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Abstract

In the case of growth of plants in a greenhouse, there is a need for multi-channel LED
drivers. This could be done using a pre-regulator followed by a linear current regulator
using a MOSFET. However, this presents issues such as discontinuous current and
potentially a discontinuous light intensity or a slight flicker observed by the LEDs. Hence, a
continuous current is required for a more stable light intensity. An issue with parallel
connected converters is the magnetic component count, i.e. the inductor count required
leading to a space issue. In the quest to reduce the size of the system, a multi channel
converter using a single toroid core is proposed. The system is programmed to source its
power from a photovoltaic array. Hence, a requirement for the driver to act as a charge
controller. This paper outlines the design and implementation system made up of a triple
paralleled buck converter utilising a single ferrite core.

Keywords: Single Inductor Multiple Output(SIMO), Multiple Channel LED(MCLED), Pulse
Width Modulation(PWM)

1. Introduction

An LED driver serves as a power supply for LED arrays. Additionally, it could be passive
or active depending on the characteristics of the LED. Passive LED drivers make use of
only passive components such as inductors, resistors and capacitors. An example of such
a topology is implemented in (Ron Hui et al., 2010; Lee, Nguyen and Rim, 2015). Often,
the use of resistors is for the purpose of current limiting. The complexity of passive drivers
tend to lag those of active drivers. However, considerations have to be made in its design
to ensure that the voltage ratings of the connected LED array are not exceeded. Active
drivers are typified by the use of at least one active component, such as a MOSFET, or an
IGBT. The complexity of which can range from a linear current regulation system, (Park
and Rim, 2013) to resonant converters, (Chen et al., 2015). The operation of a typical LED
follows the I-V curve. However, the current-voltage characteristics change as a result of a
change in temperature, typically requiring a higher current to maintain the same intensity.
Additionally, due to the need for active components, the system can potentially be
designed to be more robust.
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Figure 1 Current-Voltage Curve of an LED

In horticultural lighting applications, the use of mixed colour lighting has been found to be
efficacious in the growth process of plants, (1zzo et al., 2020; Shao et al., 2022). These
conclusions were made according to studies that monitored their effects on certain
highlighted criteria such as dry weight, fresh weight etc. Different voltage-current
requirements for LEDs necessitates the need of varying operating voltages for each LED
array; the use of multi-channel LED(MCLED) drivers are required for such applications.
Certain suggestions have been made on how to achieve multiple channel independent
current control. A voltage pre regulator can be used followed by linear current regulators
using MOSFETs to regulate the amount of current into each individual channel, (Hu et al.,
2019). Although this method presents an advantage in terms of its reduced cost
associated with the low component count, it presents certain disadvantages as well. The
switching frequencies required to operate the LEDs are on the lower end, i.e.
approximately 4kHz, hence, the possible requirement for larger sized input LC filters.

On the other hand, continuous current MCLED drivers allow operation of the MOSFET
devices at higher switching frequencies, approximately 50kHz and above. However,
depending on the topologies used, these types of drivers tend to have an inductor,
subsequently, requiring the need for a freewheeling diode. With the implementation of
such systems, certain drawbacks become apparent, the principal of which are the number
of the magnetic components required, i.e. each converter requires an inductor. Secondly,
is the design of the control scheme, considering the effects of a constantly varying voltage
input could result in a complex controller design. Due to the cost associated with a high
component count, there is a need for the development of MCLED drivers that require a
reduced number of components for full operation and functionality. Inductors that require
ferrite cores are often the largest component in a power electronic device, hence, the most
effective way of size reduction of the overall system is the reduction of the number of
magnetic cores required to realise a MCLED driver.

DC-DC LED drivers require a DC source of electricity, which can either be a fixed voltage
power supply, a photovoltaic(PV), or a battery. In the case of the use of PV panels as the
power source for MCLED drivers, the driver has to act as a solar charge controller, (Zhang
and Ma, 2015; Tran et al., 2017). The charge controller could either operate in a fixed duty



cycle method referred to as PWM charge controllers or it could operate in MPPT mode.
Extensive research done previously has shown that MPPT are more effective than PWM
charge controllers in extracting the maximum power of a PV system. The core of the
MPPT charge controller is the algorithm implemented. There exists three major basic
types of algorithms, The fixed voltage method, the perturb and observe method,
(Chellakhi, el Beid and Abouelmahjoub, 2022) and the incremental conductance, (Ahmed
et al., 2022) approach. There exists more advanced types of algorithms such as the
particle swarm optimization(PSO) algorithm, (Baliyan, Jamil and Rizwan, 2021) and the
estimate perturb perturb algorithm, (Kamran et al., 2020).

