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Abstract: This paper presents an inductive power transfer system on the basis of a double single-
phase three-level T-type inverter and two split transmitting coils for constant current and constant
voltage wireless charging of low-voltage light electric vehicle batteries with closed-loop control,
considering time-delay communication constraints. An optimal control structure and a modified
control strategy were chosen and implemented to the wireless power transfer system as a result
of a review and analysis of existing solutions. The control system analysis and adjustment of the
coefficients of the regulator using Laplace transform were performed. Our study addressed the
behavior of the control system with different time delays as well as the dynamic response of the
system. The detecting algorithm of a secondary coil was proposed, which ensured efficient system
operation and increased the functionality, safety and usability of the device. The efficiency of energy
transfer of 90% was reached at the transmitted power of 110 W, which is at the level of existing
solutions considered in the article and opens the way to the commercialization of the proposed
solution. Therefore, the feasibility of using a nonclassical multilevel inverter, together with split
transmitting coils for wireless charging was confirmed.

Keywords: wireless power transfer; inductive power transmission; electromagnetic coupling; T-type
inverter; AC-DC power converters; communication delay

1. Introduction

Control systems based on various strategies are an integral part of the wireless power
transfer (WPT) system for efficient energy transfer and overall circuit operation. WPT sys-
tems for the static or dynamic charging of electric vehicles, low-power applications, such as
mobile devices, electric bikes, always need regulation and control, including adjustment of
the output current and voltage for the optimal charging of batteries.

Output power and the efficiency of WPT depend strongly on a coupling coefficient
and load condition in an open-loop system [1]. Closed-loop control systems allow the
monitoring of both the input and output parameters of the whole inductive power transfer
(IPT) system (Figure 1). Simultaneously, the overall performance of the control system
strongly depends on the time delay of feedback information exchange. Delays in the
transmission of information over the wireless network are a topical issue [2] and can lead
to disruptions of the WPT control process.
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Figure 1. The overall structure of a closed-loop control system for IPT.

The aim of the article is to provide proper closed-loop control with the communication
delay model of a wireless power transmission system based on a dual T-type inverter
combined with two transmitter inductors in the closed-loop mode for charging low-voltage
batteries. This article presents a study and justification into the range of delay in which the
normal operation of the wireless charging system is possible. For this purpose, the com-
munication delay is taken into account when analyzing the transfer function of the WPT
system with a closed-loop control system. The advantage of this approach is that there
is no need for additional schemes of technical solutions and complex software develop-
ment. Two fundamental control modes, constant current (CC) and constant voltage (CV),
should be implemented to reduce the exploitation wear of the batteries and extend their
service life.

This article consists of five sections. Section 2 is devoted to the description of the entire
wireless charging system. Then Section 3 analyzes the main structures and control strategies
and selects the most suitable ones, while Section 4 describes in detail the proposed control
system considering time-delay communication constraints. Finally, in Section 5, the results
of the experimental verification of the proposed system for wireless charging of batteries
are presented.

2. Description of Evaluated Inductive Power Transfer System

The T-type topology of a high-frequency inverter with split transmitting coils and
with PI-controller is firstly proposed to achieve CC/CV charging modes in the low-power
wireless charger (Figure 2). The advantages of such a WPT system have been described
in [1] and the effectiveness of such an approach in an open system has been proven.
In particular, the use of T-type has some advantages in relation to other multilevel inverters:
smaller size, simpler operation principles, lower conduction losses and a smaller number
of semiconductors [1]. The most important advantage of the T-type solution in the WPT
application is that only half of the dc-link voltage is applied to the primary side coil,
which reduces inductance and the size of the primary coil [1]. Therefore, this topology
together with the split primary coils and the use of series—parallel (SP) compensation also
reduces the inductance and size of the secondary coil [1].

Different types of switches can be used in the T-type neutral point clamped (NPC) in-
verters. The conventional silicon insulated gate bipolar transistors (Si-IGBTs) are gradually
coming out of use in industrial circuits of multilevel inverters because of their drawbacks.
IGBTs have the disadvantage of slower switching capability due to their bipolar output
characteristic [3]. The reverse blocking voltage capability of the conventional IGBT is very
low, there are relatively large power losses, (as well as the usual field-effect transistors [4]),
because of IGBTs” non-ideal internal structure [5].

The silicon carbide metal-oxide-semiconductor field-effect transistor (SiC MOSFET)
and the gallium nitride high-electron-mobility transistor (GaN HEMT) have proven them-
selves well in power electronic devices. In [6], the performance of a single-phase T-type
NPC inverter is compared, using three types of 600 V switches (Si IGBT, SiC MOSFET,
GaN HEMT). As reported in [6], SiC MOSFETs had the lowest gate loss for switching
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frequencies above 100 kHz; relative to Si IGBTs, the volume of the output filter could
be reduced by 43%, gate driver loss, power loss, and switching losses were lower [3].
The efficiency was more than 97.5% at the power of 500-2500 W, and the heat sink volume
was lower.

SiC-based devices operate very effectively in the high-voltage range applications,
especially above about 600 V, and are currently considered the most suitable devices for
efficient power conversion [7]. SiC has superior thermal conductivity, several times higher
in relation to other types, while GaN has the highest bandgap and electron mobility [7].
However, GaN has very high sensitivity to overvoltages. In this case, SiC with 1.2 kV
braking voltage will have greater reliability. In addition, the conduction losses are almost
the same with the GaN transistors [8,9].

