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Abstract

In this thesis, the notion of loss-free resistor (LFR) is used systematically to design power
supplies for efficient lighting, namely light emitting diodes (LEDs), high intensity-discharge
lamps (HID) and induction electrode-less fluorescent lamps (IEFLs) with the aim of reducing

the electrical energy consumption in domestic or industrial applications.

The different lamps previously mentioned are supplied at constant power independently
of the lamp type and impedance, taking advantage of the LFR nature, i.e. an emulated

resistance in the input port and a power source in the output port.

The sliding -mode control technique is applied in the boost converter to impose the LFR
behaviour in continuous conduction mode (CCM) in some cases, and in the boundary between
CCM and discontinuous conduction mode (DCM) in other cases. This control technique has
been implemented throughout the thesis by either analogue or digital controllers and allows

regulating the light emitted by the lamps.

LFR behaviour is indirectly achieved in the case of LEDs lighting, in which a high
voltage is obtained from both a low DC voltage (12 V) and the electrical grid. With only one
boost converter and a 12 V battery, voltage gains around 100 are attained resulting in an
output voltage of 1.2 kV. In the case of grid supply, two operation modes are realized, i.e. the
normal mode like in battery supply and the burst mode, which intends to improve the efficiency

without introducing changes in the converter and control.

Regarding the HID lamps a double-stage converter is presented in order to supply this
type of lamps by a DC voltage. The first stage is a boost converter with LFR behaviour, and
the second one a switched-capacitor boost converter. When the lamp is off, the two converters
are operating in cascade sharing the same control signal and achieving voltages around 6 kV
from a 12 V battery. Once the lamp is on, only the boost converter with LFR is working,
delivering always the selected power to the HID in the warm-up and in steady-state operation
irrespective of the lamp impedance. As a consequence, both output voltage and current values

are automatically adjusted by the lamp impedance level.

Supplying HID lamps from a high-frequency AC voltage is also investigated by studying
a boost converter with LFR behaviour in cascade with a full bridge LCC resonant inverter. In
this case, the control technique is realized in the boost converter by means of a FPGA-based
digital controller. The full bridge resonant inverter is used to generate the necessary gain to
provoke the lamp start-up. Subsequently, the inverter operates at high frequency avoiding

acoustic resonances (AR).

Finally, a boost converter with LFR behaviour in cascade with a full bridge LCC inverter
is presented in order to supply an IEFL lamp by means of a high-frequency AC voltage. As in

the previous cases, the converter supplies the lamp at constant power irrespective of the lamp

xxiii



UNIVERSITAT ROVIRA I VIRGILI

HIGH VOLTAGE EFFICIENT LIGHTING BASED ON THE LOSS-FREE RESISTOR CONCEPT.
Antonio Ledén Masich

Diposit Legal: T 1338-2015

impedance. In this case, due to the IEFL operation, the full bridge resonant inverter is always

working at high frequency.

All the converters presented in the thesis are first analysed, then simulated and finally
tested experimentally showing the feasibility of LFR-based switching regulators in the field of
efficient lighting.

XX1V



UNIVERSITAT ROVIRA I VIRGILI
HIGH VOLTAGE EFFICIENT LIGHTING BASED ON THE LOSS-FREE RESISTOR CONCEPT.

Antonio Ledén Masich

Diposit Legal: T 1338-2015

Switched-Power Converters Used in Efficient Lighting mﬂ

1 Switched-Power Converters Used in Efficient Lighting

1.1 Why using of efficient lighting?

Nowadays, in addition to electricity generation by means of renewable energies, an
important way to contribute to CO, reduction is an efficient transformation of electricity in
other types of energy. This is the case of using efficient lighting sources, as light emitting diodes
(LED), high intensity discharge lamps (HID) or induction electrode-less fluorescent lamps
(IEFL), which are increasingly employed in domestic or industrial applications. Some of the
additional advantages of using efficient lighting are low energy consumption, low maintenance
cost and better light quality. Some of these features are shown in Table I, obtained from the
main manufacturer datasheets (namely Venture Lighting, OSRAM, Phillips Lighting and
SYLVANIA).

Fig 1. Illumination level in Europe illustrated by the European Space Agency (ESA).

In this context, the light regulation is the subject of many research papers, because the
dimming operation in different kind of lamps can provide about 50% - 60% of energy saving [1,
2]. Nonetheless, these systems are expensive and normally require a more complex circuitry than
the traditional systems without light regulation. However these drawbacks are compensated by
the energy potential saving, and hence power electronics for efficient lighting is still an open
subject wherein it is possible to find relevant contributions dealing with light regulation in LED

systems [3], HID lamps [4], as well as fluorescent lamps (FL) [5, 6].
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Table I. Types of lamps and corresponding features

High High
Metal
Pressure | Pressure .
Category IEFL Lamp | Fluorescent . Halide LED
Mercury Sodium L
am
Vapour Vapour P
Light
Efficiency 70-80 25-70 30-50 90-110 85 20-80
(1m/W)
Effective
Light
Efficiency
PM/W
(PM/W) 113-130 40-110 26-43 51-63 126 50-100
(lumens
measurement
for human
pupil)
Color
Rendering >80 50-80 30-40 <40 65 70-80
index (CRI)
Power Factor 0.98 0.38-0.95 0.44-0.67 0.44 0.4-0.6 1
Cold Start ,
. Instantaneous <37 4-10° 4-10° 4-10° Instantaneous
Time
Restart Time | Instantaneous <17 10-15 10-15 10-15’ Instantaneous
Strob. i
FOPOSCOPIC NO Sometime Sometime | Sometime | Sometime NO
Effect
Lamp Life 8000-
100000 5000-10000 3500-6000 10000 50000-80000
(hours) 14000

The role of power converters for efficient light, as it is inferred from the main
publications, consists in transferring the energy to the lamps as efficiently as possible with the
highest power density and with light regulation capability. Also, they must be adaptable to the

electrical characteristics of each kind of lamp.

The next subsections are focused on the description of the state of the art of the
different drivers or electronic ballasts reported in the literature, dealing with light regulation in
LED, HID, and IEFL lamps.

1.2 Electronic drivers used to supply Light Emitting Diodes
(LEDs).

LEDs are an important actor in efficient lighting due to their high efficiency, high
reliability, chromatic variety, and potential light regulation reducing the lamp consumption in
different environments. For this reason, in recent years LED lighting has increasingly attracted
researchers attention in different fields of applications, such as backlighting applications [7],

street-lighting [8], automotive applications [3], and emergency lights [9] among other [10, 11].
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Nonetheless, it is necessary to design and develop different power supplies taking into account

the LED behaviour and taking advantage of all the LED characteristics.

The configuration of such power converters depends on the typical requirements of the
application, but despite of specific specifications of each possible scenario, these are at least
three main issues that have to be always addressed when dealing with LED drivers: circuit

complexity, efficiency and cost.

Fig 2. Types of LED lighting in the market.

The main control techniques for LED light regulation are described in the following
paragraphs by emphasizing the influence of LED characteristics in the design of the power

supplies.

One of the main important aspects is that LEDs are fast lighting devices in comparison
with incandescent lamps. This means that the light emitted by a LED is proportional to the
current that flows through it. The main disadvantage of this is that the current ripple affects
directly the light emitted by the LED. Therefore, special efforts have to be made in order to
supply the LEDs with free current ripple.

In order to achieve light regulation in LED systems, two main techniques are proposed in
the literature, the analogue dimming and the Pulse-Width Modulation (PWM) technique, as
depicted in Figs. 3 (a), and 3 (b) respectively.

27



UNIVERSITAT ROVIRA I VIRGILI

HIGH VOLTAGE EFFICIENT LIGHTING BASED ON THE LOSS-FREE RESISTOR CONCEPT.
Antonio Ledén Masich

Diposit Legal: T 1338-2015

High Voltage Efficient Lighting based on the Loss Free-Resistor Concept

ILED Emmited Light Perceived Light
A A A
(a)
ILED Emmited Light Perceived Light
A A A
iLED_penk

MR —

(b)
Fig 3. (a) Analogue dimming, (b) PWM dimming.

The first aforementioned dimming technique, namely the analogue method (Fig. 3(a)), is
based on the DC current regulation that flows through the LED string with the aim of reaching
the desired brightness level taking advantage of the existing linearity between the injected DC
current in a LED and its luminosity. This technique is very simple and cost- effective but it can
cause some colour variation during the LED life time. According to the circuit topology of the
current regulator stage, it is possible to find two analogue dimming topologies, one based on

linear regulators [12], and another one on switching regulators [13, 14].

The second dimming technique (Fig. 3 (b)), is based on switching the LED current “on”
and “off” with relatively high frequency with a PWM- controlled current with a certain duty
cycle and peak value, so the human eye integrates the light pulses perceiving continuous light.
This PWM current control must switch at frequencies higher than 400Hz to avoid the flicker
phenomena [15, 16]. As in the previous case, two dimming methods are found in the literature
dealing with the PWM dimming ,i.e. systems employing linear regulators [17] , and systems

using switching regulators [18-20].

1.3 Electronic ballasts to supply High-Intensity Discharge

(HID) lamps.
Other important devices for efficient lighting are the high-intensity discharge (HID)
lamps. Due to its high lighting efficiency ( more than 100 lm/W), long lifetime, and high

luminous efficacy [21], this kind of lamps is widely used in commercial lighting systems,

stadiums, and street lighting among others [22].
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Fig 4. Diverse types of HID lamps available in the market.

In the past, electromagnetic ballasts were used to supply HID lamps but they present
some drawbacks in many applications were the size and weight of the power supply is an
important factor to consider. The main disadvantages are large size, heavy weight, poor power
regulation, sensitivity to line voltage sags, low efficiency, audible noise, flicker and stroboscopic
effect [23].

Thus, nowadays several studies discuss the design of electronic ballasts to supply HID
lamps with the highest efficiency and power density. The proposed ballasts should be capable to
develop diverse functions such as generating the necessary ignition voltage to start the lamp,
performing the warm-up from zero power to full power, and achieving a safe and stable
operation at the desired power level. Besides, they should improve the attributes of the
electromagnetic ballasts by competing in terms of cost and volume and exhibiting high power
factors, efficiencies, and good power regulation [4, 24-26]. All the lamp characteristics, as
ignition voltages, warm-up and steady-state operations are depending on the gas composition,

arc tube length, and other constructive elements. [27, 28]

Some works dealing with the ignition transients in the HID lamps show that the value of
the ignition voltage depends on the physical characteristics of each lamp. This means that this
value is specific of each lamp. Typical ignition voltages of an HID lamp are greater than 3.5 kV.
Diverse solutions reported in the literature to obtain these high voltages employ external
ignition circuits [29-31], or resonant converter stages for resonant ignition [32], integrate new
stages in the electronic ballasts [33] or include a controlled ramp of the applied voltage during

the ignition to reduce the voltage peak [26, 34-36].

Moreover, these ballasts have to be designed considering the HID dynamic response.

These lamps present a negative incremental impedance and during the warm-up its static
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impedance varies in a wide range (10 - 150 2) [26]. In this context, some papers present
equivalent circuits to obtain simulations of the lamp behaviour during the warm-up operation
[37, 38].

Besides, some reports discuss some physic phenomena that are associated with the lamp
functionality in steady-state and warm-up operation [33, 39]. The most representative is the so-
called Acoustic Resonance (AR), which is produced by the pressure waves within the arc tube.
This phenomenon occurs for a certain range of frequencies (from 1 kHz up to 100 kHz) [23, 39],
that depend on the size of the arc tube, gas pressure and composition, and that may change
with the lamp aging. Therefore, operating the lamp at these frequencies can produce unstable

operation causing visible flicker, and in some cases damage the lamp among other effects [40-42].

Nevertheless, it is possible to find in the literature three main solutions to supply HID
lamps by means of electronic ballasts in steady-state operation mitigating the AR effects. The
first-one is the simplest solution and consists in driving the lamp with a DC current. However,
this results in a degradation of the electrode material because the lamp current is always flowing
in the same sense and the resulting electric field may shorten the lamp life. The second-one is
based on supplying the lamp with a low frequency current/voltage square waveform (LFSW)
(below 1 kHz) [25, 26, 34, 41]. The LFSW approach has been proven to be robust against the
uncertainty of AR models as far as the harmonics of the lamp power are maintained below 5%
of the fundamental [43]. Finally, the last technique is the High Frequency Sinusoidal Waveform
(HFSW) that consists in supplying the lamp far away from AR bands (above 100 kHz) by
means of a resonant topology. This high- frequency approach is highly dependent on the lamp
type and operating point and is not robust against lamp and aging variations in comparison
with the LFSW approach. In addition, it has been demonstrated that a stable HID operation is

necessary to supply these lamps by means of current or power control [38, 44].

To conclude, designing these electronic ballasts is an interesting challenge in the field of
power electronics in order to guarantee a stable operation during start-up, warm-up and steady-

state together with an easy and efficient light regulation.

1.4 Electronic ballasts for supplying Induction Electrode-less
Fluorescent Lamps (IEFL).

Although the IEFL operation principle goes back in time to 1891 when Nikola Tesla
demonstrated a “wireless” illumination in a lecture given at Columbia in New York [45], and the
first patent of lighting source was registered in 1907 by Hewitt [46], nowadays IEFL continues

to be the most innovative lighting source in comparison with LED and HID lamps.

The most attractive feature in IEFL lamps is the absence of electrodes. For this reason
this kind of lamps will play an important role in a near future efficient lighting because they
ensure a longer lifetime up to 100000 hours approximately with both low lumen depreciation

and low maintenance cost [47, 48]. They exhibit in addition other lamp properties such as a
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luminance efficiency higher than 110 lm/W, higher colour rendering index (CRI), wide range of

colour temperatures, harmless start, instantaneous re-start and easy dimming [49, 50].

There are two types of IEFLs as illustrated in Fig. 5, namely, the external- inductor
lamp (Fig. 5 (a)) and the internal inductor lamp (Fig. 5(b)), each one working at different
frequencies but employing the same operation principle [51]. The magnetic coils enclosed to the
discharge tube act as a transformer, in which the secondary winding is immerse in the plasma
inside the lamp. An energy transfer exists from the coils provoking an electrical discharge and

generating a luminous radiation.

(a) (b)
Fig 5. IEFL lamps. (a) External-inductor lamp. (b) Internal-inductor lamp.

Some papers have undertaken the study of electronic ballasts for external -inductor
electrode-less fluorescent lamps (Fig. 5(a)) showing that they also have a negative incremental
impedance characteristic [52]. Moreover, as indicated by the manufacturer, these lamps are
designed for an HFSW operation at 250 kHz [53] and for this reason it is possible to find in the
literature some papers presenting electronic ballast with several stages. In this type of power
supplies, the first stage is used to obtain a power factor correction (PFC), if the ballast is
supplied from the grid, while another stage is employed to control indirectly the lamp power by
means of adjusting the voltage/current delivered to the third stage. Finally, an open loop

resonant inverter stage provides the HFSW operation at 250 kHz to the lamp [54].

As previously mentioned, these lamps are convenient for dimming so that different
techniques to provide this feature have been reported, e.g. the work of J. Tae-Kun et alt. [55]
presenting a comparison between two dimming control methods. These methods are based on
variable switching frequency control and variable dc-link voltage or current control method
respectively , wherein either input voltage or current of the resonant stage is controlled. Later,
J. Fraytag et alt. presented several converter topologies dedicated to regulate IEFL light [54,
56-58] with the aim to perform a comparative analysis for all the used converters. In all these

cases the dimming control is carried out by adjusting the dc-link voltage.

Note that in all the previous publications is mandatory to know all the IEFL electrical
characteristics for different power ratings [59], in order to control accurately the dec-link voltage

or current delivered to the resonant stage for a good light regulation.
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In this thesis, a new light regulation method is presented to supply IEFL lamps, in which
the lamp power can be easily adjusted without controlling the input current or voltage of the
resonant inverter stage. Therefore, the ballast here proposed will always deliver the desired
power to the IEFL independently of the load characteristics, i.e. regardless of the IEFL

impedance.

1.5 Motivation and goal of the thesis.

The common characteristic in all the previous works is the need to understand exactly
the behaviour of the different lamps, i.e., the electrical characteristics of each one at different
power levels with the aim to control accurately the supplied voltage or current required by the
device. A general approach leading to a flexible ballast with common elements for the three

classes of lamps would be desirable.

The main hypothesis of this work is that power supplies for efficient lighting employing
LEDs, HIDs or IEFLs, can have in common a converter stage supplying a constant power
irrespective of the connected stage at its output. This idea is closely related to the work
presented by S. Singer et alt. in references [60, 61], where a two-port power-conservative
network capable to supply a constant power regardless of the connected output impedance was
proposed. In this type of systems, the output voltage and current values are the coordinates of
an equilibrium point determined by the output impedance and the power handled by the circuit.
The two-port was called loss-free resistor (LFR), and was proposed as a possible solution to

implement a non-dissipative electronic ballast supplying diverse gas discharge lamps [62].