1.1. The Multi-channel LED driver

As stated in the introduction, the purpose of the MCLED driver is to produce varied
voltage levels for each channel. For the sake of clarity, the nature of the control of the
output channels can be categorised into two groups, dependent and independent channel
control. Dependent channel control indicates that the power level change of each channel
has no effect on the other channels. On the opposite side, dependent channel control
indicates that power level change of one channel affects the others.

In certain topologies, the control complexity of the independent is often higher than the
dependent. An example of such a topology is a single inductor multiple output(SIMO)
converter operating in DCM, (Kim et al., 2014; Barwar et al., 2020). On the other hand, the
dependency on hardware precision tends to be higher in dependent channel control
system.

An example of a system realising dependent channel control is a modified flyback
topology, (Nagesha, Sreedevi and Gopal, 2015; Tahmaz and Yildiz, 2021) . A secondary
side multiple winding transformer is used to realise the system. With such a system,
precision is required in making the transformer so as to ensure that each channel
produces the desired relative voltage level. It has been observed that a major requirement
for MCLED driver systems having independent channel control is the presence of at least
one MOSFET for each channel, (Huang et al., 2011). In the control of these drivers, the
control complexity could potentially increase as a result of the amount switching devices
needed to realise them.

1.2. The Solar Charge Controller

The flow diagram below illustrates the flow diagram of a typical MPPT charge control
algorithm, specifically the perturb and observe algorithm. In conventional DC-DC
converters, the control output of the algorithm typically controls a single switching device,
with the exception of a synchronous topology that requires multiple switching devices. In
this application, multiple varied current setpoints exist. Hence, the duty change output of
the MPPT algorithm will serve to increase or decrease multiple duty cycles. In order to
mitigate control complexity, a hysteresis controller is used, which blends in with either the
increase or decrease of a duty cycle implemented in the charge control algorithm.



Reading of
V(k) and I{k)
from Panel

Plk) = V{k)'I(k)

l

dP = P(k)-P(k-1)
av = V(K)-V(k-1)

D-AD D+AD D-AD D+AD

l l | l

[ Duty Cycle Update of the switching device

|

P(k-1) = P(k)
V(k-1) = V(K)

Figure 2 Flow diagram of perturb and oberve MPPT algortihm.

In hysteresis control, a setpoint is set. When the current goes beyond this point, the duty
cycle is decreased. Likewise, when the current goes below this point the duty cycle is
increased. The flow diagram represents a potential modification to the conventional MPPT
algorithm for operation of the MCLED driver system. With regards to charge controller
topologies, they have been realised using several topologies, (Hossain, Khan and
Shafiullah, 2012; Baliwant, Gothane and Waghmare, 2019; Neethu and Senthilkumar,
2019). It is noted that the use of some topologies such as the SEPIC or the cuk topology
result in a high component count, i.e. two inductors required. For further increase in the
efficiency of the system, synchronous topologies are often used.

1.3. Objectives

The aim of this work is to design and implement a PV tied MCLED driver system. The
system is made up of 3 channels. The design will be aimed at achieving independent
channel control. To achieve a reduction in the number of cores required, the inductors
required by the three channels are wound on a single core.

Due to the nature of the inductors, there will be a focus on how much the independent
channel control as well as the drain to source voltages of the MOSFET devices are
affected by the mutual coupling of the inductors.

Hysteresis control scheme will be used to keep the output current of each channel
constant. As a result of the control scheme being used, it is expected that the amount of
power required by each channel is extracted from the PV array.

In section 2, the block diagram including the design and determination of the power
components is outlined. In section 3, the research methodology is given in order to outline
and clarify the approach to the research and the method in which the results will be



obtained and discussed. Subsequently, section 4 outlines the results obtained,
additionally, the observations will be discussed. Lastly, the report is concluded in section 5
regarding the level of achievement of the primary objective and future recommendations
are given.

2. Proposed model or Conceptual method

In this section, there will be an outline of the design and implementation of the
multi-channel LED driver. Additionally, explanations will be given regarding the choice of
the power and magnetic components used.

21. System Structure and General Operation

The block diagram shows the structure of the system. It comprises of the source, which in
this case is a solar panel array operating at 18.8V, with an output range of 9V to 14V. The
LED arrays used are rated for 50W. Hence, a maximum output current draw of 3.57A on
each channel. Corresponding to the input, with the assumption of an 80% efficient
converter, the average input current for each channel at that point in time can be obtained
as (50/0.8)/(18.8) which amounts to 3.32A. An LC filter is implemented in order to prevent
the draw of discontinuous current from the solar panel which could potentially cause
unwanted heating of the panel connection cables. The first block is the switching and the
diode freewheeling stage. The second block is made up of the three inductors all
embedded on a single core.