Finally, the proposed circuit of a closed-loop system with a multilevel converter for the
wireless charging of a low-voltage battery is presented in Figure 2. The 3-level SiC-based
T-type converter consists of a full-bridge 2-level inverter (5;—S4) connected to the anti-
series branch of the semiconductor switches (bidirectional auxiliary switches S5-Sg) [1].
The input voltage divided by two input capacitors Cy, C, enters the T-type inverter where
it is converted into alternating current, which is transmitted to the secondary side of
the transformer.

The primary coils Lyy;,1 and Lyi,2 with an air gap, the energy is transmitted to the
secondary side through the secondary coil Ls... The resulting secondary current is rectified
by the passive full-bridge rectifier D1-Dy, shaped by LC filter (Cy, Ly) and delivered to the
loaded battery (V).
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Figure 2. Proposed topology of the T-type based IPT close-loop system for battery charging.

The use of two primary split inductors reduces the current flowing through the
switches and each of the transmission coils, thus reducing static losses and increasing
system efficiency [1]. Moreover, the use of two split inductors on one ferrite core reduces
the volume of ferrite by half compared to the two conventional transmission coils.

The use of an SP compensation link comprising of Cpyiin1, Cprimz—primary compensat-
ing capacitances and Cs..—secondary compensating capacitance, at a given power level is
fully justified, the advantages and disadvantages are described in [10]. Systems with SP
compensation work efficiently with a wide range of loads in addition to the advantages of
middle-power and low-power application and allow the reduction of the dimensions of a
receiver coil [10,11].

The closed-loop control employs a PI controller with the PWM modulation strategy
to provide CC and CV output modes by using current and voltage feedbacks from the
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secondary side. The feedback data transmission is achieved by using a radio frequency
transmitter (module nRF24L.01) on 2.4 GHz. The detailed description of the chosen solution
is discussed in the next section.

3. Control Systems for Constant Current and Constant Voltage Modes

It is necessary to implement different control systems to achieve CC/CV modes.
The “control structure” is defined as a type of a system topology indicating which compo-
nent of the system will be the subject of regulation and where it is located. The “control
strategy” or “control method” is an algorithm that provides the regulation of the system
component. The choice of control method depends on the choice of control structure.

3.1. Selection of Control Structure for Implementation of CC/CV Modes

Papers [12,13] indicate that the closed-loop control strategy is essential to ensure
accurate and stable charging. As shown in Figure 3, the basic structures widely used for the
regulation of the charging current and voltage are divided into four groups: primary-side
inverter control (Figure 3a), impedance matching (IM) (Figure 3b), dual-side active bridge
control [14,15] (Figure 3c), and DC level control (Figure 3d) [12]. Arrows indicate the
monitoring parameters used; different sets of parameters may be needed for each specific
case of the strategy of control. A summary and comparison of the considered control
structures with the indication of their main advantages and disadvantages are presented
in Table 1.
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Figure 3. Circuit diagrams of main control structures considered for WPT: (a) inverter control; (b)
impedance matching; (c) dual active bridge control (adapted from ref. [12]); (d) dual dc-dc control
(adapted from ref. [12]).
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Table 1. Comparison of evaluated control structures.

Structure Inverter . . i Dual Active DC-DC DC-DC
Parameters Control Impedance Matching  Active Rectifier Bridge Dual DC-DC Pre-Regulation Post-Regulation
The information link
between the parties Required Required - - - Required -
(in most cases)
Addltlona_l elements No Capacitors/ {nductors Semiconductor Semiconductor DC links DC link DC link
or links matrix elements elements

Relative complexity
of control, size, cost Low High Intermediate High High High Intermediate

level

The structure in Figure 3a is the most frequently used for phase shift or frequency
control, especially when CC or CV output mode is required. A possible functionality is to
control the maximum efficiency of energy transfer, which is the most common structure
in the paper under consideration. This structure is also the simplest, reducing cost, size,
complexity and loss compared to the conventional IPT dual-side controller [16].

The IM structure (Figure 3b) is commonly applied for high frequency and low power
applications [12]. In this scheme, IM control is achieved by switching set of capacitors and
inductors by using relays or semiconductor switches (Figure 3b). The value of the capacitors
and inductors changes significantly the output voltage. With a mismatch of the impedance
between the power converter and the load, the output voltage may decrease [13]. Due to
the bulky and complicated capacitor and inductor matrix, the system size and control
complexity increase significantly with power capacity [17]. In addition, the resolution of
IM is limited by the discrete capacitor and inductor values.

In Figure 3d a combined variant [13,18,19] with additional dc-dc converters on both
sides is presented. It proposes an efficiency evaluation strategy for the closed-loop control
schemes. The control scheme based on the dual dc-dc structure is unique and prominent in
that it fixes the operating frequency at the receiving-side resonant frequency and converts
both the input voltage and the load resistance at the same time. Thus, the point of maxi-
mum efficiency on the constant voltage trajectory can be tracked dynamically. Therefore,
the output voltage of the system can be constantly monitored and its efficiency can be
optimized [18].

