifies a
minimum threshold of 5 ms for the interval between
the end of n x TRFW and the start of Tgata. Since no
maximum fime limit is imposed, an extension of this
interval through the inclusion of Tcharge can be
handled with the least compromise to the
performance of the protocol.

For the proposed NFC charging session, the first
cycle is based on the original NFCIP-1 specification,
adllowing the charging device to obtain information
about the target devices. In subsequent cycles, the
charger implements the modified protocol to charge
the target devices. Hence, the protocol sequence
in a session is:

RFCA - SDD > ATR - DEP - RLS - RFCA > CHARGE
- SDD > AIR - DEP - RLS - RFCA > CHARGE > ...

A sequence diagram illustrating the command
sequence from the first protocol cycle to the first
charge operation is shown in Figure 3.
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Figure 3 Sequence diagram illustrating protocol flow to
charge 2 target devices

3.0 SIMULATION MODELING
3.1 Battery Model

A battery model proposed by Chen and Rincon-
Mora’ is chosen for the simulation study. This model,
shown in Figure 4, is compatible with low-power
lithium-ion batteries, which are found in numerous
mobile phones. In addition, the model s
computationally tractable. The battery model
parameters are computed as described in Chen and
Rincon-Mora?. Rint, which is external to the battery
model, is the internal circuit resistance of the
charging circuit, mainly due to wire resistance. Vcharge
and leharge are the charging voltage and current for a
particular battery, computed as functions of model
currents Ic1 and Ic2. These model currents are likewise
computed as functions of the RC network — Riransient_s,
Rtransient_t, Crransient s, Cransient_L, Whose values have been
experimentally extracted, along with Voc and Rseries,
for lithium-ion batteries in Chen and Rincon-Mora’.
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Figure 4 Full charging circuit
3.2 Charging Algorithm

The charging algorithm employed is a modified
constant-current/constant-voltage (CC/CV)
algorithm?® for ease of implementation. The constant
current charge rate is set to 1C, and the constant
voltage is set to 4.2 V, for a battery life cycle of 400
cycles. The algorithm is modified, as illustrated in
Figure 5, by the inclusion of a testing of the state-of-
charge (SOC) condition prior to the termination, or
otherwise, of constant voltage charging. Hence,
charging is terminated either when the charging
current is less than 0.05C or when the SOC is greater
than or equal to 1.

1<0.05C

V242V cv
Start p| cc > 4oV —p - or |—pp{ End
A

1 SOC21
A 4 A 4

V<42V 1>0.05C
Or

SOC<1

Figure 5 Modified CC/CV charging algorithm
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Figure 6 Architecture of simulatfion programme
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3.3 Simulation Program

The structure of the simulation model is shown in
Figure 6. The charger communicates with the target
device through medium. The target then issues a
command to the conftroller to charge the battery.
The program was implemented in C++, with the
following assumptions made in  running the
simulafions:
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1. Data sent by the target or the initiator is error-
free.

2. The target always replies the request from the
initiator with correct response.

3. The target always responds before time out
occurs.

5. No chaining is used in the DEP stage.

6. The ATR stage does not contain general bytes.

7. Target and initiator have same payload length
during DEP stage.

9. The bit rate for NFC is 424 k bifs/s.

10. The target has zero power up time.

4.0 RESULTS AND DISCUSSION

4.1 Charging Algorithm

Simulation studies of the chosen CC/CV charging
algorithm were undertaken under different operating
conditions. First, the effect of batftery capacity on
charging parameters is examined. Rint is assumed to
be 0 Q, the ambient temperature was 28 °C, while
the charging rate is 1C.

Figure 7 shows the charging power with time for
different battery capacities. From the figure, it can
be observed that the charging power is proportional
to the battery capacity. If the battery capacity is
doubled, the charging power is doubled also.

In Figure 8, it can be observed that the simulated
battery capacities all require about 3600 seconds to
fully charge. Hence, while the charging power
requirement depends on the battery capacity, the
charging time is independent of the battery capacity
provided the charging power is adjusted according
to the battery capacities.
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Figure 7 Charging power vs battery charging time for
different battery capacities
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Figure 8 SOC vs. battery charging time for different battery
capacities

Next, the effect of different charging currents on the
charging power with time is studied. The battery
capacity is assumed fo be 0.85 Ah, while Rintis 0 Q at
an ambient temperature of 28 °C. Fig. 9 shows the
relationship between charging power and time with
different charging currents. Fig. 10 demonstrates the
SOC with time with different charging currents. From
these two figures, it is evident that battery charging
fime is inversely proportional to the charging current.
Faster charging is achieved at the price of higher
charging power requirements. However, since
energy is the product of power and time, the total
energy requirement is the same, irrespective of the
charging current used.
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Figure 9 Charging power vs. battery charging time for
different charging current values
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Figure 10 SOC vs. battery charging time for different
charging currents
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of circuit Rint
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Figure 11 shows the effect of different internal circuit
resistances Rint on the SOC characteristic with time.
With a charging current of 1C and battery capacity
of 0.85 Ah, it is observed that increased resistance
makes it more difficult to fully charge the battery.