The system is implemented in two parts. The first part is the implementation of an LC filter
with linear current regulators using low side MOSFETs. The second part includes the
freewheeling diode, and an output LC filter for each channel. The second part serves as a
modifier for the first part in order to transform the output from a discontinuous current
output to a continuous current output.

Additionally, the inductors required for the three output converters are placed on a single
core.

Due to the system structure implemented, the current sensor is placed across the
MOSFET. In the case of system operation in the first configuration, the load current
through the LED array is obtained. However, during system operation in the second
configuration, the input current of the buck converter is obtained. Due to the inductor
operation in DCM, the relationship between the output current and the input current is not
governed entirely by the duty ratio, hence, a difficulty in the determination of the output
current using the input current.
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Figure 3 Proposed System Block Diagram



2.2. Buck Converter Design

In this section, the analysis of the operation of the buck converter is outlined. The power
components are calculated according to the operation of a buck converter in DCM. The
images below show the graphs associated with the operation of a buck converter in DCM.
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Figure 4 Voltage and Current waveforms for a Buck Converter in DCM.




The overall system circuit is indicated below
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Figure 5 System Power Circuitry Schematic Indicating Coupling between the three
Inductors.

Using the following parameters,

Vl_n = 18.8V, Vout =9 - 14V, AVo,pk_pk = O.OZVO'ave, AIL’pk_pk = ZIL’ave,

=1 ,V =0.184V, V., = 1.15V,r = 100mQ,I = 3.54
t fwd L out

L,ave out ce,sa

The maximum duty cycle is calculated as follows

6 — Vfwd+[L,ave:L_;Vnut — O. 784

max Vin_Vce,sat fwd

The maximum allowable inductance is calculated as follows:
(Vin_ Vce sat_IL averL_ Vout) Xamax
L = sot L = 9.56uH

21
max L,avef sw

The capacitance required is calculated using the following equation:
21
C =—"%—=625uF

max 8Avc,pk7pkf sw
The sizing of the power components is governed by the conduction mode, the
disadvantage of which is the current stress on the switching devices.
Utilising a safety factor of 2 with the input and inductor peak currents, and the input and
output voltage, an IRF8010 MOSFET and an apu3006 diode is chosen for this application.
Additionally, with regards to the conventional PWM LED driver, the controller used is



2.3. Triple Coupled Inductor Design

The goal of the system is space reduction with the use of a single inductor core for the
LED driving stage. A toroidal inductor is used to limit the possibility of a space-consuming
snubber circuitry as a result of leakage inductance. With regards to toroidal inductors, a
limit exists on the frequency that they can operate for the purpose of reduction of losses.
The motivation for the choice of operating frequency are for the limitation of the
component sizes in addition to an adequate pwm resolution needed for the hysteresis
control.

A 43 material core is used for the system, hence a limit on the operating frequency to be
at 1TMHz, at which point the core permeability begins to drop.

Taking into the account the available core area required by each inductor on the same
core, the turns required is calculated as follows:

h = 15mm, r = 29.0mm, r, = 19.0mm, p_ = 4mx10", n = 800

N = 06667nxL__ _ 4 77
hxln(%)xuour
Since the area available is larger than that required by the number of turns, the number of
turns can be increased. To further achieve the objective of observing the effects of the
mutual coupling on the drain to source voltages of the MOSFET devices, slight changes
are made to the turns utilised for the coupled inductor. The number of turns utilised is 10

turns for the inductors on channel 1 and 2 and 8 turns for the inductor on channel 3.

24. Current Control

For realisation of the controller, five sensors are used. The solar panel output voltage and
current sensor. Additionally, 3 sensors are used to determine the current of each channel.
The system is designed to be transformable from a conventional PWM driver into a
continuous current driver. Hence, the current sensor and protection fuse is placed in
series with the MOSFET that serves as the linear current regulator for the in the
conventional PWM driver configuration. Therefore, in the system configuration for
continuous output current, the input current of the buck converter is being controlled. This
current sensor placement has the advantage of protection of the switching from
overcurrent.

The disadvantage is a need for a low pass filter current sensor in addition to a lack of
current sensing on the output LED array. However, noting that the application demands
only relative levels of current on each channel, it is deemed an acceptable compromise.

A hysteresis controller is used to realise current control.

The controller is implemented using a digital signal microprocessor. Specifically, the
dsPIC33ev256gm102, operating at 140MHz, implementing a 12 bit ADC, and a 10 bit
PWM resolution at 50kHz.



3.

Research methodology

This section highlights the method used in the process of the research. Additionally, it
includes the experimental setup and the steps used to obtain the results.