The DC-DC converter in the receiving side is a reasonable solution to regulate the
output voltage. According to the input voltage, the output voltage can be maintained by
varying the conversion ratio. The fixed operating frequency of the closely coupled system
does not require a frequency tracking scheme [13]. As compared to the preregulation,
the voltage gain from the inverter’s input to the rectifier’s output is related to the load
conversion ratio, because the equivalent load resistance is converted by the dc-dc converter
in the receiving side [18]. The secondary-side dc-dc converter allows the feedback link to
be avoided.

Studies on WPT systems (Figure 3c) with dual active bridges have attracted great
attention due to their low conduction losses, power regulation, load transformation and
reactance compensation [20]. This structure of control allows for independent control on
the primary and secondary sides. In most cases, the feedback link between the parties is
not required. The evident drawbacks of the strategies in this structure are the increased
complexity of control and the increase in the number of semiconductor elements. A dual
active bridge structure provides a practical method to overcome the main drawback of most
single-side controlled inductive power transfer systems, which is a significant efficiency
drop outside the nominal operating point [21].

It is possible to control only the active rectifier (Figure 3c) [22]. Therefore there will
be no need for wireless data transmission, system reliability and data transfer speed will
increase. As there will be additional power losses on switches and drivers of the secondary
side, control will become more difficult, quantity and cost of system components will
increase. If the WPT is operated in the CV charging mode, the efficiency of both control
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strategies is almost the same [23]. It is perfectly suited for a PI-controller to implement and
maintain these modes.

However, in the evaluated case, the simplified system is required. It is impractical
to add an additional dc-dc converter on the secondary side for a 100 W power system.
At low power, this will reduce reliability and cost, increase losses, weight and dimensions
of the system.

Therefore, the concept of Figure 3a was taken as a basis for implementation, which in
this case, was very expedient. It is one of the simplest and most effective solutions [23-25].
In this case, the control of the output voltage and current of charging batteries was realized
by the primary side inverter. On the secondary side, there will be only voltage and
current sensors, an analogue-to-digital converter (ADC) and the transmitter of these data.
This control structure is used for the implementation of CC and CV modes in the majority
of applications [23,26,27].

3.2. Selection of Control Strategy for Implementation of CC/CV Modes

In most of the articles considered, the developed and known control strategies are used
to achieve maximum efficiency of the scheme and power transfer. To achieve maximum
efficiency, different strategies of control, phase shift or phase angle are controlled via
pulse-width modulation (PWM). For CC/CV, a simple duty cycle is mainly used.

Control strategies may also vary depending on the system structure. Well-known
phase control and frequency control methods for a voltage source inverter (VSI) on the
primary side are most widely used. Control strategies include a variation of either the
phase shift between the two converter bridge legs, the switching frequency or the dc-link
voltage [28].

For T-type inverters, different strategies, modifications and combinations can also be
used. The study presented in [29] proposes a power decoupling control method based on a
discontinuous current mode for a T-type neutral point clamped (NPC) inverter. The study
in [30] presents an improved hysteresis current control method for a 5-level T-type inverter.
The proposed modulation technique achieves the desired value of output current and
ensures high-efficiency conversion ratio at the output. The model of the system is used
to establish the equations that can be applied to predict values of the load voltage and
the dc-link capacitor voltages at the next sampling period [31]. All these strategies are too
complex, expensive and unreasonable for low power application.

As our aim was to investigate the development of wireless charging, it is mandatory to
control the output voltage and current. For a qualitative and safe process of charging
a battery and extending its operation, two operating modes should be implemented
(Figure 4), [32,33].

cC cv

Battery wvoltage

! Battery current

Battery; equivalent
I resistance

Charging current
g
Charging voltage

Charging time

Figure 4. Typical charging profile of the battery (adapted from ref. [27,32]).

So, at the first stage, the battery will be charged with a fixed current that is proportional
to the capacity of the battery (CC mode). This current will be held constant until the
charging-end voltage is reached [34]. When a battery is deeply discharged, the maximum
current in the CC mode has to be applied. When the battery voltage reaches the operating
voltage, then the transition to the CV mode should be performed [27]. At the same time,
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the current decreasing to a minimum value will be considered as the completion of the
charging process. Approximately up to 80% of the battery is charged in the CC mode and
then in the CV. The required time for charging in the CC mode is relatively shorter than in
the CV mode [26,27].

There are known methods for accurate but relatively complex battery power capacity
estimation [35] and state of charge estimation [36,37]. A rough estimation of battery
capacity is possible on a curve on a typical charging profile (which is usually provided by
manufacturers), knowing the equivalent resistance of the battery.

ADC is used to convert data from the current and voltage sensors at the secondary
side and transmit to the primary side to implement CC/CV modes. A microcontroller
with the PI controller and modulation signals are supplied to the inverter switch drivers.
Similar solutions with a PI controller have been successfully implemented with SiC transis-
tors for an inverter [25,38]. It is known that the PI controller has advantages, such as low
sensitivity to noise in the measurement channel and the capability to achieve low error in
steady-state mode.

Therefore, it is justified to use the PI controller for CC/CV on the primary side to
control the inverter for ILPEV charging [23-25]. It is one of the simplest, most affordable and
effective solutions [23,39,40]. The main advantages of the selected strategy are significant
simplification of the secondary side measurement circuits and required low sampling
frequency, which results with simplification of the feedback data transmission.

