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Abstract

This Document contains a detailed technical report on the design and test of a system that
performs data acquisition and wireless communication. The system is specifically designed
for an Inductive Power Transfer (IPT) charging system consisting of two control systems
implemented in order to achieve maximum efficiency. One on the primary side of the charging
system, and one on the secondary side. The data acquisition system is designed to measure
high voltage and current for the secondary control system, and the wireless communication
system is designed to calculate and transmit the set-point for the primary control system. The
design includes a selection of components for each subsystem, as well as circuits and block
diagrams for the implementation. A derivation of the set-point for the primary controller
is also included. The system is designed for an MCU and the modules are tested using an
experimental prototype.
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|§ Problem definition

1.1 Problem scope

The popularity of electric vehicles has significantly increased over the past years and more
electric vehicles are emerging on the roads[1]. These vehicles charge their battery by connecting
them to an EV charging station through the use of a cable. To make the charging process more
convenient, wireless charging through Inductive Power Transfer (IPT) can be used.

An IPT wireless charging system consists of 2 coils. One coil is located on the ground while
another coil is mounted on the car. The coils can be seen in figure 1.1. By applying alternating
voltage on the primary coil (the coil on the ground), a current will flow through the secondary
coil (the coil on the car) when the coils are close to each other. This current will charge the
battery in the electric vehicle.

[—————1
=

Figure 1.1: IPT wireless charging system Figure 1.2: Example of misalignment

Of course, there are problems when electric vehicles are charged through the use of an IPT
wireless charging system. One of these problems is misalignment, where the 2 coils are not
positioned precisely above each other. This can be seen in figure 1.2. Due to the misalignment,
there are more losses in the system. In order for the IPT wireless charging system to charge
with maximum efficiency, a system should be designed and implemented to compensate for
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the misalignment effects. The design of this system will be discussed in this report.

1.2 Technical review

The total IPT charging system with the compensation system for the misalignment effects can
be seen in figure 1.3. The charging system contains an inverter, a transformer, a rectifier and
capacitors. The capacitors in the system are used to compensate for the inductance of the

transformer.
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Figure 1.3: This figure shows a block diagram of the entire IPT charging system. The colored
blocks represent the different parts of the misalignment compensation system that will be
designed by different subgroups.

*
batt

Other components are also needed for an IPT charging system that can charge with maximum
efficiency. These components can be divided into 3 sections.

e The DC-DC converter

* The control system

¢ The measurement and wireless communication module
The rectifier, DC-DC converter and battery in figure 1.3 can be grouped together and be seen
as a resistor R;,,4, which will be calculated later in the section 2.4.1. The DC-DC converter is
used to change the value of R;,,4, and the control system controls the output of the DC-DC
converter and the inverter.

The measurement and wireless communication module has the job of measuring the current
Ipaes (the battery current) and the voltage U, pc (the voltage after the rectifier). The module

2
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then has to pass these values to the control system on the secondary side of the charging
system, the side with the battery. The measurement and wireless communication module also
has the job of sending the value of the impedance matched set point Uz*, pc to the secondary
control system. This impedance matched set point U; pc is the value that Uy pc needs to have
to get the target load resistor R;y44, which will let the charging system work with maximum
efficiency. The calculation of the set point will be explained in section 2.4.1.

The control system on the primary side of the charging system, the side with the inverter, also
needs the value for an impedance matched set point. This control system needs the set point
for U;,pc, the input voltage of the charging system. In order for the primary control system to
receive this set point value, wireless communication has to be used by the measurement and
wireless communication module. The calculation of this set point will also be explained in
section 2.4.1.

The DC-DC converter and the control system modules will not be discussed in this report
and will be developed by other subgroups. The main focus of this report is the design and
implementation of the measurement and wireless communication module.

1.3 Design requirements

The end product for the measurement and wireless communication module has to meet
a few design requirements that were given by our supervisor S. Bandyopadhyay. If these
requirements are met, then the end product can be used for the IPT wireless charging system.
The design requirements are:

* The current sensor can measure the battery current in the range of 0 < Ij,;;; <5 A and
with an accuracy of 0.01 A.

* The voltage measurement circuit can measure the rectifier voltage in the range of
0 < U pc =20V and with an accuracy of 0.01 V.

¢ the formula for the impedance matched set points U} - and U; |, . must be implemented
on the control board

* The primary control system must receive the set point U} ;- with an error rate of at
most 1% through wireless communication over a distance of 1 m.
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2.1 Overview

The overview of the measurement and wireless communication system can be seen in figure
2.1.
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Figure 2.1: This figure shows the block diagram of the measurement and wireless
communication system.

This system can be divided into 2 parts. The first part is the measurement and data handling
part that will be discussed in section 2.3. It contains a voltage measurement circuit (section
2.3.2) and a current sensor (section 2.3.3) to measure the rectifier voltage U, p¢ and the battery
current Ip,, respectively. These values will go through the analog-to-digital converters
(section 2.3.1) and be stored on the memory of the control board. The choice for the type of
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control board will discussed in section 2.2.

The second part of the measurement and wireless communication system (section 2.4) is the
part that handles the calculation of the impedance matched set points U}, - and U .. It
also has the job of sending the set points to the control systems. In order for the primary

control system to receive U -, wireless communication is needed. The calculation of the

1,DC’
impedance matched set points will be discussed in section 2.4.1, and the transmission of

*
Ul,pc
receiver/transmitter) in figure 2.1 is the component that handles the wireless transmission of

through wireless communication in section 2.4.3. The UART (universal asynchronous

the set point. Before this value can be transmitted, the wireless communication protocol has
to be chosen first. The choice for the wireless communication protocol will be discussed in
section 2.4.2.

So the inputs of the measurement and wireless communication system are the voltage U, pc
and the current Ij,;;. However, figure 2.1 shows that there is another input signal. This signal
is the target battery power P; . The input P, . is needed for calculation of the impedance
matched set points and will be given be given by our supervisor.

The outputs of the measurement and wireless communication system are also shown in figure
2.1. As it can be seen, there are 4 output signals. 1 output signal, Ul*, pe Will go to the primary
control system that was explained earlier. The other 3 output signals will go to the secondary
control system. The output signals are the voltage U» pc, the current I, and the set point

*
UZ,DC'

2.2 Control board

There are two types of integrated circuit(IC) types that can be used as a control board for this
application. Namely, a Field Programmable Gate Array (FPGA) or a Micro Controller Unit
(MCU). This section will discuss the advantages and disadvantages of both IC types for this
application, and will explain the choice made for the design and implementation.

2.2.1 FPGA

FPGA boards consist of an array of programmable switches that allow specific logic circuits
to be connected using a Hardware Description Language (HDL) in order to implement the
desired circuit [2] [3].

Advantages

Unlike Micro Controllers, FPGAs allow all inputs to be processed in parallel. For this application,
all subsystems would operate simultaneously (e.g. sensing and wireless communication),
which allows for a fast system. Since FPGAs do not have a fixed hardware structure, an
implementation on FPGA allows the design to be optimized for any specific application. Also,
because the control system will be implemented on an FPGA, it would be advantageous to
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implement sensing, data handling and wireless communication on the same FPGA. This
would result in better overall system integration and would allow for easier implementation
on an Application Specific Integrated Circuit(ASIC), if required.

Disadvantages

Due to their parallel nature, designs on FPGAs are often more complex to implement. It is
also harder to test and debug designs since intermediate signals cannot be easily printed to a
computer via USB. Most FPGA development boards have no Analog inputs which means that
an external ADC will need to be used if an FPGA design is chosen.