On the basis of the simulated results, the proposed
charge management scheme for NFC charging is
based on a charging current of 1C, battery capacity
of 0.85 Ah, and a pragmatic circuit resistance value
of 1Q.

4.2 Protocol Performance

In order to evaluate the performance of the
proposed charging protocol, three issues are studied.
The first concerns the relationship between the
communication overhead fime and charging time
when a single device is being charged. This
relationship is then studied with two devices being
charged simultaneously. The third study focus is the
link power profile while charging.

Figure 12 shows the rafio of communication time
(blue) to charging time (purple) with one target
device in interaction with an initiator. There is an
increase in the percentage of effective charging
time as the charging duration (Tcharge) increased.
When the charging duration (Tcharge) is 10 seconds,
92% of the total time is used for charging. Further
increase of the charging duration would not result in
a significant boost to the charging efficiency, as only
eight percent of the total time is left for any further
improvement.

1s charge 5s charge 10s ch:?rge
duration duration duration

8%

Figure 12 Ratio of effective charging fime over total time
used

The total time to charge target devices is the sum
of the battery charging time and the fotal
communication time, assuming there is continuous
NFC data interaction throughout the duration of the
charging operation. The battery charging fime is
10235 seconds. On the other hand, the fotal
communication time is the sum of the times spent by
the charger and targets in executing the NFC
protocol. As shown in Table I, using a Tcharge vValue of
10 seconds, the total time to charge the battery of a
single farget device is found to be about 11068
seconds (about 3 hours 5 minutes). For this case, the
total communication time is found to be about 833
seconds. However, when charging 2 target devices,
the total communication time increased to about

1845 seconds. As a consequence, the total time to
charge two target devices increased to about 12080
seconds (about 3 hours 21 minutes). It is expected
that the total fime will increase with the charging of
more target devices.

Table 1 Communication fime and tfotal time for charging
target devices

Communication Time

Total Charge Total

(secs) Communicati  Time Time

Chcirge Tor]get Targetz ©OnTime (secs)  (secs) (secs)
820.01 11068

13.078 4 - 833.092 10235 092

20053 728 892236 1845.146 10235 12080

Fig. 13 shows the power demand from the charger
with time. Although, conceptually, the battery
charger is designed for a maximum charging power
of 5 W, the total power drawn to charge 2 target
devices initially shoots up beyond 7 W. This behavior
can be observed in the power profile shown in Fig. 13
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Figure 13 Power demand vs time (a) without power
management (b) with power management

This overshoot in the power profile can be
attributed to the lack of a power management
scheme in the charger. Hence, with a target power
demand greater than can be delivered by the



90 Ham Hock Ling et al. / Jurnal Teknologi (Sciences & Engineering) 78: 6-2 (2016) 85-90

charger, both targets will compete to appropriate all
available charging power, resulling in circuit
instabilities.

To «address this concermn, a simple power
management algorithm is infroduced to the system.
Fig. 14 shows the flow chart for this algorithm. To
implement this algorithm, the charger collects
information about the targets, such as, battery SOC,
battery capacity, or charging power needed. The
charger then decides which target to charge, and
which not to charge yet. The charger needs fo finish
the computation and assignment before the target
times out. Consequently, only one target device
charges at each point in fime.

With the implementation of the algorithm, the fotal
power demand from the charger does not exceed
the 5 W limit, as shown in Fig 13 (b). The drawback of
the power management algorithm, however, is an
increase in the battery charging time to 17001
seconds.

Collect the power

request by target

Total power

request > max

y

Some targets

All targets can

charge cannot charge

Figure 14 Simple power management algorithm

5.0 CONCLUSION

This paper has presented a modification of the
NFCIP-1 protocol to support battery charging. The
key protocol modification is in inserting a charging
step between the end of the RFCA and the
beginning of the SDD tasks initiated by the NFC
session initiator. The CC/CV charging algorithm s
found fo be suitable for the charging task, allowing
for a reasonable battery charging time for a single
target device. Although 2 target devices could be

charged in parallel, this results in an increase in the
charging fime, and the charging power demand. To
counteract the increased power demand, a charge
management algorithm is suggested to ensure the
demanded power is within the capacity of the
battery charger. The numerical results obtained in this
study reveal the potential for the implementation of
viable NFC-enabled wireless charging solutions.
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