3.3. Brief Analysis of Wireless Network for Feedback Data Transmission

Wireless data transmission network and the related hardware modules are a very
important and topical issue since certain control structures require reliable feedback in-
formation from the secondary side within the given time. Disturbed or delayed feedback
information may cause instability and control failures [12].

Therefore, continuous and undisturbed acquisition of the values of output voltage
and current is required to control them accurately according to the desired charging profile.

In WPT systems, it is possible to use both mobile networks with coverage of several
kilometers (GSM, CDMA) and local wireless networks (WLAN, WPAN), such as Wi-
Fi, Bluetooth, ZigBee. The average delays of wireless networks used for DWPT (at a
distance greater than 100 m) were compared in [41]. It is noted that dedicated short
range communication (DSRC) and cellular networks have small delays compared to other
wireless global networks (FM radio, satellite and WiMAX). However, for static charging,
these types of networks are not required, because the maximum transmission distance will
be several tens of centimeters.

A suitable solution would be the use of industrial wireless networks. Industrial
networks, in general, should offer real-time operation, reliability, redundancy and deter-
minacy, cyclical data monitoring, better security, and better performance [42]. However,
industrial wireless modules, despite their advantages, are several times more expensive
than commercial /domestic wireless networks and are partially inaccessible to the majority
of consumers.

Wireless data transmission between the secondary and the primary sides operates
most often at a carrier frequency of 2.4 GHz: nRF modules [23,43], Bluetooth [13,33].
ZigBee modules [24,44] have low power consumption but low data rate. In the ideal case,
the data exchange frequency should be equal or higher than the operating and resonant
frequencies [12]. This would ensure stable and correct operation of the closed system.

The Wi-Fi modules have increased power consumption (Table 2). Instead, the ability
to overcome interference and signal attenuation is relatively weak. In addition, the impact
of channel error and dispute is significant, as both increase significantly the feedback
cycle time delay [42]. As the number of transmitting devices in the network increases,
the probability of collision and frame loss increases, leading to retransmission of the signal
because in this case, all transmitted signals are damaged [42]. The data in the Wi-Fi protocol
must be collected in packets for transmission, which is more complicated. A comparison of
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the characteristics parameters of the most typically used modules of wireless networks is
presented in Table 2.

Table 2. Comparative characteristics of analyzed wireless communication modules.

Bluetooth Wi-Fi ZigBee NRF
No. Module Parameter (HC-05) (ESP8266) (CC2530) (24101)
1 Range of direct access, m 10-100 20-300 Up to75 30-100
2 Data transfer rate (average), kBit/s 720 11,000 128 1000
3 Typical energy eff1c1.ency (max. 50 215 27_40 45-115
current consumption, mA)
The maximum number of nodes in
4 the network 7 10 65,536 7
5 Level of security Satisfactory Good Good Good
6 The average price for 1 module, USD 5 4 5 4

The advantages and disadvantages of each of the wireless modules are well illustrated
by the petal diagram in Figure 5. The values of communication delays are not included
in the table and the diagram. The duration of the communication delay (as a set of
different delays) can be completely different, depending on the distance and power of
the transmission, the amount of data, the transmission rate, and other reasons. Therefore,
the study of this parameter will be conducted in the next section of the article. According to
the three-point evaluation system, a score of “1” means bad and “3” means very good.
Wi-Fi and nRF have the largest area of figures.

NRF (24101)

Range of action

< Bluetooth (HC-05)
—-Wi-Fi (ESP8266) Data transfer rate

Zigbee (CC2530)

Energy efficiency

umber of nodes in
the network

Figure 5. Petal chart comparison of the selected performance parameters of wireless modules.

There may be several options for implementing wireless transmission of information
between the secondary and the primary side. Neither are there hard rules for choosing
a wireless network. It should be ensured that the information is transmitted without
distortion and the connection is noise-resistant to electromagnetic disturbances. Only the
integer type of data from the ADC needs to be transmitted from the secondary side.
Therefore, the transfer of a significant amount of data is also not required and is not a
priority. In addition, the modules should be energy efficient and not too expensive.

Currently, nRF modules are among the most affordable, efficient and quite acceptable
in terms of energy consumption. NRF modules were chosen due to their good performance
in the energy consumption, range, data security, as well as network capabilities for the
transfer of measurement results to the primary side. The nRF24L.01 modules operate in the
Industrial, Scientific Medical radio band (ISM) at a frequency of 2.4 GHz. The 2.4 Ghz GSM
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band is free of charge and not subject to registration. They have a high data transfer rate
of up to 2 Mbps, which is higher than the I2C and UART buses (nRF works through the
SPl interface). The operation mode of the modules (receiver/transmitter) can be changed
during their operation. The modules have high noise immunity, the data in the packets are
accepted (received) with cyclic redundancy check (CRC) verification and control of data
delivery. These modules also have a slight delay at the transmitting information, as shown
in the next sections.

4. Case Study of the Proposed Control System with the Model of
Communication Delay

4.1. Delays in the Feedback Circuits of a Closed-Loop Control System in the WPT

All network delays (equipment delay, transmission delay, and propagation delay)
can be collectively referred to as a communication delay, as a total delay from the end of
information transmission to the end of full reception of the data packet. The transmission
delay determines the time required to transmit all bits of the frame in the packet.