2.2.2 MCU

MCUs are small programmable computers built on a PCB with built in functions like arithmetic
operations, programmable memory and -1/0 pins. MCUs run programs which provide
sequential instructions to fixed hardware structures in order to process data from their inputs.

Advantages

Generally, MCUs are easier to program than FPGAs because their architecture is pre-designed
and features like arithmetic operations are already implemented.

Since most MCUs have a print function implemented to print variables to a serial port, it is
easy to test and debug designs on MCUs.

The ATmega328P MCU has a built in 10-bit ADC, which is useful in designs where analog
sensors are used. It also has a built in UART and SPI/ I?C Communication modules to interface
with other devices or sensors [4]. This is useful since the wireless communication system will
require a UART in order to send data sequentially. The functions of a MCU could be created
inside an FPGA. However, it would be fairly complex to implement.

Disadvantages

Programs are run sequentially which means that latency increases with program size. This
is not the case on FPGAs. MCUs are also slower than FPGAs for applications where a large
amount of inputs need to be processed in parallel.

Based on the points mentioned above, it was chosen to design a system based on an MCU
control board. This makes the design significantly easier to implement, test and debug.
An MCU can also easily perform arithmetic operations. This will simplify the process of
calculating the impedance matched set points. However, since the control system will be
implemented on FPGA, this means that the data acquisition system will be independent from
the control system. However, the MCU can easily send information to the FPGA using any of
the above mentioned serial interfaces. The following sections will focus mostly on an MCU
based design and implementation. The MCU that will be used is a development board based
on the ATmega328P. Its specifications can be seen in table 2.1.
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ATmega328P
ADC 10-bit 15Ksps
Clock frequency (MHz) 16
# of general [/0O 13 digital I/0, 8 analog inputs
Other features Built in UART, SPI, 12C and reset switch

Table 2.1: Specifications for the ATmega328P [4].

2.3 Measurement and data handling

2.3.1 Analog to digital converter

The MCU that will be used to read data from the sensors, has a built in Analog to Digital
converter(ADC). However, this ADC has a resolution of only 10 bits. The measuring resolution
expressed in the unit of the parameter to be measured, is given by:

Rmeas
Res =
2Respir

(2.1)

Where Rpqq4; is the range of the measurement and Resy;; is the bit resolution of the ADC.
For a voltage measuring range of 0 - 20V, filling in equation 2.1 for a 10-bit ADC gives a
resolution of approximately 0.02V. For a current measuring range of 0 - 5A, the resolution would
be approximately 0.005A. These values are not sufficient to meet the design requirements set
in chapter 1. This means that an external, higher resolution ADC will be required.

When choosing the ADC, the following parameters are taken into account:

¢ Conversion rate (Hz)

¢ Power use (W)

¢ Bit resolution (# of bits)

e Communication interface (Serial / Parallel)

Low power use is ideal, but is not a limitation since the power source (car battery) has a very

large capacity. A bit resolution of 12 bits is selected for a good balance between accuracy and
conversion speed.

There are different types of ADCs each with their own advantages and disadvantages:

e Flash ADC:
Flash ADCs use comparators to perform parallel conversions. These are the fastest but
also have the highest power usage due to the large amount of comparators needed.
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e Dual slope ADC:
A dual slope ADC measures the time it takes to charge and discharge a capacitor in order

to digitalize the input signal. These converters are very accurate but much slower than
flash ADCs and have a variable conversion time.

* Successive approximation ADC:

Successive approximation ADCs compare the input voltage with all possible digital
voltages. They are much faster than dual slope ADCs [5]. They are slower compared to
flash ADCs but require less hardware and power. This type of ADC is the most suitable
for this application since it has fairly low power consumption and uses little components
while still remaining adequately fast (= 2 * 10° samples/s).

The component chosen for the ADC is the ADS7816. Its specifications can be seen in table 2.2.

ADS7816
Bit resolution 12
Supply voltage 5V
Power use 1.9 mW @ 200 kHz
Input capacitance 25 pf

Communication interface 3-Wire Serial

Table 2.2: The specifications for the ADS7816 [6]

ADC interface

The ADCs will be directly connected to the MCU. It is possible for them to share a clock as well
as a data line. However, a shared data line would halve the effective sampling frequency and
would result in the requirements, set by the control system, not being met. For this reason, the
ADCs will have separate data lines. Sampling of the analog input and data transfer is initiated
by pulling the CS’(chip-select) Pin low. The data output is then initiated after the second falling
edge of DCLOCK. The timing diagram can be seen in figure 2.2.
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Figure 2.2: This Figure shows the timing diagram for the ADS7816[6].

Since the data output of each ADC is always initiated on the second falling edge of DCLOCK; it
is possible to make them run synchronously by connecting the CS’ pins of each ADC together.
This regains the pin lost to the second data line and allows the ADCs to be sampled in parallel
at their maximum sampling frequency. Thus, the ADCs will share DCLOCK and CS’ pin, and
have two separate data lines.

The amount of levels that can be output by the ADC is given by,

LSB = 2Nsirs 2.2)

Where Np;rs is the bit resolution of the ADC. For the ADS7816, equation 2.2 is equal to 4096.
Where 0 corresponds to 0V and 4095 corresponds to the reference voltage of the ADC.

2.3.2 Voltage measurement

Due to the fact that U, pc is fairly large and the maximum
input of the ADC will be limited to 5V [6], the voltage needs
to be stepped down before it can be sampled by the ADC.
The voltage could be stepped down using a simple voltage

U2,DC

R1
divider as seen in figure 2.3. However, this introduces two
roblems:
P V2
1. The ADS716 has a sample and hold circuit with an R2 a

input capacitance of 25pE This capacitor array must
be charged to the required voltage within 1.5 clock
cycles to ensure the analog value is correctly sampled OV%
(6]. If the resistors are too large, not enough current

— {1

will be supplied to the ADC resulting in incorrect

Figure 2.3: This figure show3
a voltage divider. The ADC is
modeled as a capacitor.
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samples.

2. If the resistors are too small, a large fraction of the
power will be dissipated by the resistors as heat. This
not only requires physically larger resistors, but also
decreases the performance of the entire system due
to the temperature dependency of most resistors.

To evaluate the circuit, the following assumptions are made:

1. The ADC runs at its maximum clock rate (fcjx = 3.2 Mhz). This gives a maximum
allowable charge time of,

1.5
Tcharge =1.5Tcik = E =4.69e-7s

2. The ADC has no input resistance and is assumed to behave as a capacitor.

3. Thesample and hold capacitor is considered full when V2 is 99% of its maximum voltage.
Thus for a maximum voltage V4 = 5V, the capacitor is fully charged when,

V2 >0.99V,p0y = 4.95V.

4. If the absolute maximum value of Uy pc is assumed to be 50 V, it means that the voltage
has to be stepped down by a factor of =10. The relationship between R; and R, becomes,

R =10R, - R,

When testing the circuit, the voltage will be supplied by a lab bench power supply.

MATLAB was used to evaluate the circuit and plot the capacitor voltage V2 as a function of
time for different values of R, with the initial condition V2(0) = 0. The result can be seen in
figure 2.4.

10
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Figure 2.4: This figure shows a simulation of the voltage over the sample and hold capacitor
of the ADC as a function of time.

It can be seen that the maximum usable resistance for R, is around 4kQ. The passive power
dissipation is then,

2 2
Uypc  Uspc = 50

= = ~62mWw.
Ri+R, Ry+10 40kQ

While this value is not extremely large, a full scale model with a higher voltage would increase
the power loss even further. The circuit can be improved by connecting an Operational
Amplifier(OpAmp) as a buffer amplifier to the resistor R, as seen in figure 2.5. This ensures
that large value resistors can be used for the voltage divider, while still providing enough
output current to charge the sample and hold capacitor of the ADC quickly.