Therefore, this thesis explores the use of different circuits with LFR characteristics in the

construction of power supplies for efficient lighting employing LEDs, HIDs or IEFL lamps.

1.5.1 Loss-Free Resistor (LFR) approach applied to the efficient lighting.

The Loss Free Resistive (LFR) principles were presented by S.Singer [60, 63] from the

notion of a time -variable transformer (TVT) [64] controlled by a signal processing circuit [65].

The LFR is an ideal two- port power processing element of POPI type [66] , i.e. input
and output powers are equal , which can be modelled [67] by means of an emulated resistance
R. at the input port and a power source at the output port as shown Fig. 6 (a). The power
source was defined as an element that delivers power to the output, irrespective of the load
features. The total power provided in the output is equal to the total power absorbed by the
resistive input port. The equilibrium point in Fig. 6 (b) is the intersection of a power constant

curve (hyperbola) and a straight line defining the load resistance.
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Fig 6. (a)Two port model of the LFR. (b) Power source characteristics.

The notion of LFR was originally limited to the recognition that certain switching
converters exhibit input resistive impedance in steady-state when operating in discontinuous
conduction mode (DCM) under pulse width modulation techniques [62], this being the case of
buck-boost SEPIC, and Cuk converters. Diverse applications using these circuits can be found in
the literature in high quality rectification [68], and power interface in DC impedance matching

in photovoltaic systems [69].

Nevertheless, buck-boost, SEPIC, and Cuk converters in PWM-DCM are not the only
way to implement a LFR. A well know method for the realization of the LFR is the induction of
certain sliding motions in the appropriate converters [70-72]. As an example, a LFR can also be
implemented by imposing a sliding mode control with a control surface given by s(z) =Vs-

R. - I, as depicted in Fig. 7.

Fig 7. Boost converter with LFR behaviour controlled by means of sliding mode control.

This type of LFR synthesis is studied in this work, i.e. the employ of sliding mode control
based-LFR as a common element for efficient lighting of LED, HID of IEFL lamps is closely
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examined. It is expected that the processed power can be easily controlled by adjusting the

value of the emulated input resistance R, of the LFR.

1.5.2 Sliding-mode control in switched power converters.

The notion of discontinuous control goes back in time to 1920s in the Soviet Union, and
was enriched later with theoretical generalizations and a great diversity of analysis and design
methods for relay systems. Sliding-mode control is a particular case of discontinuous control , its
main pioneers being S.V. Emelyanov [73], V.I. Utkin [74], and U. Itkis [75]. Its introduction in

switching power converters was mainly due to H. Sira-Ramirez [76, 77].

The power converters are variable structure systems whose associated sliding-mode
control theory is the natural way to regulate them. This is due to the fact that input signals for
switching devices are continuous functions of the converter state and the resulting dynamic
models are described by differential equations with discontinuous right-hand sides. In this
context, sliding-modes can be induced with state trajectories over the surfaces in the system
state that establish the discontinuity of the right hand sides of the differential equations [78].
Moreover, since the production of chattering is intrinsic to the nature of switching power
converters, first —order sliding-mode controllers [79-81] are preferred to high-order sliding-mode
controllers [82], which ,in turn, are increasingly used in the regulation of electrical drives [83-
85].

To summarize, power switching converters are controlled by a discontinuous signal wu,
assuming values of “0” or “1”, which correspond respectively to ON and OFF states of the

converter. Hence, it is possible to consider a control law or switching logic as follows:

u:{z s(z)>0 (1)

where the function s(z) is the previously mentioned surface.

Nevertheless, control law (1) cannot be physically implemented because this would imply
an infinite switching frequency. A practical solution to carry out this switching logic with finite

frequency is employing a hysteretic modulator [86].

When dealing with a hysteretic modulator in a feedback controlled system, there are
three possible methods to tackle the analysis, i.e. describing function, Tsypkin’s method and
sliding-mode control. The first two methods are performed in a frequency domain and exhibit
complementary properties. While the describing function is an analytical approach giving
enough insight on the influence of the different parameters in the system self-oscillation, its
prediction of limit cycles is inaccurate. On the contrary, Tsypkin’s method is an accurate
numerical procedure requiring some complex computations that cannot give sufficient
information on the role of the different parameters in the system performance. In a clear-cut
contrast, sliding-mode control is a time-domain analytical method that provides not only a good
insight but also an accurate prediction of the dynamical behaviour of hysteresis-based feedback

controlled systems such as self-oscillating power converters [87].
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2 LFR-based ballasts for high-voltage low-power LED
lighting.

This chapter presents a solution to supply high-voltage LED lamps based on a LFR stage

synthesized by means of sliding- mode control.

Moreover, Silicon Carbide (SiC) devices are employed in a single stage boost converter
capable to obtain high-voltages for LED lighting applications in order to maximize the

efficiency.

Thus, this section is divided in three parts. Firstly, the analysis and design of a very-high
gain single-stage boost converter operating at the boundary between continuous conduction
mode (CCM) and discontinuous conduction mode (DCM) is presented. The converter is
supplied by a 12 V car-battery and attains 1200 V, i.e. it exhibits a voltage gain of 100. The use
of a hysteretic comparator in the control loop precludes the risk of modulator saturation and
facilitates the operation at the mentioned boundary. Sliding- mode contral theory is applied to
analyse the dynamic behaviour of the switching regulator and to establish the system stability

conditions.

Secondly, an efficiency comparison is presented between the previous boost converter
implemented with Silicon (Si) devices and the same converter made of two combinations of
Silicon Carbide (SiC) devices and a mixture of Si and SiC elements. The comparison is
performed on equal basis and discusses the influence on the converter efficiency of the

semiconductor power devices and the passive components.

Finally, the same converter is redesigned in order to obtain an AC-DC grid supplied
single-stage boost converter for LED applications. In this case, the converter can operate in
normal mode, in which all the input current semi-cycles are employed, and in burst mode where
only a fraction of all the input current semi-cycles is used in order to increase the efficiency
without changing the converter parameters. In this case the power switch is realized with SiC
devices to improve the performance of low-power LED-based lighting systems supplied by the

grid.

2.1 Sliding-mode control-based boost converter for high-

voltage-low power applications.

Converters operating at high voltage are widely used in many industrial applications, as
in HID lamps requiring several kV in their start-up [88], front edge stage circuits for renewable

energy [89, 90], and telecommunication applications [91].

Voltage step-up converters can be isolated and non-isolated. The isolated converters, such
as flyback, push-pull, forward, or tapped boost, can provide high output voltages at the

expense of an efficiency degradation provoked by the losses associated with the leakage
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inductance, which cause high voltage stress, large switching losses and serious electromagnetic
interference (EMI) problems [92]. These converters often require active or passive snubbers for
recycling or dissipate leakage energy [93]. Moreover, using a transformer, although contributes

to the voltage gain, increases the cost, volume and losses.

There are many options to achieve a high-voltage gain with non-isolated topologies, most
of them derived from a single-stage boost converter. It is worthy to remark that the boost
converter by itself is a poor candidate for high-voltage-gain applications because many factors
can degrade its efficiency limiting also the converter power rating [94] and precluding the

employ of high duty ratios that can saturate the pulse-width modulator (PWM).

Among the non-isolated topologies, high voltage gain can be achieved by connecting
several step-up converters in cascade [95]. The resulting topology can supply high output
voltages with a relatively high efficiency and a progressive reduction of the duty-ratios. The
main drawbacks are the stability [96], the complexity, and the high cost caused by
interconnecting different DC-DC converters in cascade as well as the need of synchronization in
all the power switches to avoid beat frequencies. Another alternative is the employ of quadratic
or cubic converters that can be derived from the cascade circuits by using a single driven
transistor [97] at the expense of incorporating several additional diodes. At the same time, the
single active switch must be designed to block the whole output voltage in the off-state and the

entire input current at the on state.

In order to avoid the extreme duty cycles of the converters without magnetic isolation,
another option is using switched- capacitors converters [98], wherein it is possible to increase the
gain by introducing several stages, thus reducing the duty cycle and the devices stress. However,
the current flowing through the devices increases in the switches turn ON impairing the
efficiency due to the conduction loss increment. In this kind of converters, increasing the output
voltage requires several switching capacitor stages, which also increases the overall cost and the

complexity of the converter and reduces its reliability.

An extension of Luo’s converters was reported in [99] by integrating various switched
inductor stages [100] thus avoiding high duty-cycles. However, the gain of the converter is not
higher than that of quadratic or cubic converters, but the complexity of the circuit, its cost and

volume increase.

Other possibilities are the converters with coupled inductors, where the switching devices
have to block a smaller voltage, so that devices with lower on resistance can be used, and the
problem of the reverse recovery peak in the diode can be neglected. However, the coupled
inductor needs a snubber to eliminate the voltage peaks generated by the leakage inductance,
and this fact tends to increase the losses, cost, and volume of the converter [101]. Some
efficiency improvement of these topologies combining coupled inductors with switched capacitors
is found in [102] where the efficiency increment is obtained by mixing the single stage boost
converter with transformers at the expense of increasing the complexity of the converter and its

control.
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The goal of this subsection is to demonstrate that a high voltage gain can be achieved
in a single boost stage without transformers, leading to a competitive converter in the field of
LED-based lighting power supplies. The proposed converter requires duty cycles near unity, so
that a PWM approach is disregarded because of the risk of saturation for duty cycles bigger
than 0.7. Instead, a hysteresis modulator with a variable width is employed to regulate the
converter, which operates at the boundary between CCM and DCM in order to minimize the

power losses.

It is well-known that a turn-off operation of the bipolar diode at zero current minimizes
the switching losses. This fact imposes DCM operation, which, in turn, implies current peaks
much higher than those in CCM operation for the same value of the input average current. This
trade-off is solved by operating in the boundary between both modes, so that the converter has
both diode turn-off at zero current and the minimum peaks and RMS values of current of a

DCM performance.

The highly nonlinear behaviour introduced by the hysteretic comparator is tackled by
means of the sliding-mode control theory, which provides an averaged dynamic model of the
converter in spite of the variable switching frequency produced by the comparator. The
converter is controlled through the inductor current since the current dynamic behaviour with
respect to the control variations is of minimum-phase type. A subsequent linearization of this

model allows the design of an appropriate compensating network.

From the technological point of view, the extreme conditions of high voltage operation
are counteracted by the use of SiC power devices, what eventually results in a good global
efficiency. The design of a specific driver for a SiC normally off JFET used in the power switch

implementation is also presented.

2.1.1 Converter description and operation.

The switching converter and its control loop are depicted in Fig.8, where parasitic
resistances in the reactive components together with an ON resistance for the transistor, and a
voltage source for the diode are included in order to study the influence of the conduction losses

in the converter performance.

S / S
3 > . NN
Y r O—1—> > > >
15 1L 5 < L: L2 L3
§ Ton vd < Tc
v %2 _1; L4
s
-/ ¢ c :C \\
—D—P T R Ls2o Lsio 1
L & -
- X X
"|—>/ S 0 A\/ A\/

? ]lll

Fig 8. Boost regulator with parasitic elements for LED lighting
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2.1.1.1 DCM-CCM boundary operation.

Switching losses can be minimized if the turn-OFF of the bipolar diode occurs at zero
current, which imposes DCM operation. However, preserving in DCM the value of the CCM
input average current to satisfy the load requirements requires current peaks much higher, this
increasing the RMS value of the current in all devices, and therefore, the conduction losses of
transistor and diode as illustrated in Fig. 9 and Table II. The deeper the DCM operation is, the
higher the current stress is, and therefore the higher conduction losses are. Consequently, the
DCM-CCM boundary appears as the working zone that combines the lowest conduction losses

with minimum switching losses by keeping the diode turn-OFF at zero current.

cCcM

Boundary

Ir

Fig 9. Inductor current at CCM, boundary, and DCM operation.

Table II. Inductor RMS currents in different conduction modes.

2
DCM A,
\3-D
2
Boundary ‘7;51
, (b-a) 2
I, <I2+-= =1
ccm N L

To calculate the averaged input current I,,, depicted in Fig. 9, the only data required is
the switching period Ts, because for a high duty cycle D , such that 0.99<D<1, at DCM-
CCM boundary, we obtain

D Ty-Vs. T, (2)

VS. .
I = 2L

"2

- L

P n Ve T
I = "o op=""5 "5 (3)
v, T 2L

where P, is the output power and 77 is the converter efficiency.

Neglecting the efficiency 7 effect, the input current I,,, and the output power P, are both
proportional to the switching period Ts and can be controlled by adjusting the value of Ts. It
can be observed that ,for a constant value of the switching period, the converter behaves like a
Loss Free Resistor (LFR) [60] because the input current I, is also proportional to the supply
voltage Vg

2.1.1.2 High-gain analysis.

Disregarding the voltage drop of the diode v; because this device is only conducting in a

negligible OFF interval, the following DC gain is obtained.
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Ve o 2 D(1-D) R,
’ R,(1-D) + (R‘/)’rc C+TON7EFF+TL
Ton_grr = Ton + Rspnses (5)

Fig. 10 shows the graphical representation of the DC gain as a function of the duty cycle
taking values between 0.980 and 1, for different resistive output loads. The rony value of the
power transistor (a JFET) has been obtained from the corresponding data sheet. It can be
observed that the ideal gain 1/(1-D) constitutes the upper bound of the family of curves

representing (4).

It can be observed in Fig.10 that the DC gain increases with the value of the resistive
load and it can be deduced that the maximum gain corresponds to the maximum value of the

duty cycle given by

1 1 1
Rog +2 R, m, '\/E'\/(Ru +2 1, ) RD'[(E' T +§' ToN_EFF +r(7JR0 ‘/‘? e (TL + Ton_grr )j

R(R,+2-1,)

(6)

dyax =
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Fig 10. DC gain of the boost converter for different output loads.

From (4) and (6), it can be concluded that very high values of DC gain require extreme
values of the duty cycle in the region 0.93 < D < 0.9925. These values can be supplied by the

hysteresis comparator without a risk of modulator saturation.

2.1.2 Sliding-mode control analysis.

In DCM-CCM border, the converter (Fig.11 (a)) has two structural changes within a
switching period, i.e., ON state (Fig.11 (b)) and OFF state (Fig.11 (c)), and therefore it can be
represented by means of two linear vector differential equations.

#(t)=A,x(t)+ B, for u=1 (ON state) (7)
t(t)= A,z (t)+ B, for u=0 (OFF state) (8)

where z(t) is the state vector corresponding to the state variables of the power stage.
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w(t):[iL,vC}T (9)

c)

Fig 11. a) Boost converter with parasitic elements, b) ON state, c) OFF state

Matrices A; , Az, B; and B, are given respectively by

- Ton 0 v
L 28
A = ) B, = LS (10)
(R, +1.)C 0
_Z_ TC'RO _i_ o
L L Vg-v (11)
i) - (?:@ﬁ (%:%ﬁBW-SLD
_ o 0
(Ro‘*Qj)C (R0+7Q7)C

The control technique applied to the converter requires the use of a switching surface s(z)

to induce sliding motions in the converter by forcing the input current to track a slow varying
signal k(t).

s(x) =i, —k(t) (12)

where k(t) is given by

40



UNIVERSITAT ROVIRA I VIRGILI
HIGH VOLTAGE EFFICIENT LIGHTING BASED ON THE LOSS-FREE RESISTOR CONCEPT.

Antonio Ledén Masich

Diposit Legal: T 1338-2015

LFR-based ballasts for high-voltage low-power LED lighting. w

Mﬁ:éh%MJJM)M:%@) (13)

and where, Iy is the output current constant reference, io(t) is the output current and I,.(t) is

the average input current, imposed by the hysteresis comparator.

Introducing the invariance conditions [78] s(z)=0 and ds(z)/dt=0 in (7)-(12) yields the

equivalent control u.,(t), which is bounded by both maximum and minimum values of u(?).
0< u,(t)< 1 (14)
Moreover, a switching law of the type
w(t)=0 if s(z)>0 (15)
u(t)=1 if s(z)<0 (16)

will induce a sliding regime on the switching surface ensuring the sliding-mode existence
conditions because

ds(z) _, (17)
dt

s()

In order to find the equilibrium point of the resulting sliding dynamics, we will

decompose k(t) in two terms, namely, a positive constant K and a superposed time —varying
component k (t). We will first assume a switching surface of the type S(x)=i;-K, which will

result in an equilibrium point X* of constant coordinates. The influence of the term (%) will be

predicted next in a closed-loop model of the converter dynamics after linearization around X*
by assuming k (t)<<K.