Data on wireless networks may be sent at a slower rate or packets may be lost due
to a number of conditions, most notably delays. As the distance between the modules in-
creases, the signal strength decreases, which means that the signal-to-noise ratio decreases,
leading to a deterioration in the performance of the wireless network [45].

Transmission delay extension can also occur due to poor signal quality or low power
(due to attenuation or interference) [42]. A common reason is bandwidth limitation,
which increases the time of physical transmission of frames through the module. Transmis-
sion delay limits the bandwidth of the channel, which determines the maximum sampling
rate [42].

The delay time depends on the available minimum step size. For example, the time
period of the switching cycle is 10 uS when the circuit is operating at a frequency of
100 kHz [15]. At least 100 steps per switching period should be available for acceptable
performance and accuracy [15]. Accordingly, the minimum step size is 100 nS.

On the other hand, increasing the sampling rate has limitations. The experimental
work by [46] showed that while faster sampling extended the range of stability with respect
to the packet loss, higher sampling rates in turn produce higher rates of data loss for a
given signal-to-noise ratio. The communication delays can destabilize the system if they
are greater than the sampling period [2]. The data rate of a few hundred hertz is sufficient
for a stable charging process, which is confirmed in this work.

It is not necessary to monitor the parameters with high frequency as there are no
significant dynamics in wireless charging systems. Therefore, mathematical methods for
estimating, eliminating and compensating for delays [2,47-49] in this case are residual
solutions. In this case, the maximum allowable delay in the transmission of information at
which the system will still work properly can be significant.

As a result, it will be sufficient to take into account all the delays as a total at the WPT
system analysis in general by the transfer function. Next, investigation of the WPT system
with different durations of total delay is required.

4.2. Mathematical Description and Modeling of a Closed-Loop WPT System Taking into Account
the Delay Value

The control system was simplified for the mathematical analysis (Figure 6). By tak-
ing into account the significant difference in the dynamics of the transmitting system in
comparison to the output filter, the model can be simplified. This will decrease model
complexity while still the dynamics of the system would be precise enough. By using these
dynamics relations, the high-frequency link with the high-frequency alternating current
can be replaced by the gain G. With this simplification system, tuning is being concentrated
on estimating the appropriate coefficients to maintain the filter inductor current on an
appropriate level.
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Figure 6. Block diagram of the control system.

The reference battery current I, is compared with the measured Ij;;. The current
error goes to the PI controller, which sends a signal to the equivalent DC-DC converter.
This equivalent DC-DC converter is a result of merging the primary side dc-ac converter
and secondary side rectifier. The output voltage will be as M * G = Vs, where M is
the modulation index of the primary side dc-ac inverter. The current Iy, is determined
by the voltage difference between Vs and Vy, (AV * gL = Ip,;). This voltage is applied
to L (inductive resistance of the output filter 1/sL). Finally, with a certain delay e 57N,
the feedback signal arrives at the controller.

To obtain the mathematical model and to evaluate the coefficients of the controller,
Laplace transform was used. As a result, the block diagram in Figure 6 has the following

transfer function W(s):
K; 1
K ). .G
( al s ) sL

, @
K; 1

1 K ). —.G.esTsN

+(p+s> L G-e

W(s) =

where K}, K;—coefficients of PI-controller, G—gain of dc-dc transfer, L—filter inductance,
Ts—sampling period, N—number of samples.

The simulation of the control system was carried out in order to obtain the coefficients
of the regulator, to check the stability of the system at different delays with this function.
The biggest component of the total delay will be the communication delay, as mentioned in
the previous paragraph. This total delay will impose restrictions on the control system.

By taking the denominator of the model, poles for each of the controller coefficient
combinations can be evaluated. Figure 7a represents the real part of each pole depending
on these coefficients. The system will be unstable if the point is greater than zero. By taking
all solutions below zero and merging these regions, the system stability margins can be
estimated. Figure 7b shows the merged regions. The coefficient in this region can be chosen
depending on the desired dynamics, overshoot level and minimal static error. The closer to
the limit of stability, the faster can the regulator make an adjustment. However, there is a
danger of fluctuations at the same time.

This analytical method of adjusting the controller taking into account the transfer func-
tion at low frequency will be more accurate in contrast to the well-known Ziegler —Nichols
method. In the case of the latter, the coefficients obtained after the preliminary calculation
must be adjusted experimentally, often with very significant corrections.

As the system had a valuable communication delay of the feedback signal, the stability
was analyzed under different communication delays (Figure 8). By taking into account that
the controller frequency was set to 500 Hz and by multiplying this step on N (number of
samples), the stability was made for the range of delays. The complex plot in Figure 8a
shows the poles of the system for different delays. The horizontal axis was plotted on a
logarithmic scale because the poles were very scattered. At N < 5, the single poles are on
the Im axis, the system is stable, and the process is damped. It is seen that at N > 15 with
increasing delay, the complex-conjugate poles appeared and the oscillating process began.
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Figure 7. Determination of controller coefficients combinations: (a) poles; (b) system stability margin.
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Figure 8b shows the step response for different delays. The appearance of complex-
conjugate poles for high communication delays before the moment when system became
unstable should be noted. As can be seen, the system was still stable even for the delay
being 10 times higher than the communication delay of the system.