The OpAmp that was chosen for this application is the MCP6041. Its specifications can be
seen in Table 2.3.

Table 2.3: The specifications for the MCP6041 [7].

Component name MCP6041
Bias current 1-20 pA
Quiescent current 600 nA
Supply range 1.4-6V
Output voltage rail to rail

Maximum output current 30 mA
Maximum capacitive load 60 pf

This OpAmp was chosen for its low noise, low quiescent current and its ability to drive high
capacitive loads as a buffer amplifier.

11
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u2,bC

R1

V2 + Vout

R2 - Cl

v

Figure 2.5: This figure shows a voltage divider connected to a buffer amplifier to drive the
ADC(Represented by C1). A full schematic of the voltage measurement circuit can be seen in
figure 2.6.

u2,DC +5V
MCP6041 ADS7816
O
R1
[] —INC NC— VREF +Vec
-IN V+ +IN DCLOCK |—
+IN ouT IN Dout|—
—v- NC|— —GND cs'f—
RZ[]

\Y4

Figure 2.6: This Figure shows the schematic of the circuit that will be used to measure U» pc.

The ADC will be controlled using a 3 wire serial interface. DCLOCK, Dout and CS’ will be
connected to the MCU.

The values of the resistors R; and R, depend on the input resistance of the OpAmp which is

determined by the bias current. As can be seen in Table 2.3, the bias current for the MCP6041
is between 1 and 20 pA. Thus, for maximum input voltage and worst case bias current, the

12
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input resistance of the OpAmp is given by:

Vin S5V
Rippur = —— = ——=2.5e11Q2=0.25TQ
Ipias 20p A
Where Iy;,; is the bias current and V;,, is the voltage between the OpAmp terminals. The high
input resistance of the selected OpAmp allows for very high resistor values for the voltage
divider. The resistors that will be used will be in the order of MQ’s but the exact value will

depend on the availability and the voltage range that needs to be measured.

2.3.3 Current measurement

Current sensor

There are various techniques which can be used to measure current. Some being more suitable
than others for this application. The following types of sensors, which may be suitable can be
identified:

1. Shunt Resistor current sensor:

As can be seen in figure 2.7, this type of sensor places a

resistor along the wire of which the current needs to be
Sensing Circuit

measured. The voltage drop across the resistor is then

measured and used to calculate the current using Ohm’s |+ Shunt

. 1
law of resistance. | | | —
The advantage of this technique is that it is the simplest

. . . Load

and cheapest way to implement current sensing, while |
being fairly accurate. However, this method has some
problems. Since the power dissipated by a resistor Figure 2.7

increases with the square of the current,
P=1°R

It is less suitable for applications where the current that needs to be measured is large due
to the heat generated by ohmic loss. Not only does this increase the power usage of the
system, but since the resistance is temperature dependant, the voltage over the resistor will
not be linearly proportional over the entire measuring range. This effect is reduced when
using larger resistance values, but this has the effect of loading the circuit. On the other hand,
small resistance values require high amplification of the output signal which may increase the
complexity and cost. This type of current sensing method also provides no inherent electrical
isolation between the sensing circuit and the current to be measured. The accuracy of a
shunt resistor is typically in the range of 0.1-2%. Depending on the type of resistor used, its
measuring range can be anywhere from mA to kA and the power loss can range from mW to
kw [8].

13
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2. Magnetic field current sensor:
This type of current sensor measures the magnetic
field created by the current flowing through a

conductor. Figure 2.8 shows an illustration of
this principle. Since the value of the magnetic
field is directly proportional to the current flowing
through it, the sensor’s output voltage is also
proportional to the current. This principle can
be used to measure the current.

The advantage of this technique is that there is
inherent electrical isolation between the current
measured and the sensing circuit. There are also
less power losses due to the absence of a shunt
resistor. The accuracy of this method ranges from
0.001% to 5% depending on the type of magnetic
field sensor used. The range is in the order of mA
to kA. The power loss can range from mW to W{8].

Figure 2.8:
magnetic field current sensor. The dotted
lines represent the magnetic field lines.

Magnetic Field
Sensor

Working principle of a

The sensor chosen for this application is of the second type, namely a hall-effect current

sensor. This type of sensor was chosen for its low power usage, good measuring range and

accuracy. They are also fairly cheap and are readily available. The sensor to be used for the
prototype is the LEM LTS6-NP. Its specifications can be seen in table 2.4.

Table 2.4: This table gives an overview of the specifications for the current sensor chosen for

the prototypel9].

Sensor name

LEM LTS 6-NP

Measuring range (A-A)
Accuracy (%)

Power consumption(mW)
Supply voltage (V)

Output Voltage (V)
Sensitivity (mV/A)
Interface

Type

Temperature range (Celsius)

Cost (€)

-19-+19
0.7%

150

5

0-5
104.16
Analog
open loop
-40 - 85
13.33

The LTS6-NP will be connected to the ADC using a buffer amplifier as used in the voltage

14
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measurement circuit. This is done to ensure that enough current is supplied to the ADC, since
the data-sheet does not state the output current. It is also unknown how the sensor behaves
when connected to a capacitive load. The buffer amplifier will ensure that there is no load on
the output of the sensor, increasing its accuracy. A schematic of the measuring circuit can be
seen in figure 2.9.

+5V

V+ VO Out
—{NC NC— Vref Vcc
Vin- vdd — In+ Dclkf—
E% (55 3 Vin+ Vout l—ln- Dout —
3 4 Vss NC|— GND CS'f—
MCP6041 ADS7816
LTS6-NP
Ibatt | i v
+H'

Figure 2.9: This figure shows the schematic for the current sensing measuring circuit.
DCLOCK, Dout and CS’ will be connected to the MCU for communication.

2.4 Wireless communication

2.4.1 Calculation of the impedance matched set points

Before calculating the impedance matched set points U1*, pc and U; pe» the load resistor R4
(rectifier, DC-DC converter and battery) needs to be calculated first. In figure 2.10, the model
for the IPT system can be seen. The voltage source U, 4¢ in the circuit is the voltage output
of the inverter on the primary side of the charging system. The resistances R;, and R; are the
summed up parasitic resistances from the capacitors and coils. Resistor R, is the parasitic
resistance on the primary side of the charging system, and R; is the parasitic resistance on
the secondary side. The capacitors C, and C; in the figure are the used capacitors for the
reactive power compensation. As it can be seen from figure 2.10, the used topology for the
compensation is the serie-serie (SS) topology. The inductors in the circuit represent the coils
that act as a transformer. The inductor on the primary side has the inductance L, and the
inductor on the secondary side has the inductance L,. The symbol M in figure 2.10 is the

15
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mutual inductance of the transformer, and this inductance can be written as M = kv/L; Ly
where k is the coupling coefficient [10].

R, Cp Cs R,
W " W\
| VN
Ui ac C”\D L L, § Rioad

Figure 2.10: The model for the IPT system.

The IPT charging system has already been built by our supervisor, and table 2.5 shows the
parameters of this IPT system.

Variable | Value Description

) 2n85k rad/s The angular frequency of the inverter

L 200 uH The inductance of the primary coil

L, 200 uH The inductance of the secondary coil

Cp w+L1 F The capacitance on the primary side

Cs wz#LZ F The capacitance on the secondary side

Ry,=Rs | - The parasitic resistances of the capacitors and coils
k 0.08 < k< 0.20 | The coupling coefficient

Table 2.5: The IPT charging system parameters.