The resulting equivalent control for S(z)=i,-K, and the corresponding ideal sliding

dynamics are given by expressions (18)-(20) respectively, as follows

—1 VS _(TON T )'K (18)
e Koy ot By,
ONT R 41,  YR,+r1, P
i, =K (19)
dv,, R v (20)
ZC__ "t K- ¢
at qm+%)( %)cwﬁQ)

Therefore, the coordinates of the equilibrium point X*=[I;* V¢*] are given by (21)-(22)

I, =K (21)

v \/4 'K«’TL - Ton ) KJst)Rj +[(Tc) +('6 oy <4 TI,)TC +Tt§;v)K2 +((2 vyt 40V ) Te =20y Ty ) K+vf>:|' Rf

¢ 2 'RU +

. \/’2 T ('Uo + K 1y )' ((To.w + T ) K+, ) R, +T(7’ (—v,, +K 1y )) . 1
2-R, 2 R,

[((TON -Te ) K-v, ) R, -vp 1y + K 1oy Tc']

(22)
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Assuming now that k() is time-varying, the corresponding equivalent control will be

given by
M_ . k(t) ) TC' Ro Ro
) _L T Vy+r- k(t)+ R, +r, + v, RO+TC+1)D (23)
- T, R, k(t) R

—k(t) - o
(t) Ton * R, +1, +UCRG+TC+UD

Therefore, the ideal sliding dynamics can be expressed as (24)-(25)

ip(t)=k(t) (24)

—dk(t) | 1R, _1 e, Vim0 |p.
dchu-km-vo_[ dt +[L (ch)L]W’L[ L+(RU+TC)L]"+ L ]R” Y (25

it C(R,+1) Toxw  To R, 1 7, vp | A
(@ o (- oo

L (R, +r, L (R, +r,

fx)=

Linearizing equation (25) around the equilibrium point X*=[I;* V¢*] leads to the

following expression

dii(t)
dt

%:a -l%(t)+b "D+ -

= +d (26)

where coefficients a, b, ¢ and d are given by expressions (27)-(30), respectively, for the case of

no losses for the sake of simplicity.

o= of(z)| _ 1| Vs (27)
dk | .~ C\R, K
y_Of(@)| ___ 2 (28)
dvg | . R, C
o () _L| K (29)
dy y:%gt)’xx C\R, Vg
g o) _ 1| K (30)
Vg | CyR, Vg

Fig.12 illustrates the block diagram of the boost converter controlled through the
switching surface S(z). It can be observed that the ideal comparator required by the sliding —
mode control theory has been implemented by a hysteretic comparator based on a flip-flop that
activates the switch when the inductor current is zero, and turns OFF the MOSFET/JFET
when the inductor current reaches 2 - I,,. This is equivalent to force the average input current to

take the appropriate value I, in order to fulfil the output requirements.
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P )
11O

Fig 12. Boost converter with hysteretic control of the input current

Fig. 13 illustrates the closed-loop dynamic model of the switching regulator depicted in

Fig.8 where the expression of H(s) is derived from expression (26) by assuming I}S =0. Hence,

Vu(s) a+c-s 31
H(s)= k(s)_T 31

A A A
Iref + K(s) Ve(s)
Ki/s Hi(s)

Io(s)

I/Ro (——

Fig 13. Dynamic model of the switching regulator depicted in Fig. 9.

The system loop gain can be expressed as

e $tT|\Y
T(s)=H(s) %%: %‘—s (g-/b)) (32)

and the characteristic equation of the system will be given by

R

[ 0

k.- c k-a (33)
2 ) _ i —
S +s(——R b] =0

that will correspond to a stable system provided that following condition is satisfied.

.2 B Vs 34
0<k<T\™% (34)

Therefore, k; can be found using classical Bode techniques in (32) or by pole assignment

in expression (33).
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2.1.3 Single-stage boost converter implementation.

2.1.3.1 Power stage.

Figs. 14 and 15 illustrate the circuit scheme of power stage and sliding-mode controller

respectively.
L DIODE
° YT » ®
+ 70 uH +
C
Vs 0 | JFET — SuF = v,
1300V
- Rsenser Rensez -
e ANN—@
100mQ = 10Q

Fig 14. Power stage scheme.
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Fig 15. Control implementation schematic circuit.

With the aim of achieving a single stage boost converter with the highest efficiency, the

converter has been implemented with SiC devices.

In our case, the power diode is a SiC Schottky non-commercial device that has been
specifically fabricated for our application by the National Center for Research in
Microelectronics under the series name ALS11. The power transistor is the normally OFF JFET
SJEP12R063 that has required the design of a specific driver as it is described below in this

section.

The input series inductor of 70 pH has been realized with 11 wires of 0.07 mm? by
making 37 turns around the Kool Mp 773244-A7 core, which has a relative permeability of 90. It
has to be pointed out that the use of 11 wires instead of 1 intends to reduce the skin effect when

the switching frequency of the converter increases beyond 40 kHz.

The output capacitor is of ceramic type with a capacity of 8 nF and an equivalent series

resistance (ESR) of 8 m{2 and a breaking voltage of 1.3 kV.
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The input current sensor is made of an SMD resistance of 100 m{2 and 5 W while the
output current sensor is an E24 resistor of 10 €2 and 0.25 W. Signals —I. and I, are proportional

to inductor current 7, and output current i, respectively.

2.1.3.2 Control stage.

Fig. 15 shows the two main blocks of the sliding-mode controller, namely, integrator of
the output current error and hysteretic comparator. The integrator has been implemented with
a circuit based on LF347 operational amplifier while the hysteretic circuit employs two LM319
comparators with a response time of 80 ns, and a JKMC14027 flip flop with a bandwidth of
13 MHz .The inputs of the hysteretic comparator are k(t) and I, which are respectively given
by the output of the integrator and the output of an inverting amplifier based on LF347. The
output of the hysteretic comparator is a digital signal () which activates the driver to turn on or
turn off the power transistor. The transistor turn on corresponds to the high level of Q, which is
the result of a zero input current while the turn off is produced by the low level of Q, which is

obtained when k(t) is bigger than 2 - I,.

2.1.3.3 Driver implementation.

The driving circuit of the normally-OFF JFET has to provide a negative voltage to turn-
OFF the JFET and a positive voltage to turning it ON.

Although normally-ON JFET SiC devices and drivers are quite common, normally-OFF
JFETs and MOSFETSs are less available. The ON-JFET, is a majority carrier device that
typically has normally ON characteristics requiring a negative bias applied to the gate pinch off
channel, the pinch off voltage level being determined by the design of the channel [103]. The
OFF-JFET has complementary characteristics, which implies that different drivers for each type
of SiC JFET are needed. In Fig.16 the basic circuit differences between normally-OFF and
normally-ON JFET drivers are shown.

1 [’(’(‘A
—

v . AN ])
Control JFET Control |!-< JFET
Signal ) n-on Sional Gl © L

Logic signa ) »— n-off
—»| Logic | | S
[
(b)

Fig 16. Typically JFET driver. (a) n-on (b) n-off.

The resulting driver prototype employed in our case for the SJEP12R063 normally OFF
JFET is depicted in Fig. 17. The driver is composed by a simple push-pull output driver, a
series gate resistance Rg and a parallel connection of a capacitor C, diode D; and resistance Rp,
and a diode D, The output of the parallel combination is directly connected to the JFET. The
resulting driver prototype is illustrated in Fig.18. It has to be pointed out that signal @ in
Fig.14 is the output of the hysteretic comparator previously described. It can be observed that
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the driver is realized by two bipolar transistors, a npn transistor (ZTX 653) with an Vj, of
100 V and a collector current of 2 A, and a pnp transistor (ZTX 753) with an V. of 100 V and

a collector current of -2 A.

ZTX 653

| AN JFET

470nF

Fig 17. Implementation of the driver prototype circuit.

The Rgs resistor has been realized by means 6 E24 resistors of 6.8 € in parallel while the
Rp resistor has been implemented by 4 E24 resistors of 640 €. Diodes D; and D, are of schottky
type (SD103-A) of 40 V and 15 A. Finally, capacitor C has been implemented by a ceramic
capacitor of 470 nF 16 V.

Fig 18. Driver prototype.

2.1.4 Experimental results.

Table III shows the characteristics of the semiconductor devices described in
subsection 2.1.3.1 in terms of blocking voltage for both transistor and diode. As regards the
power transistor, the values of on resistance, threshold voltage Vi, gate voltage V,, gate charge
@, and gate current I, are also depicted. Information about forward current, on voltage drop,
and total capacitance charge Q¢ of the diode is also given. The experimental prototype has been
supplied with three different voltages (9, 12, and 14 V) and for each input voltage different
loads have been tested (10 kQ, 20 k2, 30 k2, 40 kQ, 50 k2, 60 k). The measured parasitic
resistances are 717, namely, 140 m{2 < rL < 155 m{2 for a range of switching frequency between

20 kHz and 40 kHz, and rc = 8 m). The control parameter k; is 102.
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Table III. Power switches used in the single stage boost converter.

ALS11 sic | 126V 5A Von Qc
1.8-2.3V 30nC
A%
SJEP120R063 | . 63mQ Vth & Qg Ig
. SiC | 1.2kV -15
Semisouth (30A) 1V 3V 60nC | 0.4A

2.1.4.1 SiC diode and SiC JFET.

The efficiency curves and the resulting switching frequency are depicted in Fig. 19. It can

be observed that as the output voltage increases, the switching frequency decreases. In addition,

it has to be pointed out that below 1000 V in the output voltage, the dominant losses are of

switching type, the conduction losses being preponderant beyond the mentioned value.

Therefore, the converter exhibits a higher efficiency for the lowest input voltage in all the

output voltage range up to 1000 V.
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Fig 19. Effficiency (cont.line) and switching frequency (dis. ine).

As illustrated in Fig. 20, the output voltage reaches 1.2 kV DC (CH.3) from a 12 V DC
(CH.1) input supply in the case of a resistive load of 60 k2. The input current (CH.2) exhibits a

switching frequency of 23 kHz in the DCM-CCM boundary. The average value of the current

flowing through the output load (CH.4) is 20mA approximately.
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Fig 20. Converter waveforms for a resistive load of 60 k(2.

The SiC-based converter has been also loaded with a LED spot consisting of 320 LEDs
connected in series as it is illustrated in the picture shown in Fig. 21. The corresponding steady-
state results are illustrated in Fig. 22, where it can be seen that the output voltage reaches
956 V (CH.3) for an input voltage of 12 V (CH.1). This voltage corresponds to the voltage drop
produced by the circulation of an output current of 21.6 mA (CH.4) through the 320 LEDs.

JFET 5‘ 320 LEDs
DRIVER in series a

Fig 21. LED-based Spot light and boost converter with SiC devices.
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Fig 22. Converter waveforms for a 320 LEDs load.

2.1.4.2 Driver’s results.

Figs. 23-25 corroborate the correct behaviour of the driver designed in subsection 2.1.3.3
by showing the turn-on and turn-off of the normally-OFF JFET. Fig. 23 shows the OFF-state
of the JFET with a Igs=0. Next, the JFET is first activated with a gate current peak of 600
mA, so that Igs reaches its final value of approximately 10 mA after a short transient. Hence,
according to the data-sheet, the estimated value of ron is 60 m{). The value of the current peak
(600 mA) can be observed in detail in Fig. 24. Finally, the turn-OFF transient is illustrated in
Fig. 25. It can be seen in the three figures that the gate voltage is 3.3 V in the ON-state and -
15 V in the OFF-state.

TekRun | —i} ] Trig’d
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Chi[ 5.00V  [@iF] 500mA< M1.00ps Al Ch2 \ 470mA
Cha[ 20.0mAQ 20 Oct 2011
i[16.20 % 17:52:43

Fig 23. Start-Up transient of SiC JFET device.
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Fig 24. Peak current in start-up transient of SiC JFET.
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Fig 25. Turn-off transient of SiC JFET device.

2.1.5 Conclusion of the high-gain single stage boost converter.

The design of a very high voltage-gain single stage boost converter has been investigated.
A voltage gain around 100 has been obtained with duty cycles near 1 without risk of saturation
due to the use of a hysteretic modulator. The converter has been controlled through the
inductor current whose reference is given by the integral of the output current error. The
dynamic behaviour of the system has been studied by means of the sliding-mode control theory

to establish the stability conditions.

The system operates at the boundary of CCM and DCM to make compatible a high
output load and a high duty cycle operation with minimum losses. The experimental results are
in good agreement with the theoretical predictions and show the expected variation of the

switching frequency with the coordinates of the equilibrium point.

The performance of the converter supplying a LED-based spot light has been also studied
and shows promising results for future lightning applications. The converter has been

implemented by means of a normally-OFF JFET and a Schottky diode, which has been
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specifically fabricated for the application. The use of SiC devices has allowed yielding 1200V
with a DC gain of 100 and an efficiency of 83% operating at 24 kHz.

2.2 Efficiency comparison between Si and SiC-based

implementations in a High-Gain DC-DC boost converter.

As previously mentioned this subsection presents an efficiency comparison between the
boost converter presented in the subsection 2.1 implemented with Silicon (Si) devices and the
same converter implemented in other three cases, i.e., employing two combinations of Silicon
Carbide (SiC) devices and a mixture of Si and SiC elements. The experiments are carried out in
the single stage boost converter prototype delivering a maximum output voltage of 1200 V when
is supplied by a 12 V battery. The measurements show that the highest efficiency is obtained
when the power transistor is implemented by a normally-off junction field-effect transistor

(JFET) and the diode by a SiC Schottky device with a small parasitic capacitance.

The implementation with the highest efficiency has been selected for supplying a light
spot of 320 LEDs in series, which results in an output voltage of 956 V and an output power of
20.6 W.

2.2.1 Use of SiC devices in power converters.

Silicon carbide (SiC) devices are increasingly replacing Silicon (Si) components in the
design of power converters due to their attractive characteristics such as high electrical
breakdown field, big thermal conductivity, large electron saturated drift velocity and great
irradiation tolerance, which make them capable to work at higher voltages and frequencies with
lower losses compared with their Si counterparts [104-108|. Different studies and experiments
over the last years demonstrate the progressive penetration of SiC devices in switching
converters and show that some of these components have already reached enough technological

maturity to constitute their own market niche.

One of the most representative examples of this maturity is the junction field-effect
transistor (JFET) , whose behaviour has been the subject of recent publications [109-113], some
reports having disclosed specific gate drivers for JFETs [103, 114], and shown its utility in
cascode rectifier structures [115, 116]. Other reports demonstrate that JFETs can work with
higher power densities and higher switching frequencies and result in better efficiencies than the
Si equivalent implementations [117]. This is the case of a boost converter tested at elevated
temperatures [118], the development of multilevel converters [119], and the implementation of
rectifier systems with power factor correction [120], isolated bidirectional DC-DC converters
[121], dual active bridges [122], DC-DC converters for hybrid-electric-vehicle [123], quasi-

resonant inverters for induction heating systems [124], and sparse matrix converters [125].

The previous implementations have been developed for high power converters, their
applications ranging from several to hundreds of kilowatts. There are, nevertheless, some

emerging applications like lighting supplies that do not involve high power but require high
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voltage in their operation. This is the case of high-intensity discharge (HID) lamps needing
high voltages to start-up [88, 126, 127], the supply of LED -based spot lights with the LEDs
connected in series [128], or the converters for induction electrode-less fluorescent lamps (IEFL)

powered at high frequencies [54].

2.2.2 Developed application and comparison efficiency.

Note that the application of our research is implementing a 25 W LED-spot with
conventional LEDs and there are three possible solutions, namely, a) array of a series connection
of LEDs b) array of parallel connection and c¢) array of series-parallel connection. Combination
(b) requires balancing the currents circulating for each branch. The equalization can be
performed by means of passive or active techniques. In the passive case, an important number
of resistances have to be inserted, what results in an important decrease of the efficiency. In the
active case, the equalization has to be performed by means of circuits emulating the behaviour
of current sources, this implying complexity and efficiency decrease due to the additional power
supply required by the current sources. Hence, it is expected that the series —parallel solution
will present the same drawbacks tan the parallel connection. As a conclusion, series connection
seems the least complex in terms of equalization and inclusion of additional components.
Besides, the risk of collapse inherent to all series connections, provoked by an element in open
circuit, is mitigated in the prototype by connecting a Zener bypass diode for each 4 LEDs. In a
clear-cut contrast with the permanent operation of the resistances in the case of passive
equalization in the parallel connection, the bypass diodes are only in conduction state in an

emergency situation.

From the technological point of view, our first goal is to demonstrate that the use of SiC
devices can be beneficial in the low -power high voltage applications required by LED-based
lighting systems. Different SiC-based implementations are studied and their performances
compared among them and with a Si-based implementation in a boost converter supplying a
series connection of LED devices as shown in Fig. 26, wherein the switching cell is defined as the
combination of the power diode and the power transistor, which in turn is activated by the
driver. The converter operates in the boundary between discontinuous and continuous
conduction mode (DCM-CCM) , employs a hysteretic modulator to avoid the risk of saturation

[129] with the associated sliding-mode control law previously discussed.