Additionally, the system stability can be influenced by system component imperfec-
tions [50]. The analysis of this influence in the proposed model was carried out for the
output filter accuracy in a range £ 8% and showed minor influences in comparison to the
communicational delay.

Therefore, the control system implemented was based on the settings obtained from
the simulation results.

4.3. Features and Implementation of the Proposed Control Strategy

The control algorithm based on the PI controller was implemented on a microcon-
troller TMS320F28375DPZPS from Texas Instruments. The TMS320F28375DPZPS is a
powerful 32-bit microcontroller unit (MCU) with a floating-point unit and with dual-core
architecture designed for advanced closed-loop control applications in real-time with
improved performance.

The output voltage and current are monitored by using voltage and current sensors.
In this WPT charger, the CV reference is 56.8 V, while the CC reference is 2 A.

Firstly, the proposed algorithm is used for detecting the receiving coil (Figure 9).
The structure of the program is implemented through a flag machine and has two main
tasks. Before entering one of the tasks, first there is an initialization of interrupts on the
timer, radio module and other peripherals.

System
initialisation

Send test Toat < 0.11res
energy Voat > Vinax or
Ivat > Imax or

Norma
operation (PI

ontroller
topping the
charging process

Figure 9. Graphs of the secondary coil detection algorithm.

Tvat < Imin

ait few
seconds

Tpat> Ollref

Then the test energy is sent for one second and the PWM signal is turned off. After that,
for a few seconds, the system is waiting for the voltage and current data response of the
secondary side and the analysis of the values is held. If the battery output charging current
Ipat is less than 0.11, (i.e., the charging current on the battery is not sufficient), the system
repeats this procedure for detecting the coil. This means that the secondary coil is missing,
or the coupling coefficient is insufficient due to the large distance between the coils or the
lateral displacement.

If the output charging current is more than 0.1, (10% from the reference charging
current), the flag machine will start the normal operation of the PI controller to implement
the CC or CV modes. In this task, at any time, if the I;;; change is less than 0.11,,f, and this
battery is not fully charged, the detection of the secondary coil is resumed to enter normal
cyclic operation and continue the charging process.

After the system initialization and start and successful check for the presence of the
secondary coil and the conditions of allowable efficiency, the graph enters into the task of
normal operation of the PI-controller (Figure 10). The measured battery output charging
voltage V},; and the current I, are acquired via voltage and current sensors and sent to
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the primary controller. In all cases, all data from the secondary side are firstly filtered
(averaged) using the moving average method.

CC mode Vref > Vbat and AI=0 CV mode Vref <= Viat and AI<0

a) b)

Transition

\

Irefc A

Ibat A

Y

VbutT

\

c)

Figure 10. Proposed PI-based control strategy: (a) CC mode; (b) CV mode; (c) controller operation time diagram.

The CC/CV control system is built around the cascade PI controller (Figure 10a,b).
The first controller is used to maintain the output current on an appropriate level. The sec-
ond controller is activated when the charging system should switch to the CV mode. As can
be seen, the output of the second controller is used as the value at which the reference
current I, should be decreased to obtain necessary output voltage (Figure 10b,c). Such an
approach is more convenient than the separate usage of controllers for CC and CV modes,
as in this case, the CC controller is working during all operation modes and maintains the
dynamics of the system on one level.

The operation mode begins with the CC mode (Figure 10a). As the value Vy,; is
lower than V., the input of the CV controller is zero and the output value Al is also zero.
In this case, Ii;f = Ier. As soon as Vi, becomes higher than V., the CV mode is activated
(Figure 10b,c). The second controller is being activated and its output (Al) decreases the
reference current Ly = L + AL

It should be noted that in addition, for safety, maximum current and voltage limiters
are implemented. As soon as the voltage or the current overflows this margin, the power
transmitting is stopped.

The charging process is finished when the output charging current reaches its mini-
mum value (10% from the current value in the CC mode) or the output charging current or
the voltage suddenly exceeds the maximum allowable charging current.

A series of experimental studies were conducted to confirm and verify the operation
of the control system for wireless charging.

5. Experimental Verification of a Closed-Loop WPT System

Experimental verification of the study results were obtained using a prototype of the
wireless charging system presented in Figure 11. Firstly, experiments were conducted in the
laboratory environment (Figure 11a). Finally, wireless charging of low-voltage batteries was
installed on an electric kart ELECTRO ONE developed in Chernihiv Polytechnic National
University (Figure 11b,c).
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Figure 11. Prototype of wireless charging: (a) during the laboratory tests; (b,c) implemented on the electric kart.

The maximum speed was 45 km/h. The speed limit of each mode was 16, 25 and
45 km/h, respectively. The electric kart can travel up to 35 km from a single battery charge.
The kart was equipped with an electric motor Voltabikes-Brushless dc motor (BLDC),
48 V with a built-in planetary gearbox. The power of the electric motor was 1 kW.

The primary circuit board was designed with the ability to operate up to several
hundred watts. In particular, greater distances between nets on the printed circuit board
are provided for this purpose. Therefore, it had relatively large overall dimensions. The pri-
mary part woulf not be located on the vehicle, so the overall dimensions were not critical.

The N-channel SiC transistors C3M0030090K were used (900 V, 30 mQ)). The transistors
provided switching at a frequency of 150 kHz (Table 3). Power was supplied to the primary

part of the device from an alternating current grid of 220 V.