The 2 inductors that act as a transformer can be replaced by the equivalent transformer model,
which can be seen in figure 2.11. The inductances L, and L in the equivalent transformer
model are the leakage inductances, and they can written as L, = Ly — M and L; = L, — M. With
the circuit in figure 2.11, the resistance R;,,4 can be derived.

The control system has the job of setting the value of R;,,4 at a value that enables power
transfer at maximum efficiency. The calculation of R;,,4 can be seen in appendix A.1, and the
result is given by equation 2.3.

Ry
Rload =Mw,/—=Mw (2.3)
RP
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R, C L, L Cs R,

Uiac (ND M % Riad

Figure 2.11: The model for the IPT system with an equivalent transformer model.

Impedance matched set point U; -

Now that one form of R;,,4 is known, another equation for R;,,4 is needed first before the
impedance matched set point U, ,~ can be calculated. Figure 2.12 shows a circuit with an
alternating current source I 4c, a rectifier and a load R;. This is a model for the secondary side
of an IPT charging system. The alternating current source I4¢ represents the induced current
by the primary side of the IPT system. This current is a sine wave and has an amplitude I,.
To calculate the equivalent load resistor R4 (the combined resistance of the rectifier and
Rp), the equation for the load current Iy needs to be found. Iy can be calculated by taking the
average of I, the current after the H-bridge. The form of I, can be seen at the top of figure
2.12, and the calculation for Iy can be seen in equation 2.4.

Y/
1 , I, 2
10:;/Ipsm(t)dt:;[—cos(t)]g:;Ip (2.4)
0

Figure 2.12: Model of the secondary side of an IPT charging system.
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The amplitude I, can be derived from the result of equation 2.4, which is:

2 T
Ly=—1,>1,=—1 2.5
0 np p 2 0 (2.5)

The first value that is needed for the calculation of R 4¢, is the RMS value of I 4¢ which can be
seen in equation 2.6. The second needed value is V¢, rms, the RMS value of the voltage over
R;. The equation for this voltage is given by equation 2.7 with Ej being the load voltage.

LaCorms = —= = ——1I (2.6)
rms \/z 2\/2

LE, 2V2
VAC,rms = =—K) (2.7)
Tac,rms T

Now that V¢, rms and Iac,rms are known, R4¢ can be found:

Ryc=—""—==—==R, 2.8)
0

The load resistor R;y44 and equivalent load resistor R4¢ are the same. So by equating the
formulas for Rj,,q and Rac with each other and using the equation Ry = U22 pc! Poate, the
inverter output voltage U» pc can be calculated. The result can be seen in equation 2.9

2
8 8 Uspc
Ripad = Rac > oM = ?RL = B,
att
2 n
—2 UZ,DC = ?wMPbatt (2.9)

7-[2
=> U pc = ?wMPbatt

So the impedance matched set point Uy [, is:

2

/A
Us pe = \| —wMP;

8 bart (2.10)

Impedance matched set point Ul*, DC
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For the calculation of the impedance matched set point Uy -,
output voltage of the inverter) will be observed first, which can be seen in figure 2.13. The T in
the figure is the period of the periodic signal U}, 4¢c, and the factor a indicates how wide each

pulse will be. This factor can have a value between 0 < a < 7.

the waveform of Uj 4¢ (the

t Uq.ac (V)

a/w
D E—
Uipc :

T2 i T4

U1 pc

Figure 2.13: The square wave of the voltage U; ac.

The inverter voltage output Uy, ¢ can be written as a Fourier series and the calculation of this
Fourier series is explained in appendix A.2. The result can be seen in equation 2.11.
o sin(k%)

4
Upac=—Uipc Y. 2~ cos(kwi) 2.11)
T k=1,3,5,...

When voltage gets transfered to the secondary side of the transformer, the side with the battery,
it can be assumed that all harmonic signals and DC signals are filtered out. This is because
the transformer acts as a bandpass filter when the value of the coupling coefficient is low [11].
Only the voltage with the fundamental frequency is left for U 4¢ (The input voltage of the
rectifier). So Up 4c is Uy, ac with k = 1 divided by the turns ratio a = v/L1/L; of the transformer
[10]. But because L, = L, the turns ratio in the equation disappears. The final result for the
equation of U sc can be seen in equation 2.12.

4 L (a L, 4 . (@
Uz ac = ;UI,DC sm(g) cos(wt) L_ = ;ULDC sin (E) cos(wt) (2.12)
1

The RMS value of U, 4¢ can be seen in equation 2.13. By rewriting this equation, an expression
for U;,pc can be obtained. This is done by moving U> ;s to the right of the equation and

Ui, pc to the left. By also using the equation Ug‘ +ms = RioaaPpart, the final equation for Uy, pc
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can be seen in equation 2.14.

4Uipc . (ay 2V2 . (a
U: =————3sin|—|=—U,; sin|— 2.13
2,rms T \/z (2 ) = 1,DC (2 ) ( )

T Uz,rms _

“2v2sin(g)

(2.14)

2
? U2,rms _ m? RivadPrarr _ m? WMPpg;y
Ui,pc -

Esinz(%)_ 8 sinz(%) B ?sinz(%)

The used equation for the calculation of Uy - is the one in equation 2.15. To get equation

*

2.15, the factor P4 /sin® (§) in equation 2.14 is replaced by P;

the target battery power.

2

Uur =1/ wMmp
1,DC = Ew

batt (2.15)

Both the set points U;" |, - and U, ,, will be stored on the control board as single precision
floating points, which will be accurate enough for the control system.

2.4.2 Wireless communication protocol

For the transmission of the impedance matched set-point U} - to the control system on the
primary side, different wireless communication protocols can be used. The available protocols
are [12] [13]:

* Bluetooth: mainly used for computer input/output devices like keyboards and printers.

¢ Ultra-wideband (UWB): mainly used for multimedia applications like video and audio
delivery in home networks

* Wi-Fi: mainly used for internet and e-mails.

* ZigBee: mainly used for monitoring and controlling simple systems, like a passive
infrared sensor system.

All these protocols are suitable for short-range communication, but they have different
properties compared to each other. In table 2.6, properties can be seen for different wireless
communication protocols [12] [14] [15].
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2.4. Wireless communication

Wireless communication || Bluetooth UWB Wi-Fi ZigBee

technology

IEEE standard 802.15.1 - 802.11a/b/g 802.15.4

Frequency band 2.4 GHz 3.1-10.6 GHz 2.4 GHz; 5 GHz | 868/915 MHz;
2.4 GHz

Max signal rate 1Mb/s 110 Mb/s 54 Mb/s 250 kb/s

Nominal range 10m 10 m 100 m 10-100 m

Nominal TX power 0-10dBm -41.3dBm/MHz | 15-20dBm (-25) - 0 dBm

Battery life Several days Several hours Several days Several years

Typical network join time || >3 sec - 1sec 30 ms

Protocol complexity

188 procedures

106 procedures

75 procedures

48 procedures

Table 2.6: Properties of wireless communication protocols.

By looking at table 2.6, it can be seen that the ZigBee protocol is the most suited protocol for the

IPT application. The reason is because the ZigBee protocol has the lowest power consumption

and the lowest complexity. The simplicity of the ZigBee protocol makes it suitable for the

IPT application due to the limited memory use and needed computational capacity for the

application [12]. The low maximum signal rate is not a problem, because the impedance

matched set point doesn’t need to be sent very often and this data is not very big. U} - is 32

bits long.