The different technological combinations of power devices are depicted in Fig. 27. Four
cases are considered, namely, 1) Si MOSFET and Si bipolar diode, 2) SiC JFET and Si bipolar
diode 3) SiC JFET and SiC Schottky diode (A) and 4) SiC JFET and SiC Schottky diode (B).
Hence, a second objective of the technological study is to choose the switching cell yielding the

highest efficiency in this high -voltage low power application.
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Fig 27. Tested switching cells. A) Si MOSFET/Si diode. B) SiC JFET/Si diode. ¢) SiC
JFET/SiC Schottky (A), d) JFET/ SiC Schottky (B).

2.2.3 Experimental set-up.

The aim of the comparison is to find the main cause of losses in the converter and to
determine which device limits the voltage gain. Without loss of generalization, the output load
in the test is of resistive type absorbing the same level of current than an equivalent load made
of series connected LEDS. With this goal, the set-up illustrated in Fig.28 has been employed to
carry out the measurements. It consists of an auxiliary DC power supply, the boost converter
using Si or SiC devices, an input voltage probe, an additional power supply for converter control
circuitry, an oscilloscope, an output voltage probe, a resistive output load, an output voltage
multimeter and a LED spot load with 320 LEDs in series.

The steady-state waveforms of the high -voltage low-power experiments in this research
are of the type depicted in Fig. 29. In this case the converter employs a 12.2 V input voltage
and a 60 kQ output load and results in a DCM-CCM boundary operation with 1160 V output
voltage and a switching frequency of 25 kHz.
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Fig 28. Experimental set-up: a) boost converter b) Input voltage probe ¢) DC power supply d)

Power supply for control circuitry e) Oscilloscope f) Output resistive load g) Output voltage probe h)
Output voltage multi-meter i) LED spot load with 320 LEDs in series.
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Fig 29. Steady-state waveforms of high-voltage low-power experiment in a boost converter
operating in the DCM-CCM boundary.

Table IV shows the characteristics of the semiconductor devices employed in the
converter implementation in terms of type of material (Si or SiC) for both transistor and diode.
The power diode is DSEP30-12AR in cases 1 and 2 and SDP30S120 and ALS 11 in cases 3 and
4 respectively. The power transistor is IPW90R1200 (Si-MOSFET) in case 1 and SJTEP120R063
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normally OFF SiC JFET in cases 2, 3, and 4. ALS11 is a power diode fabricated by the Spanish

National Centre of Microelectronics (CNM) in the frame of a joint research project with our

group (!). The normally OFF JFET employed in cases 2-4 has required the design of a specific

driver.

In the experiments, the converter prototype has been supplied by three different input
voltages (9 V, 12V and 14 V) and for each input voltage different loads have been tested
(10 k2, 20 k2, 30 k2, 40 k2, 50k €2, and 60 k2) for each switching cell. The output current is
regulated at 20 mA level, which is the rated current for the 5 mm diameter LEDs which will

constitute later the converter output load.

Table IV. Parameters of the evaluated devices

Devices
Parameter Symbol SiC n-off SiC Unit
1 M i Diod iC Diod
Cool MOS JFET Si Diode | SiC Diode Diode
Manufacturer Infineon Semisouth IXYS Semisouth CNM
DSEP30-
Part No. IPWO90R120C3 | SJEP120R063 19AR SDP30S120 | ALS-11
SiC n-off Soft- SiC SiC
T CoolMOS
ype 0 JFET recovery Schottky Schottky
Breakdown
Vip 900 1200 1200 1200 1200 \%
Voltage
Rated Current IrareD 23 20 30 30 5 A
Max. Junction
T,maz 150 150 175 175 150 °C
Temperature
Thermal R 0.3 0.6 1.1 0.48 K/W

Resistance, J-C e ' ' ' )

On Resistance Ris on 120 63 - - - m{}
Total Gate charge Qy 270 60 - - - nC
Input Cpacitance Crss 6800 1220 - - - pF

Output
Coss(*? 63 80 -- - — F
Capacitance oss(*) P
Reverse Transfer
Chrss(* 3 69 - - - F
Capcitance ss() b
Transconductance Grs 20 30 - - - S
Forward Voltage Ve -- -- 1.7-2.7 1.6-2.4 1.8-2.3 \Y
Total Capacitance Cj - - 47 80 39 pF
TO-247 TO-247
Pack TO-24 TO-24 TO-22
ackage 0-247 0-247 AD AD 0-220

(Y)RUE ~Advanced Wide Band Gap Semiconductor Devices for Rational Use of Energy CSD2009-0046.
(2)These values have been extracted from the corresponding graph datasheet

2.2.4 Losses estimation.

There are two main causes of losses in the converter, namely, semiconductor and passive

losses. In the first case, losses can be provoked during the switching transition and during the
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power device conduction interval, while in the second case losses are produced by parasitic

resistances in both inductor and capacitor and by magnetizing phenomena in the inductor core.

Also, it is worth noting that the output voltage is limited to 900 V in the Si-based
converter implementation because this value is the breakdown voltage of the MOSFET used in
the experiments. Therefore, the output power has an upper bound of 18 W in this case because
the output current is regulated at 20 mA. On the contrary, the JFET-based converter can reach
an upper bound of 1200V, which results in a maximum output power of 24 W for the same level
of output current. Besides, the use of a hysteretic modulator in the control loop yields a
switching frequency whose value depends on the coordinates of the equilibrium point [129], this

having ranged from 20 kHz to 120 kHz in the tests.

The losses estimation procedure is based on the classical approach reported in [130] and is
described next by illustrating the calculation of both conduction and switching losses in

semiconductors together with the assessment of losses in the reactive devices.

2.2.4.1 Semiconductor conduction losses.

The conduction losses for both MOSFET/JFET and diode are given by P con and Pp_con
respectively, and are expressed in terms of averaged dissipated power per switching period as

follows:
PMﬁz:on = I;f[(rms) Rds(on) = I[? Rds((m). D é (35)
Pp con=Ve Ip=Vy I, (36)

2.2.4.2 Semiconductor switching losses.

The switching losses in the power diode are proportional to the switching frequency, the

square of the output voltage and the diode junction capacitance and are given by:

~

j o

PD,SW = 5’ Cy Ve fo (37)

As regards the MOSFET switching losses, they can be expressed by (38) and (39) for the

turn-off and turn-on transitions respectively:

1
Pu_opp =5 10 Vo toy fuu (38)
PMi(m = é IL. Vvo’ ton' fsw (39)

In the JFET, the switching losses are not calculated considering the coexistence times
(ton, to) between voltages and currents because the on and off transient waveforms differ
significantly from the MOSFET case and are more complex [131]. For this reason, the
manufacturer provides graphical information in a data-sheet showing the switching energy losses
Eoy and Eopr in terms of current Ips. However, it has to be pointed out that the minimum
current value is 4 A in the manufacturer's graph and our converter works with lower currents.

Therefore, we have extrapolated the manufacturer’s curve by means of a polynomial function of
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Ips in order to obtain the values of Eoy and Eopr at low current levels. Equations (40)-(41) show

the respective polynomial functions for Eox (Ips) and Eopr (Ips), that are calculated using a

polynomial fitting with MATLAB, which yields the values of the coefficients shown in Table V:
EOe\«(Ins):A:;'Igs'+Az’Ir%s+Az'Ins+A(/ (40)

Eopp(Ips)= By Ipg+ By Igg+ By Iys+ B, (41)

Table V. Coefficients for the polynomial fitting of Eown (Ips) and Eorr (Ips)

Coefficients Values Coefficients Values
Ay 15.1563 1J By 1.7763 nJ
A 7.1808 1J/A! Bi 5.3357 nJ/A!
Az -0.1959 nJ/A? B2 0.2218 nJ/A?
As 5.697 nJ/A? B; -0.7241 nJ /A3

Thus, the effective switching power loss in the JFET is given by expressions (42) and
(43) for on and off transitions respectively:

PJi(m = EO:\" fsw (42)
PJir)f"f = EOFF' fsw (43)

Note that the output capacitances of the MOSFET and JFET can also produce switching
losses which are proportional to the drain to source capacitance Cps and can be expressed as

follows:

2 ,
PM ds — §ODS' V[is fsw (44)

Besides, the energy lost in the gate must be included in the switching losses in the JFET
and MOSFET:

1 ;
P]l/[fgs = ECiss' VC?(; fsw (45)

From (37)-(39), it is apparent that fast devices imply low values of transition times ton
and toff and therefore low switching losses. This is also the case of the capacitances of the power

transistor, which are small for fast devices yielding a low value of power loss in (42) — (43).

Moreover, an indirect index to predict comparatively the switching losses in

MOSFET/JFET is the transconductance (gz), which is given by:

_ A Ips (46)

9= Vs

and is usually measured at saturation region for constant value of Vpg [132].

From Table IV, it can be expected that the JFET exhibits smaller switching losses than
the MOSFET because it has a higher transconductance gy.
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2.2.4.3 Semiconductor switching losses.

Table VI summarizes the estimated losses in the semiconductor devices of the boost
converter by applying expressions (35)-(45) in the four switching cells depicted in Fig.27 for an
input voltage of 12 V | a switching frequency of 20 KHz and an output voltage of 900 V and
1200 V in MOSFET and JFET —based converters respectively. Similar predictions have been
obtained for 9 V and 14 V input voltages and will be used later to estimate the total losses of

the converter for the three different values of the input voltage.

Table VI. Estimated semiconductor losses in the boost converter at DCM-CCM operation

Operating Conditions: Vs=12 V, Switching Cell
Vourer=1.2 kV, Pwvurer) = 24W, fow = 20 kHz Si/Si SiC/Si SiC/SiC SiC/SiC Unit
Vorosrer=900 V, Pivarosrer) = 18W (18 W) | (24 W) | (A)(24 W) | (B)(24 W)

Conduction losses Par con 0.399 0.195 0.195 0.195 w

Turn-on losses P on, Pron 0.270 0.3 0.3 0.3 W

Turn-off losses Py ot, Pi oy 0.338 0.543 0.543 0.543 W

Transistor | Parasitic cap. losses P as 0.648 0.211 0.211 0.211 W

Gate source par. cap. Pa_us 0.015 | 0.003 0.003 0.003 W

losses

Transistor total losses Py r 1.669 1.251 1.251 1.251 W

Conduction losses Pp con 0.054 0.054 0.048 0.046 w

Diode Switching losses Pp sw 0.381 0.381 1.152 0.562 w

Diode total losses Pp 7 0.435 0.435 1.200 0.608 w

Switching cell total losses Pror cen 2.104 1.686 2.451 1.859 W

2.2.4.4 Inductor losses.

An input inductor of 70 pH has been chosen to fulfil the design specifications for an
output power between 0 and 24 W and DCM-CCM boundary operation and it has been
implemented by means of 37 turns around the core Kool Mp 773244-A7 of Magnetics ® of 11
wires of 0.07mm?. Note that the use of 11 wires instead of 1 intends to reduce both the skin
effect for switching frequencies beyond 40 kHz and the value of the parasitic series
resistance (r7). Fig. 30 (a) and (b) show respectively the experimental dependence of both
inductance and parasitic series resistance on the switching frequency considering input voltages

of 9V, 12 V, and 14 V and the same input power of 24 W in the three cases.
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Fig 30. (a) inductance vs. frequency. (b) Parasitic resistance vs. frequency
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It can be observed that the inductance remains practically constant in the range between
20 kHz and 40 kHz for a given value of the input voltage. The parasitic resistance in turn has
the same value for the three input voltages and is practically constant in the whole frequency
range. The resulting average values for 51 measures at 20 kHz yields 71.52pH and 147.36 m{2 for

the inductance and the parasitic resistance respectively.

Therefore the copper losses are given by P =1? -r , which results in 0.589 W for

cooper L(rms) "L
an input and output voltage of 12 V and 1200 V respectively, switching at 20 kHz. Besides,
0.418 W core losses are estimated by the manufacturer, so that the total predicted losses in the

inductor are 1.008 W.

2.2.4.5 Capacitor losses.

The capacitor employed in the converter implementation is of ceramic type with a
capacity of 8 uF and an equivalent series resistance of 8 m{) according to the manufacturer
datasheet. The losses associated to the capacitor are produced by this resistance [133] and can

be expressed as follows:

D ,
Poap = (ﬁ) Te* Ij (47)

2.2.4.6 Total losses estimation.

The total converter losses and the corresponding efficiency are estimated taking into
account the previous partial losses prediction. Tables VII, VIII and IX show respectively the
expected results for each switching cell in Fig.27 considering an input voltage of 9 V, 12 V and
14 V respectively .Observe that the predictions are made for all cells delivering an output
voltage of 900 V, which is established by the MOSFET breakdown voltage, and also for cells a,
b and c delivering an output voltage of 1.2 kV that corresponds to the JFET breakdown
voltage. It has to be pointed out that in the case of an input voltage of 9 V, switching cell d,
i.e., SiC/SiC (B), is the only combination that is capable to deliver 1000 V at the output as it is
illustrated at the bottom of Table VII. It is apparent that the best results are predicted by the
SiC/SiC (B) configuration because it allows reaching 1000 V at the output from an input
voltage of 9 V and its expected efficiency is the highest one when the converter delivers 900 V
at the output. However, when the converter delivers 1200 V at the output port, switching cell b,
i.e., SiC/Si configuration would exhibit a slightly higher efficiency at the expense of a smaller

switching frequency, which in the case of an input voltage of 12 V is still within the audio band.

It can be easily verified by means of expressions (35)-(45) that the efficiency in case
SiC/Si for a switching frequency of 30 kHz is the biggest one (86.457%), as appears in
Table VIII. However, our comparison has been carried out on the basis of equal output power,
this implying in the case SiC/SiC (B) a switching frequency of 39 kHz, which results in smaller
efficiency (83.709%).
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Table VII. Total system losses at Vs=9 V.

Vo(irermosrer)= 900 'V,

Switching Cell

Puvrstmosess) = 18 W Si/Si SiC/Si SiC/SiC (A) | SiC/SiC (B) | Unit
f=23kHz | f=19kHz f=20kHz f=21kHz
Total Switching cell loss Pror cn 2.897 1.603 1.855 1.585 W
Total Inductor losses Pvp 1.008 1.008 1.008 1.008 \\%
Total Capacitor losses Poap 0.0003168 | 0.0003168 0.0003168 0.0003168
Total Converter losses PconverTer 3.905 2.611 2.863 2.593 \W%
Estimated Highest Efficiency n 78.305 85.496 84.094 85.594 %
Vourery= 1000V, SiC/Si SiC/SiC (A) | SiC/SiC (B)
Pivirer) = 20 W f=20kHz
Total Switching cell loss Pror_ca 1.725 W
Total Inductor losses Pvp 1.146 w
Total Capacitor losses Pcap 0.0003524
Total Converter losses PconverTer 2.872 \\%
Estimated Highest Efficiency n 85.642 %
Table VIII. Total system losses at Vs=12 V.
Switching Cell
Voirer/mosrery= 900 'V, . . . . X . . .
Puvsstposrer) = 18 W Si/Si SiC/Si SiC/SiC (A) SiC/SiC (B) | Unit
f=35kHz | =28 kHz f=23 kHz f=27 kHz

Total Switching cell loss Pror cen 3.343 2.078 1.866 1.713 W
Total Inductor losses Pmvo 0.750 0.750 0.750 0.750 \\%
Total Capacitor losses Poap 0.0002368 | 0.0002368 0.0002368 0.0002368 W
Total Converter losses PconverTer 4.093 2.829 2.616 2.463 \W%

Estimated Highest Efficiency n 77.261 84.285 85.466 86.317 %
Vorsr= 1200 V, Puvursry = 24 W fs:lfgé ZIZ Sl(;iz;fH(zA) sl(; iz;;:H(ZB)

Total Switching cell loss Pror_cen 1.919 2.451 2.021 W
Total Inductor losses Pvp 1.008 1.008 1.008 \\%
Total Capacitor losses Pear 0.0003168 0.0003168 0.0003168 W
Total Converter losses PconverTer 2.927 3.5460 3.029 W

Estimated Highest Efficiency 1 87.804 85.585 87.379 %
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Table IX. Total system losses at Vs=14 V.