Table 3. Key parameters of experimental setup.

Symbol Description Value
Vi Input DC voltage 310V
Vi 4 batteries i serieg) 48V
Prom Rated charging power 110W
S51-Sg SiC transistors C3MO0030090K
fow Switching frequency 150 kHz
MCU Microcontroller TMS320F28375DPZPS
Lyrim1, Lprima Primary inductances 90 uH
Lsec Secondary inductance 24 uH
Battery 1 Master 6-DZM-22.2 12V,22.2 Ah
Battery 2 Luxeon LT9 12V,9 Ah
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V_in,

100V/div~

The four Master 6-DZM-22.2 acid-lead maintenance-free batteries with a voltage of
12 V were connected in series to obtain a nominal voltage of 48 V. These were improved
batteries using modern nanotechnology of graphene and silicone gel with capacitance
22.2 Ah. For comparison, other batteries, Luxeon LT9 (9 Ah), were also charged with lower
currents. The charging current limit in these hermetic lead-acid batteries is only 1.5 A,
so the maximum charging power is about 77 W.

All batteries were discharged to a voltage of 46 V in no-load mode before the start of
the charging experiments. Deep discharge during the experiments and operation should
be avoided in order to extend the life cycle of batteries.

The results obtained by experiments, input and output voltage and current waveforms,
in both operation modes, CC and CV are presented in Figure 12. The inverter current
waveform (I_in) had oscillations of a certain shape in the CV mode and did not have a
pronounced peak and sinusoidal shape because it contained a large amount of high-order
harmonics [27]. The fundamental reason for this problem was the response of the input
impedance to the operating frequency, as noted in [27].

Iin,

. V_in,
0.25A/div

100V/div

T;in,
0.25A/div
¥

i . i 1 wh A &
b Iy ! AN ! ' _Zlfout,_ZA/div " | | i | | Lo
! ey ey o
V_out, S0Vidiv| | b "\\V_out, 80V/div | |
a) Time: 2us/div b) Time: 2us/div

Figure 12. Voltage and current waveforms in CC and CV modes: (a) voltage and current in the inverter (V_in, I_in) and

battery charging voltage and current (V_out, I_out) in the CC mode at Ry,;; = 27 (); (b) voltage and current in the inverter

(V_in, I_in) and battery charging voltage and current (V_out, I_out) in the CV mode at Ry,;; = 95 Q).

The transmission delay was determined also at the debugging of a closed—loop control
system. The communication delay of the feedback system was about 1 ms, according to the
test experimental oscillograms (Figure 13).

2 (response)

A

Figure 13. Communication delay of the feedback system (1), where curve 1 is the information signal from the secondary

side, curve 2 is the response on the primary side.

It was confirmed that the equivalent resistance of a battery increases with the charg-
ing time and reaches a maximum when the battery is fully charged (Figures 4 and 14e),
as reported in [27,32-34]. Equivalent resistance Ry, of the batteries equals the ratio of the
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Rbattery, (Q)

33 26 27 28 28 33

charging voltage V3, and the charging current Ij;; (Rpst = Vipar/Ipsr)- The battery load of
IPT charging systems acts as an equivalent variable resistance Ry,;, which is the rate of the
charging voltage over the charging current [32].
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Figure 14. Experimental dependences in the CC and CV modes for different batteries: (a) charging profile versus charging
time and equivalent resistance of batteries at charging current 2 A in the CC mode; (b) efficiencies and output power of the
WPT system at charging current 2 A in the CC mode; (c) charging profile versus charging time and equivalent resistance of
batteries at charging current 1.5 A and 1 A in the CC mode; (d) efficiencies and output power of the WPT system at charging

current 1.5 A and 1 A in the CC mode; (e) equivalent resistance of batteries versus charging time for charging current 1.5 A
and 1 A in the CC mode.

The equivalent resistance of the batteries increased to 28 () in the CC mode (Figure 14a)
and the voltage on the batteries reached a nominal value of 56.8 V. The battery charge time
in the CC mode was 73 min. Figure 14b shows the change in the efficiency depending
on the charging time. The maximum efficiency was 90.5% and did not decrease too
much. The overall maximum DC-DC efficiency was 84%, taking into account the losses
on the control system. The efficiency of the system could be slightly higher with higher
transmission power. First of all, it is achieved by reducing the contribution of control losses
to the total system losses.

From that point, the system automatically started charging in the CV mode. The maxi-
mum (88%) efficiency in the CV mode was slightly lower than in the CC mode, as expected.
The oscillation of the charging voltage in the CV mode was less than 1%, which indicates
excellent performance of the controller (Figure 12). In the CV mode, the minimum charging
current is set, at which the charging process ends automatically. This is 10% of the maxi-
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mum charging current, i.e., 0.2 A in this case. The equivalent resistance of the batteries at
the end of the charging process was 284 (), the charging power dropped to 11.4 W, and the
efficiency decreased to 53%.

The duration of charging in the CV mode was 6.2 h, which is certainly longer than
charging with maximum current. The total duration of the wireless charging process was
7.5 h, which corresponded to the declared characteristics of the batteries.