The chosen ZigBee module is the module XB24-AWI-001. This module has low power consumption
and is easily programmable. Its specifications can be seen in Table 2.7.

XB24-AWI-001
Range 90 m
Frequency 2.4 GHz
Transmit power 1mW
Data rate 250kb/s

Table 2.7: Specifications for XB24-AWI-001 [16].

2.4.3 UART system

The UART system consists of a couple of modules. On the transmitter side of the system, the

modules that can be found are a buffer, a transmitter, a baud rate generator and a ZigBee

module. The receiver side of the UART system has a ZigBee module, a receiver, a baud rate

generator and a buffer. An overview of the UART system can be seen in figure 2.14.
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. X ——data (parallel)—>
Buffer  —buf_data (paralle)—»{ Transmitter Receiver Buffer

rx done tick—>

data (series) Y Y data (series)
zigbee signal zigbee signal
baud baud
Baud rate | 1 tek [~ E’Uf—d”a‘lﬁ;
r . : r arallel
aud rate ZigBee ZigBee \_| Baudrate P
generator generator

Figure 2.14: Overview of the UART system.

All the input and output signals of the modules are shown in the figure, except for the clock
and reset signal. Of course, these signals are not omitted and are fed as input signals to every
module in the UART system.

The buffer on the transmitter side will contain the value that needs to be transmitted through
wireless communication to the receiver side. In the case of the IPT wireless charging system,
this value is the impedance matched set point Uy}, - with a length of 32 bits.

The baud rate generator has the job of telling the receiver and transmitter when a particular
number of clock cycles has been repeated through the signal baud tick. This signal helps the
transmitter and receiver with their tasks which will be explained later. This particular number
of clock cycles is calculated with equation 2.16.

clock frequency

max counter = - - - (2.16)
number of ticks in one bit * baud rate

The number of ticks in one bit is set to 16 ticks, which is a commonly used value [17]. A clock
frequency of 50 MHz is used and the baud rate is set to 9600 bits per second, which is also
commonly used [18]. After filling in equation 2.16, the maximum counter is:

50 % 108

— =326
(16 = 9600)

max counter =

The transmitter has the task of sending the value of U}’ ;. repeatedly to the receiver every 50
ms. The form of the transmitted data sequence can be seen in figure 2.15. The data sequence
contains a start bit (bit value '0’), 8 data bits and a stop bit (bit value '1’). The start and stop
bits are included so the receiver will know when a transmission starts and stops. The data
sequence only contain 8 bits, because the ZigBee module can at most transmit 8 data bits at a
time. So the transmitter has to transmit 4 times to get the value of Uf pc to the receiver. When
the transmission is done, the transmitter will go in the idle state and wait until it needs to
transmit again. During the idle state, the transmitter will continue transmitting the bit value
’1’. In order for the transmitter to know how long it needs to send each bit, it needs the input
signal baud tick. After every 16 ticks from the baud rate generator, the transmitter will start to
send a next bit.
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Idle Start DO D1 D2 D3 D4 D5 D6 D7 Stop E ldle

...................

Figure 2.15: The transmitted data sequence through wireless communication.

The receiver has the job of storing the incoming data bits and putting them back into a 32 bits
long sequence for the set point Ui pc- After receiving the whole value of Ul*) pe» the receiver
will tell the buffer on the receiver side to store the set point value.

In the end, the buffer will contain the value of the impedance matched set point U; pc that
the control system on the primary side can use.

2.4.4 Error probability

From the Data sheet, it can be seen that the XB24-AWI-001 has a packet error rate of 1% for a
signal strength of -92 dBm(6.3e-13W)[16]. The received signal power can be calculated using
the Friis Formula [19]:

_ PrGrGgA

Pp = 2.17
R AnR? (2.17)

Where Py, is the received power, Py is the transmitted power, G is the gain of the antennas, A
is the wavelength of the transmission and R is the distance between the transmitter and the
receiver. From the datasheet:

Pr=1mwW Gr=141 Gr=141 A=0.125m

If the maximum distance between the 2 modules is taken to be 1m, filling in equation 2.17
gives a power of 0.02 mW. This is a factor 76 dB larger than the scenario for a 1% error rate.
Because of this, the use of error detecting code was deemed unnecessary for errorless data
transfer.
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3.1 Overview

The main tool used to evaluate the design, will be an experimental prototype created using
the selected components. Each component will be tested by measuring the output with a
multimeter/oscilloscope to verify that the components work according to their specifications.
The system will then be tested as a whole by performing a number of measurements over the
entire measuring range. There will also be calculations done to verify the design requirements.

3.1.1 Requirements

Requirement Desired value | Method of evaluaton

Comparing the results of practical measurements of the sensor
Current measurement resolution 0.01A readout over the entire measuring range to the measured value
of a precision Multimeter.

Comparing the results of practical measurements of the sensor
Voltage sensor resolution 0.01v readout over the entire measuring range to the measured value
of a precision Multimeter.

Wireless communication error rate | <1% Calculated and tested using the experimental prototype

Table 3.1: An overview of the key system requirements and the methods used to verify that
they are met.

3.2 Prototype

The implemented system prototype will perform the measurement of current and voltage, and
wireless transmission simultaneously. This will be done by continuously acquiring data from
both ADCs, processing them on the MCU, and transmitting them wirelessly over a distance of
at least 1m. The receiving communication module will be connected to a computer and the
received values will be displayed in a MATLAB program. Figure 3.1 shows a schematic of the

prototype.
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Figure 3.1: This figure shows the schematic for the experimental prototype.

The system consists of two 5 volt regulators. One on the control board, which will supply power
to the components and one precision voltage reference, which is used as a stable reference for
the ADCs. Both voltage regulators will be supplied with 6v from a lab bench power supply.
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An overview of the resistor values and voltages used can be seen in table 3.2. a picture of the
physical prototype can be seen in figure 3.2.

Table 3.2: an overview of the parameters used for the prototype.

parameter value

R1 10.82 MQ
R2 1 MQ

Rs 3kQ

vdd 6V

LTS6-NP

. A
| x324-i*/|-nn1 e
|0 S

ADS7816 | ADS7816 = X

Figure 3.2: This figure shows a picture of the experimental prototype.

3.3 Testing and results

3.3.1 ADC

The ADC was tested by connecting a power supply to the input, transferring the output to the
MCU, and printing the value to the serial port. The MCU is programmed using the Arduino
IDE. Due to suspected noise from the power supply, the ADC error was measured to go up
to 15 Least Significant Bits (LSB) over the range from 0 to 5 V. A smoothing function, which
calculates the running average of 10 ADC samples was implemented on the MCU to filter
noise from the data. After filtering, the error was verified to be 3 LSB at most.
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3.3.2 Current measurement accuracy of 0.01A

The current sensor was first tested by connecting it to a 5V power supply. According to the
datasheet, for a current of 0A the output value is equal to 2.5V. The sensitivity of the current
sensor is 104.16mV/A. This was measured and verified using a precision multimeter. The
offset for 0 A was within 4 mV.

After the current sensor was verified to be working, it was connected to the ADC through the
buffer amplifier.

Using a Power supply and a 1 ohm power resistor, measurements were done over the range
from 0 to 4A with increments of 0.5A. The results of the measurements were compared to the
actual current. This can be seen in figure 3.3

Measured current compared to actual current

4.5 T T T T T T T
O Actual current %

4 + ¥ Measured current

b3
35 (o] .

st el 1

current(A)

sample(n)

Figure 3.3: This graph shows the Measured current plotted against the actual current.