The data collected are the voltage and current readings at specific points of interest.
Hence, the method for data collection is quantitative.

In summary, the major research steps are as follows:

Research into the need for MCLED drivers, as well as their state of advancement.
Select the suitable components for the design of the active and magnetic
components of the circuit.

Make observations on the performance of the system and discuss them.

Conclude on how the level of achievement of the objectives and ways to move the
research forward.

The following are the apparatus used for data collection:

A Tektronix oscilloscope.

AC/DC current probes.

Voltage probes.

Connecting wires.

Three 50W LED array units, a separate LED array unit is required for each
channel.

The designed and implemented MCLED driver.

A USB storage device to save the results.

The following steps are followed in order to obtain the experimental results:

The coupling is set to DC for both the voltage and the current probe on the
oscilloscope.

The voltage is confirmed to have a scaling of 1 and the current probe is confirmed
to have a scaling of 100mV/A.

The required connections are made, i.e. the solar panel connection to the system
and the connection of the conventional PWM driver to the second stage modifying
system.

The system is turned on and measurements are taken of the inductor current, the
output voltage and current of the solar panel, as well as the LED array voltage and
current for all channels.

Figur 6 The realised MCD iver

%’ 2\ E} "Cb_nv'eqtional PWM Driver



Figure 7 The Complete Experimental Setup

4. Results

This section outlines the results obtained from the system. The experiments aim to
indicate independent channel control of MCLED drivers. The results below show the
inductor waveform, and the output current of each channel. The duty cycle for each
channel is shown. Subsequently, the output current for each channel is shown. Three LED
arrays are connected to the overall system. One array on each channel.

Figure 9 Output Voltage and Inductor Current of Channel 1.(5V/div, 1A/div)



Figure 13 Drain to Source Voltage of MOSFET 1(10V/div)



Fgure 16 Output Voltage and Currentof Channel 3.(5V/div, 500mA/div)



Figure 17 Drain to Source Voltage of MOSFET 3(10V/div)

The results indicate current waveform on each channel. As is evident, the current
measured through each inductor is discontinuous following the designed routine. Due to
the amount of turns used in the practical system exceeding that which was designed, the
inductor might slip into a CCM mode of conduction as it gets closer the rated value.

The drain to source voltage of the channel 3 MOSFET exhibits a significantly larger spike
than that of channels 1 and 2. Therefore, it appears that there exist significant levels of
leakage inductance. This could be as a result of the lower number of turns present on
channel 3 than the other channels. Additionally, the output voltage of the third channel had
a tendency to be higher than the other channels at the same duty cycle.

With regards to the efficiency of the system, the results were taken in the later part of the
afternoon with lower irradiance levels. Hence 15W was extracted from the 50W solar
panel. The efficiency of the system at that voltage level was recorded to be 66.2%. It
appears that the voltage spikes on the drain to source of the MOSFETs played a role in
the relatively low efficiency. Additionally, operation of the system a certain amount below
its rated value contributed to the low efficiency.

Regarding the stability of the waveform, the current sensor placement has an effect on
that outcome. However, the current sensor placement increases the robustness of the
system, in the sense that it is a transformable system from a conventional PWM driver into
a continuous current driver.

In summary, the system implementing hysteresis current control is functional when
connected to a PV panel. However, the system implemented appears to have a certain
level of dependent current control across its channels. There is coupling between the
inductors as a result of their placement on the same core. This causes the output voltages
to be closer together with the exception of the case where there is a 0% duty cycle on one
of the channels.



5. Conclusions and recommendations

The objective stated of the report was to obtain a PV tied MCLED driver with independent
channel current control. Additionally, the driver was to be realised using three inductors on
a single toroid core. The problem that was to be addressed was the size issue caused by
connecting three buck converters in parallel. The SIMO buck converter topology was
considered, however, the power capabilities to efficiency was deemed insufficient. The
implementation of a triple coupled inductor resulted in a favourable outcome which led to
the reduction in space required in comparison to the use of separate cores for each
inductor. A compromise was made regarding the size of the inductor and the required size
of the capacitor required for DCM applications. The system achieved the objective of
being functional in receiving power from a PV source. The size issue was addressed
because a multi channel converter was realised. However, independent channel control
was not fully realised.

Recommendations for possible increase in efficiency of the SIMO converter is the use of
an active snubber. With respect to the closed loop current control of the independent
channels, the settling time can be decreased with the use of a higher order active low
pass filter for the current sensing. Additionally, with the use of lower on-resistance
MOSFETs, an increased frequency is possible, further reducing the size of the inductor. In
order to mitigate the effects of coupling between the channels, time multiplexing
techniques could be researched into in the future to potentially realise independent
channel control.
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