Switching Cell
Vot /mosrer)= 900 'V, . B A . A ) B .
Puvorstpossst = 18 W Si/Si $1C/Sl SIC)‘/SIC (A) SlC/SlC (B) | Unit
f=389kHz f=30kHz f=30kHz f=39kHz
Total Switching cell loss Pror ce 3.397 2.052 2.275 2.270 \\%
Total Inductor losses Pivp 0.662 0.662 0.662 0.662 \\%
Total Capacitor losses Peoap 0.0002025 | 0.00020251 0.000202514 0.0002025
Total Converter losses PconverTer 4.060 2.714 2.938 2.932 w
Estimated Highest Efficiency 1 77.446 84.921 83.679 83.709 %
Vowrer= 1200V, SiC/Si SiC/SiC (A) | SiC/SiC (B)
Pvorer) = 24 W f=22kHz f=22kHz f=30kHz
Total Switching cell loss Pror _cen 2.022 2.541 2.508 W
Total Inductor losses Pivp 0.851 0.851 0.851 \\%
Total Capacitor losses Poap 0.00027109 0.000271086 0.0002711
Total Converter losses Pconverrer 2.874 3.393 3.359 \\%
Estimated Highest Efficiency n 88.026 85.864 86.002 %

2.2.4.7 Limited gain converter due to the parasitic elements in the devices.

The parasitic resistances have a direct effect in the limitation of the converter DC gain.
Disregarding the diode voltage drop because this device conduct during a non-significant time
interval , the resulting DC gain is the one given by expression (48) , which would correspond to
the one of an ideal boost converter 1/(1-D) if the parasitic resistances were neglected.
v, R,(1-D)

D(1-DY R, r,

_ (48)
R+,

<

s R, (1 -D )Z + + Rds/on) + Ropyse + 71

2.2.5 Experimental results.

Figs. 31 (a) , 31 (b) , 31 (c) and 31 (d) show respectively the experimental results of the
boost converter implemented with switching cells a , b, ¢, and d in terms of efficiency and
switching frequency for the same output power for a given output voltage and different levels of
input voltages. The difference between the measured efficiency and the theoretical prediction
ranges from 1 % in the minimum case to 6 % in the maximum one. This discrepancy has
different causes, namely, i) parasitic resistances, capacitances and inductances in the layout
paths not considered in the model , ii) the variable nature of the switching frequency whose
experimental value is sensitive to unmodelled parasitic elements and therefore does not result
exactly in the expected theoretical value, and iii) the fact that the datasheets predictions used
in the estimations have been obtained by the manufacturer for an specific working point and
not for all the operating range of the switching converter. The experimental behaviour of each
switching cell is discussed next in terms of efficiency and switching frequency measurements and

losses interpretation.
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Fig 31. Efficiency and switching frequency with different switching cells. (a) Si/Si, (b) SiC/Si, (c)
SiC/SiC A, (d) SiC/SiC B.

2.2.5.1 St diode and St MOSFET.

The efficiency curves and the resulting switching frequency in Si/Si are depicted in
Fig.31 (a). It can be observed that the switching frequency decreases as the output voltage
increases and that the measured efficiency is between 3 and 6% below the theoretical
predictions. It can be concluded that below 800 V in the output voltage, the dominant losses are
of switching type, the conduction losses being preponderant beyond the mentioned value. The
converter exhibits the highest efficiency in the region of the output voltage below 800 V in the

case of the lowest input voltage.

2.2.5.2 Si diode and SiC JFET.

The corresponding efficiency curves and the resulting switching frequency in this case are
depicted in Fig.31 (b). It can be observed that the converter exhibits a much higher efficiency

than in the previous case in all operating range and for the different input voltages as expected
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from the theoretical analysis. The measured efficiency is between 3 % and 5 % below the

estimated value.

2.2.5.3 Si diode and SiC JFET (A).

Fig. 31 (c) shows the efficiency curves and the resulting switching frequency for switching
cell ¢, which has been implemented with the same JFET as in the previous case and the SiC
diode SDP30S120. It can be observed that the measured efficiency is between 3 and 5% below
the estimated value and is smaller than in the previous case in perfect agreement with the

theoretical predictions.

2.2.5.4 Si diode and SiC JFET (B).

Fig. 31 (d) shows the efficiency curves and the resulting switching frequency for the same
SiC JFET as in previous cases and the SiC diode ALS11. A significant improvement in
efficiency is observed now with measured values between 1 and 3% below the theoretical

prediction.

Fig. 32 (a) shows the experimental waveforms corresponding to the steady-state
behaviour of the SiC/Si switching cell based converter for an output voltage around 670 V and
a resulting switching frequency of 62.3 kHz. Similar waveforms have been obtained in the other
three cases but are not shown here for simplicity reasons. Note that, besides the output voltage
v, and the inductor current iz, Fig.32 (a) also shows both drain to source instantaneous voltage
and current and its product Pgw(t), which is the switching losses instantaneous power waveform
in the transistor .The switching losses mechanism is illustrated in Fig. 32 (b), which is a
detailed zoom in an interval of 1 ps of similar steady-state behaviour of that of Fig. 32 (a), and
where it can be seen the turn-off transients of both, transistor and diode and the waveform
Psw(t) in the JFET during the ON and OFF transient.

Similarly, in terms of zoom description, Fig. 32 (c) shows the reason of smaller efficiency
in switching cell SiC/SiC (A) than in switching cell SiC/Si as mentioned above. Note that in
switching cell SiC/SiC(A) the discharge of the SiC diode parasitic capacitance through the
JFET provokes a bigger peak of Psw(t) than the one depicted in Fig. 32 (b) , which corresponds
to switching cell SiC/Si. It has to be pointed out that the experiment has been carried out in
similar conditions of output voltage and switching frequency than those corresponding to the

experiment in Fig. 32 (b).

The smallest value of the diode parasitic capacitance is the reason of the significant
improvement in efficiency observed above in the case of switching cell SiC/SiC(B) as illustrated
in Fig 32 (d), where the discharge through the JFET provokes the smallest peak of Pgsw(t) for
the same operation conditions than those in the experiment of Fig. 32 (b). The small value of
the parasitic capacitance is due to the small surface of the device because this one has been ad
hoc fabricated to handle low currents in a clear-cut contrast with the commercial devices in
cases Si/Si, SiC/Si, and SiC/SiC(A), which have been designed to support six times higher

values of current, and therefore their respective surfaces are considerably higher. It has to be
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pointed out that measurements corresponding to Figures 32 (b), 32 (¢), 32 (d) have been carried
out by means of a Lecroy PP009 voltage probe and a Tektronix TCP202 current probe together
with a Tektronix TDS3042B oscilloscope of 200 MHz bandwidth, which guarantees a sufficient
precision without requiring an specific set-up as described in [134]. Nevertheless, it can be
observed that the worst case corresponds to the fastest signal with duration around 20 ns, which
would require a probe with a bandwidth exceeding 50 MHz, this value being the upper limit of
the Tektronix probe.

Therefore, the switching cell SiC/SiC (B) implementation, presents the highest efficiency
both theoretically and experimentally and allows the converter to achieve DC gains higher than
100. For this reason, switching cell SiC/SiC(B) has been selected to implement a boost
converter to supply a high-voltage low-power LED-spot light, as illustrated in Fig 33. The
prototype parameters set are Vi=12 V, L=71.52 pH, C=8 nF. The converter has been tested
with a spot of 320 LEDs in series, this resulting in an output voltage of 956 V and an output
current of 21.6 mA. The input voltage and inductor current in this test are 12.1 V and 1.97 A

respectively, so that an efficiency of 86.5 % has been obtained.
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Fig 32. Switching losses illustration. (a) Steady-state for SiC/Si and detailed zoom for (b) SiC/Si, (c)
SiC/SiC A, (d) SiC/SiC B.
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Fig 33. SiC-SiC (B)-based boost converter supplying a high voltage LED-spot.

2.2.6 Conclusions of the efficiency investigation in the single-stage boost

converter.

Four different switching cells have been studied both theoretically and experimentally in
terms of efficiency and switching frequency. The first one employs exclusively Si devices, while
the third and four ones only use SiC components. The second cell mixes both technologies and
consists in a SiC JFET and a Si diode. The Si-based converter has the smallest efficiency while
the SiC-based converter with the diode with the least parasitic capacitance has led to the best

efficiency and the most appropriate switching frequency in the whole operating range.

The switching cell with the highest efficiency has been employed in the implementation of
a power supply for a spot of 320 LEDs in series, which results in an output voltage of 956 V and
an output power of 20.6 W. The power supply for LED-based lighting systems has been recently
patented [135].

It can be also observed that the converter acts as a loss-free resistor [60], so that the
input port has a resistive behaviour and the output port is a power source supplying to the load
all the power absorbed by the emulated resistance in an ideal case of maximum efficiency. As
the actual efficiency of the converter is not 100%, the input power and the switching frequency

must be different in each case in order to ensure the same value of output power.
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2.3 A high voltage SiC-based boost PFC for LED applications.

This subsection covers the analysis and design of a single-stage grid-supplied boost
converter with power factor correction (PFC) for LED-applications using Silicon-Carbide (SiC)
and operating at the boundary between continuous and discontinuous conduction modes (CCM-
DCM) to reduce switching losses. The converter is supplied by a 230 Vrus grid voltage, and
attains 1200 V DC at the output port, where a-spot of 320 LEDs connected in series is supplied
at constant current. Sliding-mode control is employed to synthesize a two-port with almost LFR
characteristics at the input port and a high degree of output current regulation at the output
port. The controller is easily implemented by means of a hysteretic comparator avoiding the risk
of modulator saturation. The converter can operate in a normal mode, in which all the input
current semi-cycles are employed, and in a burst mode where only a fraction of all the current
semi-cycles is used. The power switch is realized with silicon carbide (SiC) devices to improve
the performance of low-power -grid -supplied LED-based lighting systems. The experimental
results are in perfect agreement with the theoretical predictions and demonstrate the feasibility

of the proposed approach.

2.3.1 Grid-supplied lighting systems.

In the field of LED lighting, several on-grid single-stage active topologies with PFC can
be found in the literature [136]. They consist in a rectifier in cascade with a DC-DC converter.
This DC-DC converter is introduced to regulate the current through the LEDs with two
different options. The first option implies the inclusion of a capacitor between the rectifier and
the converter. This solution assures a constant LED current with a negligible ripple as the
converter control-loop is dedicated to regulate such current. Nonetheless, the power factor
correction cannot be realized. In the second option, PFC is possible because the capacitor is
transferred to the output of the DC-DC converter, this resulting in a significant ripple
increment in the LEDs current. To solve this problem, some authors have proposed a two-stage
converter [137], where the first stage assures the PFC, and the second one regulates the output

current at a constant level with no ripple, avoiding LED-light flicker problems.

The goal of this section is to implement a single-stage SiC —based PFC boost converter
operating as a current source with a negligible output ripple without losing PFC capability. An
additional objective is applying the previous implementation in the supply of a high-voltage
LED spot using SiC power devices. The converter control is based on the sliding mode control
theory applied to the input current, and is implemented with a hysteretic comparator. The
converter is studied in normal and burst operations modes. The output of the converter is
loaded with a LED-spot with 320 LED devices connected in series. The risk of failing provoked
by an element in open circuit is mitigated by connecting a Zener bypass diode for each 4 LEDs.

The spot luminosity is regulated changing the I,.; value in Fig 34.
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Fig 34. Boost converter with a hysteretic control of the input current.

2.3.2 Sliding-mode operation analysis in the PFC-boost converter.

The circuit description of the converter working in the DCM-CCM boundary is depicted
in Fig. 35. The PFC-boost converter has two structural changes within a period, i.e. ON state,

Fig. 35 (a), and OFF state Fig. 35 (b), and therefore it can be represented by means of two

linear vector differential equations.
i(t)= Ax(t)+ B, for u=1 (ON state) (49)
i(t)= A,a(t)+ B, for u=0 (OFF state) (50)
where z(t) is the state vector corresponding to the state variables of the power stage
z(t)=[i,00]" (51)
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Fig 35. Boost converter states. A) ON-state; and b) OFF-state

Matrices A;, B, Az, and B; are given respectively by
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1
0 0 0 A v, (t) (52)
A = 0 _RJC ;A= . ; B, =B, = g
o c RC

Now, the sliding-mode control is used to design a single-stage PFC boost converter
supplied by the grid voltage with a regulated DC output current of 20 mA. The fulfilment of
both goals, i.e. PFC at the input port and DC output current regulation at the output port is

intended by a single switching surface given by

s(z) =i, k() (53)

where

k(t)=g(t) v, (t) (54)

and

9(t)= [KP (Zngr =1, () + K, j([ngp -4, (1)) dt} (55)

where Ipgp is the output current reference, i,(t) is the output current, and v,(t) is the rectified

input voltage of 230 Viuys.

It is apparent that there is a trade-off between attaining PFC at the input port (pure
LFR behaviour) and obtaining DC current regulation at the output port. As a matter of fact,
PFC can only be achieved if g(t) is constant because in that case the inductor current and the
input voltage are proportional when the converter reaches the sliding mode regime. On the
contrary, output current regulation can be obtained only when the PI compensator is working,
this implying that g¢(¢) is a time varying signal. Therefore, the output current regulation
degrades the PFC but a good parameter choice could provide a high degree of both antagonist

requirements.

Besides, it is important to remark that the converter has to operate in the DCM-CCM
boundary because this is the best trade-off between suppressing the reverse recovery peak of the
diode and minimizing the conduction losses inherent to the DCM [128]. For this reason, as

illustrated in Fig.36, the constant k(%) must be twice the average input current value I,

2.1, =k(t)=g(t) v, (t) (56)

Wi
AR

Fig 36. Input current of the PFC-boost converter.

Therefore, introducing the invariance conditions presented in [78] s(z)=0 and ds(z)/dt=0
results in the equivalent control w.,(?). This equivalent control is delimited by both maximum

and minimum values of u(%).
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0< u,(t)<1 (57)

Moreover, a switching law of the type
wt)=0 if s(x)>0 (58)
w(t)=1 if s(z)<0 (59)

will induce a sliding regime on the switching surface ensuring the sliding-mode existence

conditions because
s(x )% <0 (60)

The sliding mode analysis of equations (49)-(55) will be performed in two steps. First of
all, we will find the equilibrium point corresponding to a constant input voltage V; and a
constant value G of g(t) in the control loop. Subsequently, we will consider the influence of the
time varying components of wv,(t) and ¢(t) as low-frequency superposed signals on the
corresponding constant values V; and G. The contribution of the superposed signals will be
predicted by a model derived by linearizing the ideal sliding dynamics around the equilibrium

point previously obtained.

Therefore, the resulting equivalent control for S(z)=i;-G - V;, and the corresponding

sliding dynamics are given by the expressions (61), (62) and (63) respectively.

U, :1—L (61)
C

i =GV, (62)

%:G'VJ(I-u )- v, (63)

it ¢ “)R-C

Therefore, the coordinates of the equilibrium point X *=[I;* V¢*] are given by (64)-(65)
I, =GV, (64)

Ve = VR, G (65)

Assuming now that k(t) is time-varying, the corresponding equivalent control will be

given by

v (t)  L-g(t)dv,  L-v,(t)dg(t) (66)
v v dt v dt

c c c

u, (t)=1-
Therefore, the ideal sliding dynamics can be expressed as (67)-(68)
i, (1) =k (t)= g(t) v, () (67)

dvg _ g(t)vi(t) ¢"(t) v, (1) L dv,(8) g(t) v/ (¢) Ldg(t) v _ f(x) (68)

a  C-o C -, dt C v, dt RC
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assuming that

§(1)=G+i(1)

0 (t)-
i (t) =
v (t)=

V,+9,(¢) (69)
)

I, +1, (t
V. +5,(t)

and linearizing equation (68) around the equilibrium point X*=[I,* V*] lead to the following

expression

. dg(t)
—a-§(t)+b LY
a-g(t) o

dt

where coefficients a, b, ¢, d and e are given by expressions

+c

'ﬁl(t)+d'M+e'ﬁ (70)

dt ¢
(71),(72),(73), (74) and (75)

respectively.

PR (€7 B (71)
dg |- C-JR, G

p — Of(x) _ G-V L (72)
do |, w0 C\R, G

)| 2 (73)
dv, (t)|,. C R, G

PO () I (74)
d, o, (t) - R

yi ity CR;G

@) 2 (75)

dvg |, R-C

Fig. 37 shows the model of the closed loop of the sliding mode controlled boost converter

A

presented in Fig. 34, where [ REF (s) represents the variations of the output reference, and the

expressions of H(s) and A(s)

g (t)=0 respectively

Hence,

are derived from expression (70) by assuming QA)] (t)=0 and

) asses ‘;O'G.(I-S'G'L) (76)
G(s s-e S+Ro27
i) erirs T C;U (245G L) -
1(5) s-¢€ 54—}i£z§
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Vi(s)=——>{ Als)

% A
)00 Ve(s)
i H(s) 1 —
( ()"I])(,’”.\'tl/()r

Io(s)

A
1 ref (5)

1/R, [«

Fig 37. Dynamic model of the switched regulator depicted in Fig. 32.