From the figure above, it may seem that the measurement error is constant over the entire
measuring range. However, if the error is plotted separately as can be seen in figure 3.4, it can
be seen that there is a small gain error. The error is roughly linear and can be approximated
using the following first order polynomial:

Epoty = 0.0147 * Injeqsurea +0.1196

Where Ej;y is the approximated error, and Ipzegsurea is the measured current. The polynomial
coefficients are calculated using MATLAB.
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0.19

0.18

Current measurement error

T

T T

%  Measurement error
Polynomial fit

1 1 1 1

with polynomial fit
T T T

1.5 2 25 3
Measured current(A)

Figure 3.4: This figure shows the current measurement error and a polynomial fit through the

data.

Using the MCU, this polynomial can be added to the initial measured current as a bias.
Performing the measurements for a second time with the added bias yields the result seen in
figure 3.5. The measurement error after biasing can be seen in figure 3.6

4.5

3.5

25

current(A)

1.5

0.5

Measured ¢

T

T

urrent compared to actual current after biasing
T T

T

T

O Actual current
»®  Measured current

s

sample(n)

Figure 3.5: This figure shows the biased measured current compared to the actual current.
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0.02 Current measurement error after biasing
. T T T T T T T T

0.015 * 4

0.01 [ * i

0.005 | .

Error(A)

-0.005 - * .

_001 Il Il Il Il Il Il Il Il
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Measured current(A)

Figure 3.6: This figure shows the current measurement error after biasing.

The maximum error after biasing is equal to 0.0160. The average error is equal to 0.0041 A.
This is within the system requirements.

3.3.3 Voltage measurement accuracy of 0.1V

The voltage ratio of the voltage divider can be calculated with the following equation:

a Ri+Ry

(3.1

Where R is the divider ratio and R; and R are the values of the resistors as shown in figure 3.1.
Filling in the equation using table 3.2 gives a value of 0.0924 for the prototype. Considering
that 5 Vis the maximum input voltage of the ADC, the maximum voltage that can be measured
is given by,

5
v = ——=54.11V
T8 0.0924
The voltage divider is connected to the ADC through the buffer amplifier as seen in figure 3.1.
The output of the ADC is processed using the MCU and the value is printed to the USB port.
Since the power supply used had a maximum output voltage of 20 V, the measuring range was
limited. The voltage was measured with increments of 1V. The result can be seen in figure 3.7
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Measured voltage compared to actual voltage
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Figure 3.7: This figure shows the measured voltage compared to the actual voltage measured
by a multimeter.

Similarly to the current measurements, it can be seen from figure 3.8 that there is a small offset
and gain error. The error can be approximated by,
Epoty = —0.0050 * Vipeasured +0.3289

Where V,,easureq is initial measured voltage.

04 Voltage measurement error with polynomial fit
. T T T T T T T T
% Voltage measurement error
Polynomial fit
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0.25F % X % .
* i
*
02 i
*
01 5 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Measured Voltage(V)

Figure 3.8: This figure shows the voltage measurement error and a polynomial fit through the
data.

After biasing the measured voltage in the MCU, the measurements were redone. The results
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can be seen in figure 3.9. The error after biasing is shown in figure 3.10

Measured voltage compared to actual voltage after biasing
T T T T
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Figure 3.9: This figure shows the voltage measurement after biasing compared to the actual
voltage.
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Figure 3.10: This figure shows the voltage measurement error after biasing.

The maximum measurement error after biasing is equal to 0.09V and the average value of the
error is equal to 0.0049 V. This is within the system requirements.
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3.3.4 Wireless communication with error rate <1%

In order for two Xbee modules to be able to communicate, they must be programmed with
the correct destination, and source addresses. This is done using XCTU. The xbee modules are
also configured with no parity. To transmit the measured values wirelessly, the transmitting
xbee module is connected to the UART of the MCU. The arduino IDE has a built in library of
functions which can be used to transmit the data sequentially to the MCUs UART. The code
can be seen in Appendix A.3. In order to test the wireless communication, the measured values
for the current and voltage will be wirelessly sent to a receiver module. The receiving xbee
module will be connected to a computer via USB. In order to read out the incoming sensor
values, a matlab app is created. The Ul can be seen in figure 3.11. The code can be seen in
appendix A.4.

on

Port number 0 ﬂ Reference Voltage 5
Off

Connect switch

12

g 9 1ZD\ 20 3[17\\
10 40

3 217\ A

L — 24—| L — 50—

0.000 A 0.000 Vv

Current Voltage

Figure 3.11: This figure shows the user interface of the program used to read the wirelessly
transmitted sensor data.

The program works by first filling in the COM port number of the receiving xbee module
and turning the connect switch on. There is also a voltage reference adjust field in order to
adjust the reference voltage if needed. After the program is started, data from the comport
is continuously read and displayed in the corresponding text box and gauge. From the xbee
datasheet the error rate is equal to 1% for a distance of 100m. For the required distance of 1m,
it is safe to assume that the error rate is within the system requirements. During testing, no
incorrect packets were received.
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4.1 Assessment

In conclusion, this report discussed the design and testing prototype of a wireless communication
and sensor system. The experimental prototype was able to measure current and voltage
with an accuracy of around 0.2%. The system is fairly modular, meaning that the range of
voltages and currents that can be measured can easily be increased or decreased by changing
the current sensor and the resistors for the voltage divider. The system is also able to wirelessly
communicate with a receiver module without error. The power use of the system is fairly low,
as the entire system uses only 0.6W of power. The system does, however, have some limitations.
The system is only able to measure positive DC voltages. This is within the requirements of the
system, but makes it less flexible for different applications. Also, the circuit used for voltage
measurement requires a significant amount of calibration since the resistors used for the
voltage divider have a fairly high resistance tolerance. This can be improved by using high
precision resistors.

4.2 Next steps

The next steps would be to create a prototype specific to the design. This prototype will
need to have an interface to accept user input for a desired charging power. The system
must then calculate the set points for both control systems and relay this value to the control
systems. Depending on how the control systems are implemented, an interface needs to be
created to relay sensor data and set-point values to the control system. For this prototype, the
measurement accuracy can also be improved by adding low pass LC filters to the input and
supply of the ADCs to filter out noise. The power use of the system can be further improved
by implementing a sleep mode for the MCU and the communication module when wireless
transmission or sensor data is not required.
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Appendix

A.1 Calculations for the load resistor

2L1

a) .
Zp=joLp+ =jol1-M)—j =jo(l1-M)-jowl, =-joM

JwCp

Zs=jwLs+ ! jw(Ly — M) L
=jw =jw(ly— M) -

$T 0% JwCs Joite ] )

2 = jo(L - M) - joL, = - joM

JoM(—joM+ Rs+ Ripaq)
—joM+ Rg+ Rjpga + joM
w*M? + joM(Rs + Ripad) R w? M?