Figure 14c,d shows the charging time of other batteries, Luxeon LT9 (9 Ah), with a
charging current of 1.5 and 1 A. The duration of the CV mode was significantly reduced
due to the longer duration of operation in the CC mode. This shows that in practice, it is
more appropriate to charge the batteries not with the maximum current, but slightly lower.
This will reduce the total charging time (from 230 to 120 min). The efficiency of the system
may be slightly lower. The main results are shown in the comparative Table 4. It should
be noted that no new batteries were used for the experiment. They had already lost part
of their capacity after intensive operation, so the charge—discharge processes occurred
fairly quickly.

Table 4. Comparison of performance of different wireless chargers solutions.

Source Max Charging Max Efficiency in CC Max Efficiency Charging Time Total Charging (VE;ttatezliil d
Power, W Mode, % in CV Mode, % in CC Mode, min Time, hours 8
Capacitance)
This article 113 90.5 (with current 2 A) 88 73 7.5 48V,22.2 Ah
This article 76 89.7 (W‘ﬂ}:)urrent 15 84.9 2 38 48V,9 Ah
[27] 120 Charging errent 2.52 } a feW tens of 7 48V 12 Ah
minutes
[26] 87 87.5 (w1thAc)urrent 1.8 91.1 ) 7 48V, 20 Ah
[26] 220 89.5 (with current 3 A) 91.9 - - 72V (electronic
load)
85 (with charging ) } 48 V (electronic
[(51] 200 current 3.8 A) 87 load)
88.4 (with charging
[34] 850 current 20.8 A) 85 - 13.8 48V, 100 Ah

The obtained results have values similar to those of existing solutions (Table 4).
The maximum efficiency in both operating modes and charging time are not worse than
other developed laboratory analogues, and in the range from 90 to 850 W, as can be seen
from Table 4.

No commercial analogues of wireless chargers were found in a similar range of
charging power and with power supply from the household network and an output
voltage of 48 V. Therefore, it is not possible to compare the efficiency with the designed
device. Only as an example, the maximum efficiency of wireless chargers for mobile phones
is up to 80-85% on average at a power of 10-20 W. The maximum efficiency can be higher
on average, around 90% in commercial serial wire analogues of this device with a power
of 75 W or more. These values prove that the developed wireless charger with a new
topology and the proposed control system with improved mass-dimensional parameters
of the magnetic part has the same level of efficiency as commercial low-power wired and
wireless devices. This perspective paves the way for the implementation of such devices.

The proposed control system is the simplest compared to the solution presented in
Table 4, in addition, the advantage is also a method and algorithm for detecting the presence
of the receiving coil. The magnetic part of the system has reduced mass-dimensional
parameters, in contrast to the solutions presented in Table 4 and the vast majority of
existing solutions. With minor modifications, this wireless charger can be adapted to
charge batteries of other voltages and power levels.
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6. Conclusions

The main contribution of this study is the development of a simple closed-loop control
system with time-delay constraints for a wireless charger of low-voltage energy storage
devices of low-power electric vehicles. This charger is suitable for the implementation of
CC/CV modes in dual T-type SiC-based inverter and split transmission coils. Therefore,
this system was firstly proposed, used and studied together with the developed control
system with a communication delay for charging low-voltage batteries, which proves its
effectiveness and feasibility in wireless chargers.

The optimal structure for the control of the low-power WPT system was selected as a
result of reviewing and analyzing the existing solutions. The analysis of different wireless
data networks and modules was conducted for feedback implementation, resulting in the
selected nRF module as the best solution that has a low communication delay.

The transfer function of the control system was obtained and the coefficients of the
controller were determined (the controller is adjusted) with the help of Laplace transform.
The dynamic reaction of the system to a single jump was investigated at different delays.
It was established that the system was still stable for a delay 10 times higher than the
communication delay of the system, that is, with a delay of no more than 20 ms. Despite the
fact that system linearization was made, the provided model was sufficient to estimate
the control system parameters and verify them in an experimental section. Additionally,
the influence of system stability was made for the different accuracies of output filter.
These results show that in the provided system with a valuable communication delay,
the influence of component accuracy on system stability is minor and can be neglected.

The proposed new algorithm for detecting the secondary coil increases the function-
ality, safety and usability of the wireless charger. In turn, this will always allow working
at high efficiency, though in a smaller range of distances between coils. This solution
reduces the reactive current circulating in the elements of the primary side, and thus may
increase the reliability of the entire system and the durability of the electronic components.
To increase the safety of battery charging, we implemented the automatic stop to the charg-
ing process in the normal mode and immediate stop in emergency modes (overvoltage
and overcurrent protection). The entire magnetic part of the wireless charger system has
reduced mass-dimensional parameters, which are facilitated by the proposed circuit (T-type
inverter together with split transmission coils and with SP compensation).

An experimental prototype of the wireless charger was implemented and studied
to test and confirmed the proposed control approach. The experimental results obtained
complied with the existing solutions. The maximum transmission power was 113 W at the
charging current 2 A. The maximum efficiency in the CC mode was reached at 90.5%, in CV,
at 88%. The charging voltage oscillation in the CV mode was less than 1%, which indicates
the desired performance of the controller. The total charging time was 7.5 h, which is
normal according to the passport data on the batteries. The experimentally measured
communication delay was 1 ms, which is several times lower than the instability limit.

7. Patents

Ukrainian patent No. 142050 “Wireless power transfer system based on three-level
T-type inverter and two coupled transmission coils”.
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