The system loop gain can be expressed as

s bk, +s (b k+ak)+ak
s R, (s-e)

1 k

T(s):H(s)'R—'(kp-/—?iJ:

0

and the characteristic equation of the system will be given by
14T (s)=5"(k, b+R,)+s (k- b+k, a-e-R,)+k a=0

which will correspond to a stable system provided that following conditions are satisfied

1 2
0<k <——Fk + JR-G
ce-L " vegoLN

R-C+JR-G

G-V,-L

1

k, <

2.3.3 Normal mode vs. burst mode in the PFC-boost converter.

2.3.3.1 Normal operation.

(80)

(81)

In order to check the proposed control, the boost converter with PFC capability and

output current regulation has been simulated using the PSIM program professional version 9.0

with the circuit parameters shown in Table X. It is important to notice that the output load in

the simulation is of resistive type absorbing the same level of current than an equivalent load

made of series connected LEDs.

Table X. Design specifications.

Input voltage 230 V/ 50 Hz
Output load R, 60 kQ
Output power 24 W
Output Current 20 mA
L/C 1 mH/16 uF

Fig. 38 (a) illustrates the steady-state response of the boost converter output current.

Note that the output current is almost constant and regulated at 20 mA, which corresponds to

the rated current of 5 mm diameter LEDs devices. A small remaining ripple of 100 Hz produced
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in the rectifying stage is superposed to the output current as it can be observed in the same

figure.
I
o 100 H~=
L OU T XL
0.02004
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Fig 38. Steady-state response of: a) Output current i(%). b) Rectified line voltage vi(t), ¢) inductor

current ir(t), d) zoom of the inductor current ir(%).

Fig. 38 (b), and 38 (c), in turn, shows the steady-state behaviour of the rectified input
voltage and inductor current, respectively. It can be observed, that the input voltage v;(t) is
around 230 V.., and the inductor current i.(¢) is at DCM-CCM boundary as illustrated
Fig 38 (d). Moreover, it is possible to see that the inductor current (%) is practically in phase

with the rectified line voltage v;(%), so that a near unity power factor is achieved.

The limits of this operation (normal operation) are established by low values of inductor
current corresponding to low values of power. For example, an output voltage of 1.2 kV with an
output current of 20 mA, i.e., a delivery of 24 W to the LEDs, would imply an average value of
the inductor current around several of hundreds of mili-amperes. As a consequence, the inductor
current would rapidly attain the reference signal k(t), this resulting in higher values of switching

frequencies and therefore in larger losses.

To counteract this problem, a solution could be the increment of the input inductance L.
However, this increase of inductance entails three important drawbacks. First, the size and
weight of the inductor increases, which means that the power density of the converter is
decreased. Second, if the inductance increases, the series inductor resistance will increase too,
thus implying higher conduction losses and lower efficiency. Third, if the inductor resistance is
higher, the voltage gain will be reduced as demonstrated in [128]. Hence, increasing the

inductance is not a good solution to improve the efficiency of the converter.
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Therefore, it is proposed in the next subsection the design of the single-stage PFC-boost
converter operating in a burst mode [138] with the aim of improving the converter efficiency
without changing the inductor value and using the same control technique presented in

subsection 2.3.2.

2.3.3.2 Burst operation.

In the literature there are some publications about the burst mode applied in the field of
LED lighting, the most relevant being reference [139], where this mode is used to obtain a light

regulation.

Fig. 39 shows the block diagram of the burst mode implementation in our case. The grid
voltage (Vs) is measured and processed by a pulse generator which provides a positive pulse
train ( Vporsg) synchronized with the grid frequency. Subsequently, a flip-flop acting as a counter
provides a positive pulse at the output (Veounr) for every two pulses at the input. Finally,
Veounr and the signal provided by the hysteretic comparator (Qsipve) are introduced in an
AND gate, so the corresponding output Qgursr is applied to the MOSFET only when Veopnr=1.
Hence, Qpursr constitutes a grid-synchronized repetitive sequence of two states, in which the
MOSFET is activated in the first state, and deactivated in the second one. In other words,
Qscive 1s applied to the MOSFET only one of each two cycles.

Vs Veounr

P o o Y
AN
> g
Pulse . > Opursr
L’[ . H Counter —
Generator [—>
f )
J 'Pl LSE

Ostipive
E_D_D_D_,'

Fig 39. Burst mode control block diagram.

Fig. 40 shows the expected behaviour of the inductor current in the burst mode under
sliding mode control. N4 represents the number of the input current semi-cycles employed in
this operation, whereas Ny is the total number of semi-cycles. Since the MOSFET is only
activated by the hysteretic control in the desired periods, the instantaneous input current ir(t)
must be higher than in the normal operation mode to satisfy the load requirements.
Consequently, such current will take more time to achieve the desired reference k(t), and the

resulting switching frequency will be reduced, thus improving the efficiency.
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Fig 40. Input current of the PFC-boost converter under burst operation compared with input

current envelope in normal mode (Na=2, N1r=4).

Besides, considering the cycles in which the control is acting, it is possible to calculate

both envelope and switching frequency of the input current as follows

I B .&:Q'Vo'lo.& (82)
peak BURST peak NORMAL NA 220 NA

3

N )2
fsuLBURST = f:szORMAL'(N_;J (83>

It has to be pointed out that I sursr and ILeu nvormar are the highest current peaks
inside the sinusoidal waveform in burst and normal operation modes respectively. Similarly,

fsw Burst and fo, nvormar are the corresponding switching frequencies.

However, some drawbacks associated to the use of burst mode are due to an the increase
of the output voltage ripple provoked by the presence of input current semi-cycles of higher

amplitude and smaller frequency, this eventually producing slight power factor degradation.
2.3.4 PFC-boost converter implementation.

2.3.4.1 Power stage

Figs. 41 and 43 illustrate the power stage circuit and the implementation of the hysteretic

control respectively.

i D
o—| LYY YN > .
+ + +
Mosrer .
VGRJD V1 — ¢ — ¢ VO
0 |4 SuF —— —— SuF
= 1.3kV 1.3kV
- - .

Fig 41. Power stage scheme
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The prototype has been implemented with the SiC devices whose characteristics are

shown in Table XI. These characteristics illustrate the blocking voltage for both transistor and

diode.

Table XI. Power switches used in the PFC-boost converter.

4D0212

C4D02120 |l okv | a5 | R Qe
CREE 1.4-1.9V 11nC

CMF20120D || | 80m2 | Vih Vg Qg
Semisouth (42A) 4V -5/420V | 90nC

Note that the crucial element determining the final efficiency is the power transistor.

Thus, a comparison among different Si MOSFETs and the SiC device CMF20120D has been

first carried out in terms of losses estimation following the classical procedure described in [130].

The results of the comparison are shown in Fig. 42 for a current reference of 20 mA and four
different output loads (30 k€2, 40 k2, 50 k2, and 60 kf2) corresponding respectively to four
output voltages (600 V, 800 V, 1.0 kV, and 1.2 kV). It can be observed the predicted superior

performance of the SiC device.

25

20

15

Losses (W)

10

500 600

700

800 900 1000 1100
Output Voltage (V)

== IXTK17N120L

=i~ IXFK20N120P
IXFN32N120

== CMF201200

—

1200 1300

Fig 42. Losses comparison among Si and SiC devices.
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Fig 43. Detailed circuit implementation of the sliding mode control.

Also, the bridge rectifier used in this circuit is the silicon device PB3006-E3/45 from
VISHAY capable to support 600 V, and 30 A respectively. The input series inductor of 1 mH
has been realized with 20 wires of 0.07 mm? by making 120 turns around the ETD34/17/11-
3C90 core with an air-gap of 5 pm, which has a relative permeability of 1740. Finally, at the
converter output there are two capacitors in parallel of 8 uF capacitance, 8 m{) equivalent series

resistance (ESR) and 1.3 kV rated voltage each one.

2.3.4.2 Control stage.

Fig. 43 shows the practical implementation of the sliding mode controller, namely, PI
compensator of the output current error, generation of the current reference k(t), the hysteretic

comparator, and finally the driver.

It is important to notice that input and output current measurements are made using two
Hall-effect current sensors of the type LEM-LA-55P with a bandwidth of 200 kHz. Besides, it is

important to remark that these current sensors are designed for high currents, and in this

76



UNIVERSITAT ROVIRA I VIRGILI
HIGH VOLTAGE EFFICIENT LIGHTING BASED ON THE LOSS-FREE RESISTOR CONCEPT.

Antonio Ledén Masich

Diposit Legal: T 1338-2015

LFR-based ballasts for high-voltage low-power LED lighting. w

application the currents are very low. For that reason, the wire corresponding to the input
current has 27 turns to increase 27 times the measured value, and similarly the output current

sensor has 44 turns.

On the one hand, the PI compensator has been implemented with a circuit based on
LF347 operational amplifiers. The hysteretic circuit employs two LM319 comparators with a
response time of 80 ns, and a JKMC14027 flip flop with a bandwidth of 13 MHz. On the other
hand, the current reference k(t) is obtained by means of an analogue multiplier AD633 with a
slew rate of 20 V/us. Finally, the low-side driver used to turn-on and turn-off the main switch is
the IC MCP1407 capable to deliver a current peak of 6 A to the MOSFET with a maximum
delay of 20 ns.

The inputs of the analogue multiplier are the signal g(t), and the measured input rectified
voltage v;(t), which are respectively given by the output of the PI compensator and the output
of the resistor divider used to sense the input rectified voltage. The input of the hysteretic
comparator are k(t) and I, which are respectively given by the output of the analogue
multiplier and the output of the input current measurement. The output of the hysteretic
comparator is a digital signal (@Qscimve) which activates the driver through an AND gate, which
is enabled by the Veounr signal. In normal operation Veounr is always activated while in burst
mode is only activated during certain input current semi-cycles. The output of the AND gate

provides the signal @ to turn on and turn off the power transistor in both operating modes.

2.3.4.3 Burst mode operation implementation.

The circuit implementation of the burst mode is shown in Fig. 44. This has been built
using an ADG629ANZ high common mode voltage differential amplifier with a bandwidth of
500 kHz, an LM319 comparator, a JKMC14027 flip-flop with a bandwidth of 13 MHz.

\wwWX|E
.HY;T
68 IQ
Vs QA Vdd

45K Ape2oaNz TR Y —QA/ QB -
Inm,xv:ir CA QB/}—
Rshunt IN- +Vs III— RA CB €
21Q IN+ Vout KA ey —
Vs REE -ETﬂ::L\ e
1 I—sa B
N = .||_ Vss sB _||,
JKMC14027

Fig 44. Detailed circuit implementation of the burst mode control.

2.3.5 Experimental results.

The power stage used in the experimental results, as well as, the implementation of the
sliding mode control and the burst operation, are illustrated in Figs. 45, 46 (a) and 46 (b)
respectively. Fig. 46 (c) shows both top and bottom sides of the LED array used in the tests.
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Fig 46. (a) Practical sliding mode control implementation. (b) Practical burst operation implementation

(¢) LED array with bypass Zener on the bottom side.

Fig. 47 (a) shows the experimental results when a 320-LED spot based on conventional
5 mm diameter LED is connected to the output as depicted in Fig. 47 (b). In this specific case
the output DC current (i,) is controlled at 21.2 mA, and the corresponding voltage drop of the
LEDs (v,) is about 991 V. Moreover, the caption shows the rectified input voltage (v;), and the
grid current (is), showing that the input voltage and current are perfectly in phase working in
the DCM-CCM boundary with an overall efficiency of 81%. Once the converter behaviour has
been verified with the LED spot, the latter has been replaced by the a resistive load of 60 k2,
absorbing the same current of the LEDs, in order to achieve high output voltages with the

same level of current as illustrated in Fig. 48.
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Fig 47. (a) Converter waveforms for a LED spot load. (b) Converter with LED spot-light

In Fig. 48 the input voltage (v;) is the rectified grid-voltage of 230 Vgus, the input
current (is) is again in phase with the input voltage and operates at the DCM-CCM boundary
as expected. The measured output current is 19.1 mA, and the final output voltage is 1.145 kV.
Observe that the MOSFET breakdown voltage is 1200 V, so that the final output current has
been adjusted slightly below 20mA to avoid reaching the mentioned upper limit. In this case the
output and input power of the converter are 21.85 W and 27.50 W respectively, so the overall

efficiency of the converter is about 80%.
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Fig 48. Converter waveforms for a 60 k(2 load.

Fig. 49 shows the harmonic content of the input current in normal mode, measured by a
Tektronix MS05204 Mixed Signal Oscilloscope with 2 GHz and 10 GS/s demonstrating the
fulfilment of EMI standard IEC 61000-3-2 class C with a power factor of 0.945.
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|

Fig 49. Input current harmonic content for a 60 k(2 resistive load in normal mode.
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In order to improve the overall efficiency, Fig. 50 shows the experimental results when
the burst mode is applied. As in the last experiment, the converter is loaded with a resistor of
60 k2, and in this particular case the output voltage (v,) is about 1.154 kV, corresponding to an
output current of 19.23 mA (4,), and an output power of 22.19 W.

Furthermore, it is possible to see in the same figure the rectified input voltage (v;) and
the inductor current (ir). As expected, due to the burst mode, the sliding mode control is acting
only one of each two grid cycles in this case. This results in a reduction of the switching
frequency in comparison with the one in Fig. 48. Hence, in this case the input current is about

101 mA, this resulting in an input power of 23.43 W, and an overall efficiency of 94%. As in the
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previous case, Fig. 51, shows the harmonic content in the input current when the converter is
working in burst mode. As expected, the converter is accomplishing the IEC 61000-3-2 Class C
EMI standard. Notice that concerning the experimental value of the power factor depicted in
Fig. 49, the measurement in burst mode does not correspond to the actual value of the power
factor because the automatic measurement procedure of Tektronix MS05204 Mixed Signal

Oscilloscope is carried out without considering that there is no input current in one of each two

cycles.
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Fig 50. Converter waveforms with burst operation for a 60 kQ load.
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Fig 51. Input current harmonic content for a 60 k(2 resistive load in burst mode.

Finally, Figs. 52 to 55 show the converter response to input voltage variation of different
nature, which had been introduced in the system by means of the UPC Pacific Smart Source
model 360 AMC POWER SOURCE. It is worth noting that in all cases the output voltage

remains at the expected value of 1.0 kV for a 50 k€2 output load and an output current
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reference of 20 mA, in spite of the strong variations of different nature in the input voltage

waveform. Also the PFC feature is preserved in all the experiments.
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Fig 52. Converter response for input voltage variations IEC 77A Class 2.
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Fig 53. Converter response for input voltage variations of triangular type.
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Fig 54. Converter response for a highly distorted input voltage.
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Fig 55. Converter response for a sinusoidal input voltage with sub-harmonics.

2.3.6 Conclusions of the single stage PFC-boost converter.

A single-stage boost PFC implemented with SiC devices has been implemented and
tested for on-grid LED lighting applications. The system operates at the boundary of CCM and
DCM to make compatible a high output voltage load and a high duty cycle operation with
minimum switching losses. The proposed solution is based on the use of sliding-mode control to
impose a quasi LFR behaviour at the input port for PFC correction and to regulate at the same
time the output current. The experimental results are in good agreement with the theoretical
predictions. The main switch has been implemented with SiC devices, with a resulting efficiency
around 85%. It has been also shown that the efficiency of the converter can be significantly
improved up to 94% using a burst operation, in which the switching frequency of the converter
has been reduced without changing the inductor value, and without modifying the output
voltage ripple. Therefore, this kind of converter is a good solution to supply high-voltage low-
power loads, like in LED lighting applications. A future work contemplates obtaining the
optimal values of kp and k; using robust control criteria in the dynamic model presented in

Fig.37 in order to derive the best trade-off between the PFC and the output current control.
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3 Dimmable Electronic ballast based on Loss-Free Resistor
(LFR) approach to supply High-Intensity Discharge
(HID) Lamps.

Now the LFR concept is used to control the power delivered to different types of HID
lamps as metal halide, vapour sodium and mercury vapour discharge lamps. This chapter is

divided in two sections.

The first section presents a two stage ballast to supply an HID lamp in DC current. The
first stage is a boost converter with LFR behaviour. In the second stage, a switched capacitor
boost converter is used to ignite the lamp. The ballast has two operation modes, the ignition
operation, where the two converters are connected in cascade with the same control signal, and
the warm-up and steady-state operation where only the boost converter is working. During the
ignition operation the ballast is able to reach a voltage of 6 kV from 12 V batteries. Among the
ballast advantages it is worth mentioning the absence of light flickering, warm-up time
reduction, no aging effects on lamp power, easy dimming control, and absence of acoustic
resonances (AR). The ballast dynamics in both operation modes is analysed by means of sliding
mode control showing the stability of the proposed ballast. The results with diverse HID lamps
of 250 W demonstrate experimentally the feasibility of the proposed approach, where extreme
voltage gains are achieved without a transformer and different HID lamps are supplied in

steady- state with stable operation.