Ziotal = Rp+ Zp + (Zs+ Ry + Ripaa) | oM = Ry, — joM +

=R, - joM+ —_—
P Rs+ Rioaa P Rs+ Rioad
I = Uac _ Uiac _ UiacBs+ Rioad)
" Ziwa Ry+ g2 Rp(Rs+ Rigad) + 0> M?
7 _ j(x)MIin _ jwM Ul,AC(Rs + Rioad)
104 = G OM + Z+ R+ Rigaa  Rs+ Rioad Rp(Rs + Ripaq) + 0? M?
B JoMU ac
Ry (Rs+ Rioad) + w?M?
w*M?U} ,-Rioad
Pioaa = 2 s212
[Rp(Rs + Ripaa) + w? M?]
P = U12,AC B (Rs+Rload)U12)AC
" Rp+%}]¥2d ng(Rs"‘Rloaal)"‘002]\42
Power transfer efficiency:
_Pioaa __ @"M°UiacRioad  Rp(Rs+ Rigad) + > M?
Pin [Rp(Rs+Rload)+w2M2]2 (Rs‘}'Rload)Ulz)AC
_ szleoad _ w2M2Rload
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Appendix. Appendix A.2. Calculations of the inverter voltage output

dn [Rp(Rs + Rload)2 + szZ(Rs + Rload)] w*M?* - szleoad(ZRpRs +2RpRioaa + w*M?)
dRioad [Ry(Rs + Rigaa)? + 0*M2(Rs+ Ripaa)|

By setting the derivative equation for the efficiency equal to 0, MATLAB then gives:

1 1 R
Ripud = R—\/RPRS(MZ(UZ +RyRy) = R—\/RPRSMZQ)Z FRERE = [ MPw? 2 4 RS
P p p
~ Mzwzﬁ =Muw &
Ry Ry

A.2 Calculations of the inverter voltage output

Periodic signals can be described by equation 1 which shows the quadrature form of the
Fourier series. The variables c; and dj. are the Fourier coefficients, and they are described by 2
and 3, respectively [19].

x(8)=co+2 ) [ckcos(kwt) + disin(kwt)] (1)
k=1

T/2
1
Ck::_r f x(t)cos(kwt)dt, k=0,1,2,... 2)
~T/2

T/2
1
dp=— f x(t)sin(kwt) dt, k=1,2,3,.. 3)

T
-T/2

For the Fourier series of Uy pc, di is equal to 0. This is because the used square wave is an
even function and the wave cannot be constructed by odd functions. So only the coefficients
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ci have values, and the calculations for ¢, are described by the following equations:

T/2

1
ck:? f x(t)cos(kwt)dt
-T/2
o : -§+2

U, U,

= I%DC fcos(kwt)dt— LDC f cos(kwt)dr — I%DC cos(kwt)dt
5 — =

U T aT T aT

= 1TDC2 k{[sm(kwt)] —[sin(kwt)]} ,; —[sin(kw)] 2+4”}
a . . . a .

= 27rk {[ ( )+sm( —)]—[mn(kn)—mn(kn—kE”—[—sm(kn—kE)Jrsm(kn)]}

Uch[ ( )_Sln(kn)+sm(kn k— )]

_U,nc sin (k%) _ sin(km) . sin (k7 — k%)
oo k k k
o2 JLpe sin(kg) sin (kn) . sin (kn — k%)
0 T k—0 k k
U
= lnDC ]161_1% %cos(k%) —mcos(km) + (n— %) cos(kn— k%)]
U1Dc (——n+n—g) —0
T 2 2
Uppc | sin(k$) sin(km) sin(kz—k$)
€1,35,. = . 2 - 2 + T
_Uipc [sin(kg) sin(z—kg)| Uypc [sin(kg) sin(kF)
B T k * k - T k + k
_ ZUI,DC sm(k%)
oo k
Uppc | sin(k§) sin(km) sin(kz—k§)
C246,. = . 2 - T + k
Uppc |sin(k§) sin(2r-k§)| Uypc [sin(k§) sin(k$)
- T k * k - T k - k
=0
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So the Fourier coefficients ¢ are:

0 fork=0
Ck = —ZU;{DC sm(lf—i) fork=1,3,5,... ?
0 for k=2,4,6,...

By substituting the values of equation 4 in the Fourier series equation, then the equation for

the inverter voltage output is:

Unac=co+2 ) [crcos(kwt) + disin(kwt) ]

k=1
. . (5)
2U sin (k% 4 < sin(k%
1.DC —( 2)cos(kwt) = —Ui,pc Z 2)
” k=1,3,5,...

cos(kwt)
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Appendix. Appendix A.3. MCU code

A.3 MCU code

#define CLOCK 2 // clock pin

#define DATAPIN 3 // data pin for current measurement
#define CS 4 // chip select data pin for adc
#define DATAPINZ2 5 // data pin for voltage measurement

int currentint;

int voltageint;

float measured_current;
float measured_voltage;
float voltagebias;

//parameters initialization

const int numReadings = 10; //number of readings used to filter the input
float vol_ref = 5.0; // reference voltage for the adc (voltage)

float vol_div_ratio = 0.0924; // ratio of the woltage divider (ratio)

float cursensitivity = 0.10416; // sensitivity of the current sensor (volt/ampe
//float voltagebias = 0.277; // accounting for adc offset (voltage)
//float currentbias = 0; // accounting for adc offset (amperage)

int readings_cur[numReadings];
int readings_vol[numReadings];

int readIndex = O; // the index of the current reading

int total_cur = 0; // the running total

int total_vol = 0; // the running total

int average_cur = 0O; // the average filtered value for the current

int average_vol = 0O; // the average average filtered value for the volta

void setup()
{

//start serial communicaton with xzbee and select pin modes for all pins
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Serial.begin(9600) ;
pinMode (CS, OUTPUT);
pinMode (DATAPIN, INPUT);
pinMode (CLOCK, OUTPUT);
digitalWrite(CS, HIGH);
digitalWrite(CLOCK, LOW);

// set all elements in the array to 0 to initialize the average value
for (int thisReading = 0; thisReading < numReadings; thisReading++) {
readings_cur[thisReading] = 0;

readings_vol[thisReading] = 0;
}
}
void loop(){
currentint = 0;
voltageint = O;
digitalWrite(CS, LOW); //begins adc conversion
clockchange ();
clockchange (); //data ts output after two clock cycles
for (int i = 11; i >= 0; i--)
{

clockchange ();

currentint+=digitalRead (DATAPIN)<<i;

voltageint+=digitalRead (DATAPIN2)<<i;
}

digitalWrite(CS, HIGH); // stops adc conversion

total_cur = total_cur - readings_cur[readIndex];

total_vol = total_vol - readings_vol[readIndex];
readings_cur [readIndex] = currentint;
readings_vol[readIndex] = voltageint;

total_cur = total_cur + readings_cur[readIndex];

total_vol = total_vol + readings_vol[readIndex];

readIndex = readIndex + 1;
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Appendix. Appendix A.3. MCU code

if (readIndex >= numReadings) {
readIndex = 0;

// calculate the average:

average_cur = total_cur / numReadings;

average_vol = total_vol / numReadings;

// convert to actual measurements
measured_current=((((float(average_cur)/4096.0)*vol_ref)-2.5)/cursensitivity);

float current_bias = 0.0896+0.0147*measured_current;

float measured_current_biased=measured_current-current_bias;

measured_voltage=(((float (average_vol)/4096.0)*vol_ref)/vol_div_ratio);

if (measured_voltage == 0)
{
voltagebias=0;
+
else
{
voltagebias=0.3567;
b

float measured_voltage_biased=measured_voltage+voltagebias;

// send data to zbee

Serial. print("current: ");

Serial.print (measured_current_biased,3);
Serial.print("\t voltage: ");
Serial.print(measured_voltage_biased,3);
Serial.println();

delay(50);
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// function to perform clock cycle

void clockchange (void)

{

digitalWrite (CLOCK, HIGH);
digitalWrite (CLOCK, LOW);

b

A.4 Matlab UI code

classdef app2 < matlab.apps.AppBase

/ Properties that correspond to app components
properties (Access = public)

19

20

21

22

23

24

25

26

27

28

29

30

31

32

end

methods (Access = private)

end

methods (Access = private)

UIFigure matlab.ui.Figure

PortnumberLabel matlab.ui.control.Label

portnumber matlab.ui.control.NumericEditField
VoltageEditFieldLabel matlab.ui.control.Label
VoltageEditField matlab.ui.control.NumericEditField
VLabel matlab.ui.control.Label