The second section reports a two-stage high-frequency electronic ballast supplied from a
low DC voltage (12 V — 14 V) with Loss-Free Resistor (LFR) behaviour for High Intensity
Discharge (HID) lamps. By means of a resonant ignitor, the lamp is started-up at high-
frequency. To avoid the Acoustic Resonances (AR) at steady state operation, the lamp is
supplied with a HFSW above the AR (~ 100 kHz). An FPGA digital controller is employed in
the ballast for diverse purposes: first, to implement easily the sliding mode control law that
ensures system stability and the LFR behaviour of the electronic ballast, delivering always the
desired power to the lamp with dimming capability. The second task of the FPGA is to perform
the high frequency ignition sequence for the full bridge resonant inverter, and after the ignition,
to supply the lamp at high-frequency (~ 100 kHz) for warm-up and for steady- state operation
avoiding the acoustic resonances. The lamp start-up, warm-up and steady-state operation has
been verified loading the ballast with an HID lamp showing perfect agreement with the

theoretical predictions.
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3.1 Battery-Supplied DC-ballast for high Intensity Discharge
(HID) Lamps.

As previously mentioned in the section 1.3, one solution to supply HID lamps avoiding
AR is supplying the lamp with a DC current. Consequently, this work presents a LFR-based
DC ballast using a double stage converter, as shown in the block diagram of Figs. 56 and 57.

The ignition circuit is performed by a boost converter with LFR behaviour connected in
cascade with a switched capacitor boost converter. This second stage only works when the lamp
is off and requires a high voltage switch (4 kV IGBT). Once the lamp is started, only the first
converter is operating, and the second one is bypassed by a relay avoiding the losses in steady-
state operation. Although the relay is an electro-mechanic device, submitted to fatigue, and
therefore susceptible of both unpredictable and premature failures, there is no semiconductor-
based switching device with lower losses (rox<150 {2), and equivalent breakdown voltage
(10 kV).

Relay

ira(n) i)

> Ly !
| + DC/DC
’ . Switched N
Vs(C Re <~ vea(l) Capacitor varo(Y
< v Converter O )

Fig 56. Block diagram of the LFR-based ballast.

Relay

+

@ Va(?)

+ +

o
—H:\‘ GT Ve () GT Ves(t)

Fig 57. DC Electronic Ballast with LFR behaviour for HID Lamps.

3.1.1 DC-Electronic Ballast description and analysis.

This section presents the two operation modes of the electronic ballast, and its analysis
by means of sliding mode control. The ballast dynamics including system stability are presented

in both operation modes when a lamp is connected in the ballast output.

3.1.1.1 Ignition operation description and stability analysis.

During the start-up mode, both switching converters are connected in cascade, sharing

the same control signal (@) and duty ratio. The resulting connexion of the two converters has
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an ideal gain given by (84). Once the converter is connected with the power supply, the lamp
voltage starts to increase, until the spark is generated, and the lamp is turned ON. At this
moment, the switched capacitor converter is bypassed and only the first converter is operating
delivering the selected power to the lamp.

Vi _ 2 (84)
Ve (D)

If in the start-up transient the lamp voltage reaches 6 kV and no spark is produced,
because the lamp is hot or malfunctioning, the converter stops and the output voltage is
decreased by the parasitic elements of the ballast until a certain low wvoltage is reached. Then,

both converters operate again trying a second start.

In this start-up operation mode the converter is controlled by means of sliding- mode
control with the control surface that appears in (85), where the current through L. is never
zero, this means that no discontinuous modes appear in this inductor. Besides, as L>>Lj by

design, the second inductor L also operates in CCM.
s(z)=1i,,-k(t) (85)

where k(t) =g(t) - vs(t)

As the switch S, is an IGBT device, the converter must operate at low frequency
(fs= 6 kHz). Then, depending on the time constants determined by capacitors C; to Cs and their
respective ESR resistances r; to 15, two discontinuous modes appear caused by D; and D,. Thus
depending on the capacitor values and the switching frequency the converter can have 2 or 4
topologies. In this specific case, as we want to minimize the energy stored in the capacitor for
user safety, and reducing the capacitor size, the converter has four different topologies. The
sequences of theses topologies or conduction states are shown in Fig. 58.

A
Il](f]) 7, 5 : T 7,

0

(1) A
1

R

\/

usz(t) &

0

Tt

! T 7

Fig 58. Sequence of ballast conduction states.
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Roughly speaking, the switching of a diode is natural, unforced, so the change from one

topology to another is produced only when the current through it is zero. Although these state

changes are not forced, we can model them considering that the state changes generated by D;,

and D, are governed by the control signals us(?) and wus(t) respectively. These control signals will

take “u=1" if the diode is conducting, and “u=0" if the diodes are blocked. The remaining

control signal u,(t) is controlled by the switching surface.

Therefore, the converter in start-up operation depicted in Fig. 59 has the four topologies

shown in Fig. 60 to Fig. 63. The respective matrices 4, to A,, and the corresponding excitation

vectors B; to B, are given in (87)-(90), where the state vector appears in (86). Notice that we

have considered that Cs=C,=C}, and rs=r.=r; in the switched capacitor stage for simplicity.

88

B . T
X:[ZLA Voa Ut Ver Vg ”03]

ir4(t) L4 D.

Py

iri(t) sy D:
Y'Y > aa'a'a\ !
’ >

A Av
A A

i ’ j:
+
) 0 | CAT"C4/f} C, vea(t)
L

4 ¢ - AN

b > fo

Cs ves(t)

ﬂ[\i c%n{:m T -

Fig 59. DC Electronic Ballast in start-up operation.
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Fig 61. Topology B of the DC Electronic Ballast in start-up operation.
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Fig 62. Topology C of the DC Electronic Ballast in start-up operation.

ira(t) _LA D ir(t) Ly D D:
Y Y YN — P T Y Y YL, > . P
+ 2
| 1.
Cs T vea(t) C. vealt)
- - A;\ Y5
- L
é ;1‘1 3

C: vei(t) Cs—=— ves(t)

-

Fig 63. Topology D of the DC Electronic Ballast in start-up operation.

Observe that I, represents the current delivered by the DC Electronic ballast to the HID lamp.

0 0 o0 0 0 0] o
v,
00 - 00 T
C, A
0 87
0o L o 0 0 0 0 (87)
A = L B, =
00 o -—1 ! 0 0
2:r-C 2-r-C 0
00 0 ! Iy L
2-r-C 2-r-C | C |
0o 0 0 0 0 0]
[0 0 0 0 0 0] [ Vs ]
L
0 0 ci 0 0 0 /
| ! (88)
A=lo L o 00 0| B=|"
L 0
00 0 00 0 0
00 0 00 0 7
1o
o0 o0 0 0 0 ¢ ]
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0o L 0 0 0 0 _ -
L, s
L
L 0 _i 0 0 0 A
C, c, 0 (89)
1 r 11 r-1,
0 = L s = R
A, = L L 0 L L B,=|
0 0 0 0 0 0 0
1 0
0O 0 -= 0 0 0
“ Iy
o 0o L 0 0 o L ¢
L C ]
_ , ) ] ]
0 T 0 0 0 0 Ve
A L
1 1 4
ren 0 e 0 0 0 0
' 1 2? 2 1 1 dor (90)
0o = 8L
A = L 3L S-r-L S-r-L 8L B =
! 2 1 1 1 T L
0 0 - 3-C
3-C S-r-C 8-r-C S-r-C I
0]
o o L 1 ! ! 3-C
3-C S3-r-C 38-r-C S-r-C
21,
1 1 1 1
0 0 - - 3-C |
L 3-C S-r-C S-r-C S-r-C |

The control technique applied to the ballast implies the establishment of a sliding control

surface to force the input current (85) to track a slow varying constant “k(t)”.

The study the sliding-mode control in a converter follows the standard methodology. The

presence of four topologies and three control signals yield

X = F(X)+N(X)U (91)

where
F(X)= A, X +B, (92)
N(X)=[(4,-A )X +(B,-B,) . (4,-4)X+(B,-B) . (4,-4)yx+(s,-8) (93
U:[u, u, ugJT (94)

Now we define a tri-dimensional surface because we have three control components. Two
of these dimensions are referred to the discontinuous modes that appears in D, and D
determining the change from the first topology to the second, and the change from the third

topology to the fourth. The dimension referred to the input current allows the control of the

system.
. 95
O-(x’t) =t T k(t) Yor TV Yoz = Vgy T Ve ( )
[ — —_—

1
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Now, it is important to remark that the sliding mode analysis will be performed in two
steps. First of all, we will find an equilibrium point corresponding to a constant input voltage Vs
and a constant value G of ¢(t) in the control loop. Subsequently, we will consider the influence
of the time varying components vg(t) and g¢(t) as low-frequency superposed signals on the
corresponding constant values Vg and G. The contribution of the superposed signals will be
predicted by a model derived by linearizing the ideal sliding dynamics around the equilibrium

point previously obtained.

Therefore, the resulting equivalent control for S(z)=i -G - Vs (96) is presented in (97)

. 96
O-(Lt) =i, —GVy v, =y, Uy~ Uy~ ( )

U L,

1 2

v, =-{1[o(x)}n (x)} {ro(x)]F(x)) (97)

By means of mathematic manipulations, the equivalent control components, and the

corresponding sliding dynamics are given by the expressions (98) to (104) respectively.

I 1V, |
VC’A‘(Vc'l - ch) (98)
U = __L;([LW“+L%1—-V%2)+-V;A(V%2—-VLJ
w VLA(LZL__VEZ)
Vo (I, r+ Vi, + Vo, =V )=V,
Vo (rIy + 21 1=V, +V,, +V,)
diyy _, (99)
dt
vy, _ GV —vyy (100)
dt v,,Cy
diy _ vy = e, Vs (101)
dt v, C
dvgy _ 120500, +10,Vy (102)
dt 6 v, C
dvgy, _ 120500, +1, Vg (103)
dt 6 v, C
dvgy _ 12150, +74, Vs (104)
dt 3 v, C

Therefore the coordinates of the equilibrium point X*=[I4* Vea* I* Ve * Veo* Vies* are
given by (105) to (110) respectively. Since the current delivered to the lamp (Immp) has the

opposite direction of Ip, because Ip<0 we consider that -Io = Iump.

(105)
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Voo GV} _ GV} (106)
CcA
\/2.(_10 )'G'Vs \/Q‘IHID GV
1, = \[o(-1,)6v, = 21,6V, (107)
pooo GV GV (108)
c1 2,(_10 ) 21,
yroo GV _ GV (109)
- 2'(_10 ) 2-IHID
v GV GV (110)

“ (_Io) Inm

Assuming now that k(¢) is time varying, the corresponding equivalent control is

calculated by

v, =-{s[e(x)]¥ (X)}l-{J[a(X)]-F(X) + de(tX)} (111)

where

dt (112)

Therefore, the ideal sliding dynamics can be expressed as (113)-(118)

i dvg d
% _ g(t)-%+ o, (t).$ (113)
by, O 0, d”;t(t)+g(t)vg (1)L, dgdgt)+g(t)v; (£) = v, (1) ",
dt U(YA A
i 00 08, M (0, (-0, 0002, 2
E = ool + (115)
v, (V)9 (0)L, d”;t(t) s, (1) (1) 2, dgdgt) s, (1), (1)
" VL
by 10 (05 020, (v i ()0, d”;t(’f) i, (1), (1)L, dgdgt) 116)
dt 6 v
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) ] dv, (t dg (t
dv,,, _1%(’5)”5 (t)+220(t)vm+z (t)g(t)LA ;t()+z (t)vs(t)LAd(t) (117)
it 6 v, C
dv, (t dg (t
do,, 10 (t)vs () + 21, (t)v,, +4, (t)g(t)L, flt( ) +1, (t)v, (t) 1L, d(t) (118)
at 3 v

assuming that

and linearizing the equations (114)(115)(116) and (118) around the equilibrium point

X*=[Ipa* Vea® I* Vor* Vee* Vies™ lead to the following expressions

Y di (¢ di_ (¢ )
—ddifl =ag(t)+ b~—gd£ ) + e (t)+ d—jlt( )+e'1§CA (t)+Fi,(t) = £ (1) (126)
g+ o8 o (e i (e ma, ()4 ()= 4 () (20
dt dt S dt cA C1 ci 2
a0 p s (et (i (e, ()= () (129
dt dt S dt 0 CcA L 3
o)y s 1)+ U gt () es () e e ()= () (129)
dt dt S dt o CA L 4

where coefficients a, b, ¢, d, e, f, h, i, j, k, I, m, n, o, p, ¢, 7, t, v, w, T, y, 2, &, B, & and T are

given by the expressions (130) to (156) respectively.

_ 54, (t)| V2 GV (130)

Q

59(1&)‘)(* GC,
51 (t) L, (131)
b= dg(t) = C_i'\IQ'IzuD'G'VS
5 dt X*
of(t 2
s X+ s A
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51 (t) GL (133)
d = — A. 0T .GV
1) dvzt(t) Vil e
.-
LA 20, (134)
ov,, (t) . ViC,
PG| (135)
5i, (t) .
A0 . (136)
39(t)|,.
;= 5f‘2 (t) _ VL, 21 -GV (137>
6d9 t) 2Ly, " g
dt |y
A N S s (138)
T 6, (t)‘x* Co2Ld,, L GV
_ 8L | 6L — (139)
b dvg (t) —2-IH,:-L L GV
5 dt X*
;9 ()] _2 (140)
ov,, (t) - L
AU T e (141)
m = 51}01 (t)‘X* - VSGL QIHID GVS
A R T e (142)
= 51}03 (t)‘X* - _VS~G-L QIHID GVS
O] B (143)
S9(t)],.
p_ 5f3 (t) — IHID.LA (144>
§dg t) 3C
dt |y
q= é‘fii(t)| =l,IHID (145)
dug(t)| . 3V C
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r= Sy (t) :l.LA'IHI G (146)
dog(t)| 3 VO
“a s
1 (147)
Si (t)], 3C
= é‘f?’(t) —_;. . . (148)
Vs (1) saon VP TmCs
5}‘3(t)| R (149)
TS () L 6GCY, N2 LGV
T = o) =0 (150)
39(1)],.
y = 5f4 (t) — 2'IHID'LA (151)
Code(t)|  3C
i
8L a1y, (152)
Svg (t) L3V
o=k () | _2L:0,,¢C (153)
§dv5(t) 3 V,.C
dt |y
p i) 2 (154)
Ji, ()|, 3C
s 2 (155)
© 0, ) . 3aov; 2LV
L 1 (156)
i (1)), 6GCV, 2L GV

Fig. 64 shows the dynamic model of the boost converter in cascade with the switched
capacitor converter presented in Fig. 59, controlled by means of sliding mode control with LFR

behaviour.
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A
boost converter & 1o(s)
switched capacitor converter
i y
ro
Vs(s) —+» A(s) Z,(s)
| s
A I A
G(s) —» H(s) ) > Vs(s)

Fig 64. Dynamic model of the switched converter.

I:ID.LA GV

- Z'IHJD'LA _ s 2'V5’LA —S'§' I:m -
3-C C-L 9 C’/ZI'CQ'GQ'L'VS

] (157)

K 52{ 20y ] + s{ Iy + 2 J_'_ 4'21211)
VO, 3GV, L-C LC, 3GV, L-CC,

2:¢% —92.5% G'LA —
6:C-L

IHID — 9 _Q.LA.IHID.G +92
3'V5'C

2V,C-LC,

VIO,

IFZHD + 1 J + 2.IHID

6C-L | V,oC, CL

s°+ 52{

2.1# + 5 HID + 2
V,C, 3GV, LC  LC,

26V [$(LC, V) = (21, L)+ 2V ]

+ 4.I?HD
3GV LCC,
(158)

(159)

477

HID

- 2-1
o 83+82'[ HIDJ+S
vV, C,

. IHID 2 +
3GV LC  LC, ) 3GV

LCC,

Now, in order to check the stability of the boost in cascade with the switched capacitor

converter, we have used the Routh Hurwitz ‘criterion in equation (160), as shown in (161)

3 4 &2

2Ly ] + s-[ T 2 ] 41 IZHD
VyCy GVyLC  LC,) 3GViLCC,
$ 1 ! HID + 2
3GV, LC LC,
9 21 HID 41 fﬁu
ViC, 3G Vf LCC,
1_ [HID + 2 0
3GV, LC  LC,
S0 41 12110 0
S-G-V;'L-CCA

(160)

(161)

Considering the converter parameters and the fact that the current supplied to the lamp

Imp has a very small value (tens of mA) when the lamp is off, it is possible to conclude that the

converter is always stable in the start-up transient because the following condition is satisfied.

96
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3.1.1.2 Warm-up and steady-state operation description and stability

analysis.