ALabel matlab.ui.control.Label
CurrentEditFieldLabel matlab.ui.control.Label
CurrentEditField matlab.ui.control.NumericEditField
ConnectswitchSwitchLabel matlab.ui.control.Label
ConnectswitchSwitch matlab.ui.control.ToggleSwitch
Curgauge matlab.ui.control.SemicircularGauge
Volgauge matlab.ui.control.SemicircularGauge
ReferenceVoltageEditFieldLabel matlab.ui.control.Label
ReferenceVoltageEditField matlab.ui.control.NumericEditField

/ Value changed function: ConnectswitchSwitch

function ConnectswitchSwitchValueChanged(app, event)
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values = app.ConnectswitchSwitch.Value;
values= pad(values,3);

if values == 'On '

comport = strcat('COM',int2str(app.portnumber.Value));
xbee = serial(comport);

set (xbee, 'BaudRate',9600) ;

fclose(xbee);

fclose(instrfind);

fopen(xbee) ;

while (1)

sensvalstr=fscanf (xbee) ;
sensvalstr=pad(sensvalstr,35);

currentvalstr=sensvalstr(strfind(sensvalstr, 'current')+9
:strfind(sensvalstr, 'voltage')-1);
voltagevalstr=sensvalstr(strfind(sensvalstr, 'voltage')+9
:strfind(sensvalstr, 'voltage')+15);

drawnow;

currentval=str2double (currentvalstr) ;
if isnan(currentval)
currentval=0;
end
currentvalog=(currentval*0.10416+2.5)/5%4096;

currentval=(currentvalog/4096*app.ReferenceVoltageEditField.Value-2.5)

/0.10416;

drawnow;
voltageval=str2double(voltagevalstr);
if isnan(voltageval)

voltageval=0;
end
Jvoltageval=40;
voltagevalog=(voltageval*0.0924)/5%x4096;

voltageval=(voltagevalog/4096*app.ReferenceVoltageEditField.Value)

/0.0924;
drawnow;

app.CurrentEditField.Value = currentval;
app.Curgauge.Value =abs(app.CurrentEditField.Value);
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Appendix. Appendix A.4. Matlab UI code

app.VoltageEditField.Value = voltageval;
app.Volgauge.Value =abs(voltageval);

if values == 'Off'
break;

end
drawnow;
end
fclose(instrfind);
end

end
end

4 App initialization and construction

methods (Access = private)

/ Create UIFigure and components
function createComponents (app)

/A Create UIFigure

app.UIFigure = uifigure;
app.UIFigure.Position = [100 100 675 522];
app.UIFigure.Name = 'UI Figure';

4 Create PortnumberLabel

app.PortnumberLabel = uilabel(app.UIFigure);
app.PortnumberLabel .HorizontalAlignment = 'right';
app.PortnumberLabel .Position = [35 409 72 15];
app.PortnumberLabel.Text = 'Port number';

/4 Create portnumber

app.portnumber = uieditfield(app.UIFigure, 'numeric');

app.portnumber.Position = [125 405 100 22];
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Appendix. Appendix A.4. Matlab UI code

/A Create VoltageEditFieldLabel

app.VoltageEditFieldLabel = uilabel(app.UIFigure) ;
app.VoltageEditFieldLabel .HorizontalAlignment = 'center';
app.VoltageEditFieldLabel.FontSize = 18;
app.VoltageEditFieldLabel.Position = [442.5 81 66 23];
app.VoltageEditFieldLabel.Text = 'Voltage';

/4 Create VoltageEditField

app.VoltageEditField = uieditfield(app.UIFigure, 'numeric');
app.VoltageEditField.ValueDisplayFormat = '%.3f"';
app.VoltageEditField.HorizontalAlignment = 'center';
app.VoltageEditField.FontSize = 18;
app.VoltageEditField.Position = [385 109 179 33];

/ Create VLabel

app.VLabel = uilabel(app.UIFigure);
app.VLabel .HorizontalAlignment = 'center';
app.VLabel.FontSize = 16;
app.VLabel.Position = [563 115 25 20];
app.VLabel.Text = 'V';

/ Create ALabel

app.ALabel = uilabel(app.UIFigure);
app.ALabel .HorizontalAlignment = 'center';
app.ALabel.FontSize = 16;
app.ALabel.Position = [261 117 25 20];
app.ALabel.Text = 'A';

/A Create CurrentEditFieldLabel

app.CurrentEditFieldLabel = uilabel(app.UIFigure);
app.CurrentEditFieldLabel .HorizontalAlignment = 'center';
app.CurrentEditFieldLabel.FontSize = 18;

[140.5 76 66 23];
app.CurrentEditFieldLabel.Text = 'Current';

app.CurrentEditFieldLabel.Position

/ Create CurrentEditField

app.CurrentEditField = uieditfield(app.UIFigure, 'numeric');
app.CurrentEditField.ValueDisplayFormat = '%.3f"';
app.CurrentEditField.HorizontalAlignment = 'center';
app.CurrentEditField.FontSize = 18;
app.CurrentEditField.Position = [84 109 179 33];
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159

160 / Create ConnectswitchSwitchLabel

161 app.ConnectswitchSwitchLabel = uilabel(app.UIFigure);

162 app.ConnectswitchSwitchlLabel .HorizontalAlignment = 'center';
163 app.ConnectswitchSwitchLabel.Position = [269.5 330 88 15];

164 app.ConnectswitchSwitchLabel.Text = 'Connect switch';

165

166 4 Create ConnectswitchSwitch

167 app.ConnectswitchSwitch = uiswitch(app.UIFigure, 'toggle');

168 app.ConnectswitchSwitch.ValueChangedFcn = createCallbackFcn(app, ©Connectsw
169 app.ConnectswitchSwitch.Position = [297 381 32 72];

170

171 4 Create Curgauge

172 app.Curgauge = uigauge(app.UIFigure, 'semicircular');

173 app.Curgauge.Limits = [0 24];

174 app.Curgauge.Position = [89 151 172 93];

175

176 % Create Volgauge

177 app.Volgauge = uigauge(app.UIFigure, 'semicircular');

178 app.Volgauge.Limits = [0 50];

179 app.Volgauge.Position = [389 151 172 93];

180

181 / Create ReferencelVoltageEditFieldLabel

182 app.ReferenceVoltageEditFieldLabel = uilabel (app.UIFigure);

183 app.ReferenceVoltageEditFieldLabel .HorizontalAlignment = 'right';
184 app.ReferenceVoltageEditFieldLabel.Position = [380 409 107 15];
185 app.ReferenceVoltageEditFieldLabel.Text = 'Reference Voltage';
186

187 % Create ReferencelVoltageEditField

188 app.ReferenceVoltageEditField = uieditfield(app.UIFigure, 'numeric');
189 app.ReferenceVoltageEditField.ValueDisplayFormat = '%11.5g';
190 app.ReferenceVoltageEditField.Position = [502 405 100 22];

191 app.ReferenceVoltageEditField.Value = 5;

192 end

193 end

194

195 methods (Access = public)

196

197 4 Construct app

198 function app = app2

199

200 % Create and configure components

A-12



201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

Appendix. Appendix

A.4. Matlab UI code

end

end

createComponents (app)

/ Register the app with App Designer
registerApp(app, app.UIFigure)

if nargout ==
clear app
end
end

% Code that exzecutes before app deletion
function delete(app)

/ Delete UIFigure when app is deleted
delete(app.UIFigure)
end
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