As previously mentioned, in the warm-up and steady-state operation, only the boost
converter is operating, and the switched capacitor converter used to start the lamp is bypassed
by a relay in order to avoid the losses. Considering that the boost converter depicted in
Fig. 65 (a) is working in CCM, it only has two structural changes within a period, as shown
Fig. 65 (b) and Fig. 65 (c), and therefore can be represented by means of two linear vector
differential equations (167)(168), where the corresponding state vector z(t) is given by
expression (169). Notice that, as the value of capacitor Cy4 is much higher than the value of

capacitor Cs we have only considered in the analysis the value of capacitor Cj.

i) L D

> >
%
Vs v §
0 |re Ca vea(t)
| |- R
Cs ves(t)
(a)
i) La
Y YY
%
Vs v ,
0 = (6 veul)
l + I()
(b)
iI (1) L Di
> >
i
Vs Ci——veu(t)
Yo
(c)

Fig 65. (a) DC Electronic ballast in warm-up and steady-state operation. (b) ON-state. (c) OFF-state.

x(t) =A x(t) + B, for u=1 (ON state) (163)

for u=0 (OFF state) (164)
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. T
T (t) = [ZLA vCA:| (165)
Matrices A;, A, B;, and B; are given respectively by

1 V.

° I I (166)

00 L 7 166
AI:L) 0}*‘2: R
1 1,
C, C

Where Iy represents the current delivered by the boost LFR to the lamp, as in the

previous case.

The converter dynamics can be described by using a bilinear equation (167), where
A=A, B=A;-A,; 0=B, and y= B;-B;, that conveniently particularized to our converter leads

to the equation set (168).

z (t) = [A-x (t) + O':| + [B-x (t) + 7J-u (167>

di,, u—1 &

i =g e (168)
dv,, 1—u . 1

oLt )

As in the start-up transient, the control surface applied to the converter forces the input
current (169) to track a constant reference current k(t) proportional to the ballast input voltage

Vs. Thus assuming ideal efficiency, the lamp active power Pac, is regulated indirectly by

[{3pe))

controlling the converter input power through the adjustment of the LFR conductance “g”.
s(z) =i, —k(t), where k()= g(t)v, (¢) (169)
P =Py = gVs (170)

Introducing the invariance conditions [78] s(z)=0 and ds(z)/dt=0 yields the equivalent

control wu.,(t), which is bounded by both maximum and minimum values of u(%).
0<u (1)<1 (171)
Moreover, a switching law of the type
u(t)=0 if s(z)>0 (172)
u(t)=1 if s(z)<0 (173)

will induce a sliding regime on the switching surface ensuring the sliding-mode existence

conditions because

s(a:) a0 ) <0 (174)
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The sliding mode analysis of equations (163)-(169) is performed in two steps. First, we
will find the equilibrium point corresponding to a constant Vs and a constant value G of g(t) in
the control loop. Second, we will consider the influence of the time varying components wvs(t)
and g¢(t) as low-frequency superposed signals on the corresponding values Vg and G. The
contribution of the superposed signals will be predicted by a model derived by linearizing the

ideal sliding dynamics around the equilibrium point previously obtained.

Therefore the resulting equivalent control for S(X)=I.4-G - Vg, the corresponding sliding
dynamics, and the coordinates of the equilibrium point X'=[I"14, V'cs] are given by the

expressions (175) to (178) respectively considering as in the previous case that Ip<0, so

~Io= I
()=1-2 (175)
VCA

i (t) = GV, (176)

dve, _ G.VS-(l—u) )+]_0 (177)

it C, @),
vea | el

X =|qv, , ==| =|av, , = (178)

_Io [IIID

Assuming now that k(t) is time-varying, the corresponding equivalent control will be

given by
u, =1- () +L, oe) 4, (t) bL (t) 4s(t) (179)
v (1) vea (1) dt v (1)
Therefore, the ideal sliding dynamics can be expressed as
i, (£) =k (t) = g (t)v, (¢) (180)
dug, _ 90} (1) () oo (fL,  Leo()i(e) i (1) (181)

assuming that
(182)
(183)
i () =1, +i, (1) (184)
(185)

and linearizing the equation (181) around the equilibrium point X'=[I'7s, V'ca] lead to the

following expression
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dv

CA

dt

9

O a2 i ) (186)

dt dt

where coefficients a, b, ¢, d, e, and fare expressed by (187) to (192) respectively

o = L (187)
C, G
b=t Law (188)
c,
2y (189)
C,V,
g = LluwLy (190)
C,V,
1'2
e=-—H (191)
C V-G
_ 1 (192)
f c,

Fig. 66 shows the corresponding model of the sliding-mode controlled boost converter,

operating in the warm-up and steady state with LFR behaviour.

A

I,(s)
boost converter

I':(S‘) ‘J A(s)

Fig 66. Dynamic model of the boost converter in warm-up and steady —state operation.

Hence,

100

H(s)= 10| EETY (193)
(s) ig(t)=0 s—e
Lo(t)Z[]
A (S) _ Af/l (8) _ c+sd (194)
V, (3) §(t)=0 s—e
()0
7= L) s (195)
° ]0 (s) ig(t)=0 s—e
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Note that the control to output transfer function H(s) expressed in (196) corresponds to a

stable system because the condition (197) is always satisfied.

. IH[D _ S.L/ .IHID
i (s) = Ve (s) _C, @ 2 c, (196)
G (s) ?S(z):o ot I,
io(‘):o CA GV52
T (197)
C, GV

3.1.2 DC Electronic Ballast Implementation.

This section shows the practical implementation of the power stage, control stage, and

overvoltage protection of the DC Electronic ballast for HID lamps.

3.1.2.1 Power Stage Implementation.

Fig. 67 shows the circuit scheme of the power stage.

Relay P +15V -15V
50 2
Relay_N ee T T

H12-LAG9 o (o - +
g & 5| LEm
S < <|LAssP
Da 1800uH D1 D: D3 Lin 1 out
Y Y Y
P =
24V 2KV
J_ . SkV|  oo0nF] T [100nF
T Ts - 20M
SuF S 110nF §
2tV |akv Viamp

tonF  220nF] " [100nF

W |
zrx 53 SAK
10k 72

Fig 67. Power stage circuit scheme of the proposed DC Electronic ballast.

; J 220nF] [100nF oo
+15V
ZTX 653 52 . § L
QHV) | ™ L., | . AL LV
1

The prototype has been implemented with the switching devices whose characteristics are
shown in Table XII. These characteristics illustrate the blocking voltages for transistor, diodes

and for the relay used to bypass the switched capacitor converter.

It has to be pointed out that the signal @ in Fig. 67 is the output of the hysteretic
comparator described later in Fig. 68. In the switched capacitor stage, the signal used to switch
the IGBT (@ _HYV) is only activated when the lamp is off. Moreover, it can be observed that the
driver in both cases is realized by two bipolar transistors, a npn transistor (ZTX 653) with V.
of 100 V and a collector current of 2 A, and a pnp transistor (ZTX 753) with an V. of 100 V
and a current of -2 A. The MOSFET gate resistance is an E24 resistor of 2.2 Q while the
protection parallel resistance and Zener are an E24 10 k Q and C16PH (16 V) diode Zener

respectively.
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Table XII. Power switches of the DC-Electronic ballast for HID lamps.

S IRFPAT6SPbF | 14me Vth Ve Qg
1
! IR (93A) 3V +20V | 180nC
IRFP4768PbF Versan=4V | Vit v 0
S» Si | aky | W ! 8 -6
IXYS (40A) 6V +20V | 310nC
STTH30R04 v t
Da Si | 400 V 30 A on -
ST 0.8-1.1V 35 ns
DHH55-36N1F Von trr
D Si |18 kV 60 A
! IXYS ! 2.0-2.5V 230 ns
DHH55-36N1F Von trr
D i 1.8k A
? IXYS St |18 kV 60 2.0-2.5V 230 ns
DHH55-36N1F v t
Ds Si 1.8 kV 60 A on o
IXYS 2.0-2.5V 230 ns
Relay H12-LA69 10 kV 3A 150 mQ

The output capacitor in the boost converter stage (Ca) consists in two polypropylene
type capacitors in parallel of 8 uF each one (EPCOS B32776T5855) with a 500 V rated voltage.
The capacitors used in the switched capacitor stage, C; and C; are two capacitors of 110 nF of
the type GenteQ 421.4102 with a 3 kV rated voltage. The output capacitor C; used in the
switched capacitor stage consists in the combination of three capacitor in series of 2 kV rated
voltage and a capacitance of 220 nF each one of the type GenteQ 42013222, which in turn are in
parallel with a combination of three capacitor in series model VISHAY MKP1845 of 2 kV rated

voltage and 100 nF each one, obtaining a final capacitance Cj of 110 nF.

The input series inductor L4 of 50 uH has been realized with 50 wires of 0.007 mm? by
making 35 turns around the Kool Mp 77111-A7 core, which has a permeability of 26. Notice
that the use of 50 wires instead of 1 tends to reduce the skin effect when the switching
frequency increases beyond 30 kHz. The inductor L of 1800 uH has been realized with the same
core, but in this case making 290 turns with 1 wire of 0.7 mm? Besides, we have used only one

wire because the switching frequency is lower (around 10 kHz) when this inductor is working.

The input and output voltages are sensed by two voltage dividers of (680 k 2-1 k ) and
(20 M Q -20 k Q) respectively. These signals Vs snse and Vi, are proportional to the input and
output voltage respectively. The input and output current sensors consist in two Hall effect
transducers of the type LEM-LA-55P with a bandwidth of 200 kHz. Signals I, sgvse and Ip are

proportional to the inductor current I;4 and lamp current Iup respectively.

3.1.2.2 Control stage.

Fig. 68 shows the practical implementation of the sliding mode controller, namely
hysteretic comparator of the input current, k(t) generator, HID on detector, overvoltage

protection, and finally hysteresis control.

On the one hand, the hysteretic comparator circuit of the input current employs two
LM319 comparators with a response time of 80 ns, and a JKMC14027 flip-flop with a
bandwidth of 13 MHz. The output of the hysteretic comparator is a digital signal ¢ which
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activates the driver of the boost converter depicted in Fig. 67. On the other hand the inputs of
the hysteretic comparator are the subtraction between the measured input current I sgnse, and
the reference current k(t), treated by a circuit based on LM324 operational amplifiers, and the
hysteretic bands H_POS and H_NEG.

Next, k(t) generator is the responsible to provide signal k(?) that is connected to the
hysteretic comparator. This signal is obtained by means of an analogue multiplier AD633 with a
slew-rate 20 V/ps, which multiplies the input reference conductance g(t) and the measured

input voltage Vs sense.

Fig. 68 shows the HID on detector that is the circuit responsible to determine when the
lamp is turned on. This circuit is a hysteretic comparator that employs two LM319 comparators
and a JKMC14027. When the measured lamp current Ip is higher than a reference value of
700 mA, the signal QS is activated with a logic “1”, and the signal QN is a logic “0”. In the
same scheme an AND gate provides the signal to the driver of the IGBT depicted in Fig. 67.
The inputs of the AND gate are the output of the hysteretic comparator @, and the output QN
that only is activated when the lamp is Off. This results in the second converter opeartion only

when the lamp has not started.

The overvoltage protection is performed by means of a hysteretic comparator that
employs two LM319 comparators and a JKMC14027 flip-flop. In this case the inputs of the
hysteretic comparator are two reference voltage values of 6 V and 0.7 V, and the measured lamp
voltage Vi, When the lamp voltage is above 6 kV, the output of the hysteretic comparator
Qg is provides an “1” logic, and when this lamp voltage is decreased under 700 V output ¢ g
yields an “0” logic. This output ¢ g is used to short-circuit the input conductance g(t) to zero,
when the lamp voltage is above 6 kV. When the lamp voltage is under 700 V, the conductance

is activated again.
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Fig 68. Power stage circuit scheme of the proposed DC Electronic ballast.

Finally, the hysteresis control bands are introduced by means of two voltage dividers,
which partially short-circuited when the lamp is started in order to change the hysteretic band

value and increase the switching frequency in warm-up and steady- state operation.
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3.1.3 Experimental results.

The main experimental results are given in this section. The experimental prototype used
in the tests with three different HID lamps is depicted in Fig. 69. Therefore, all the

experimental results shown in this section have considered a power reference of 250 W.

Fig 69. Experimental set-up with three HID lamps.

3.1.3.1 Results with Metal Halide Lamp Pulse start Lamp.

First, the results with a metal halide pulse start lamp are presented. In this specific case
the lamp used is HIE/C/BU/DU/4.5K from Phillips Lighting.

Fig. 70 shows the start-up transient results when a metal halide pulse start lamp is
connected in the output of the electronic ballast. In this specific case it is possible to appreciate
how the lamp voltage (vmp) starts and increases until 3.7 kV are reached. At this moment, the
lamp has started, the switched capacitor converter is stopped and bypassed, and the warm-up
operation begins. It can be observed that when the lamp is started, the voltage decreases under

its nominal value in steady-state operation due to the HID characteristic impedance.

Moreover, Fig. 70 illustrates the inductor current behaviour (Ip4). It is important to
notice that when the lamp is off, and the switched capacitor converter is connected in cascade
with the boost converter, the inductor ripple is higher because the switching frequency has been
decreased in order to protect the IGBT S, In this case, the switching frequency in the start-up
transient is approximately 10 kHz. After the ignition the hysteretic band is self-adjusted in
order to increase the switching frequency above the audible frequencies in the warm-up and

steady-state operation, i.e. about 30 kHz approximately.
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In the same figure, it is possible to see the lamp current Iyp starting to flow through the

HID after the spark generation while the input voltage Vg is always 12 V.

S

U

¥

gl i o,
HID

Measure P1:mean(C1) P2:mean(C2 P3:mean(C3) P4:mean(C4) P5.freq(C2) PB:duty(C2)

value 1064V 17.50v «1.342kV 13.982103 kHz 5912%
S kS

425V
-2 ofs Edge _Positive)
LeCroy 111312012 4:09:54 PM

Fig 70. DC-Electronic Ballast start-up transient with Metal Halide Lamp Pulse start Lamp.

Fig. 71 shows the warm-up operation, realized after the lamp ignition. As previously
mentioned, when the spark is generated the second converter is bypassed, and the lamp voltage
decreases under its nominal value in steady- state operation. Similarly, the lamp current begins
to flow when the lamp has started, and is above the final value in steady- state operation. A
good LFR behaviour of the converter delivering always the same power during all the warm-up
operation is observed due to the automatic adjustment of voltage and current independently of
the HID characteristic impedance. It is important to remark that this warm-up duration is

approximately 1’30” and the input voltage Vs is always 12 V.
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m". WW R [
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Sl .
‘ | tHD
2| £
Measure P1:mean(C1) P2:mean(C2) P3:mean(C3) P4:mean(C4) P5:freq(C2) PB:duty(C2)

value nunv 18.92v »8962V 3.069V 14085434 mHz 100.00 %
v o v R R

LeCroy

Fig 71. DC-Electronic Ballast warm-up operation with Metal Halide Pulse Start Lamp.

Finally, Fig. 72 shows the steady-state operation after the warm-up. It can be observed
that the lamp voltage Vup in steady-state operation is about 110 V and the lamp current Iy is

about 2.3 A , which means a power of 253 W approximately. The input voltage and current are
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12 V and 22 A respectively, which implies that the converter is absorbing a power of 264 W.

Hence, the efficiency of the converter in steady state is about 95%.

IHID

i
Measure P1:mean(C1) P2:mean(C2 P3:mean(C3) P4:mean(C4) P5:freq(C2) P6.duty(C2)
value »12010V 2190V 1093V 2338V 25103231 kHz 46.04 %
status v R A

T v v
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2,00 Vidiv| 10.0 Vidv| 50.0 Vidiv 50.0 usidiv Single 204V
-6.000Vofst]  -30.00Vofst -50.0V ofs) 500kS 1.0 GS/s|Edge Negative

LeCroy ting for Trigger

Fig 72. DC-Electronic Ballast steady-state operation with Metal Halide Pulse Start Lamp.

3.1.3.2 Results with Vapour Sodium Lamp.

Now the results with a sodium HID lamp model

HPSE.250W/E40/HOV of 250 W from OSRAM are presented.

experimental vapour

Fig. 73 shows the start-up transient results when the vapour sodium lamp is connected in
the output of the electronic ballast. The behaviour of the converter is practically the same than
the one depicted in Fig. 70. The main difference in this case is the spark, which is generated at

higher voltage, i.e. 5.5 kV approximately.

Fig. 74 shows, in turn, the warm-up of the vapour sodium lamp, and as in the case
depicted in Fig. 71, it is possible to appreciate the goof LFR behaviour of the ballast prototype,

delivering the selected power to the lamp during all the warm-up phase.

Finally, Fig. 75 shows the steady-state operation after the warm-up. The lamp voltage
Vum in steady-state operation is about 106 V and the lamp current Inymp is about 2.4 A | which
means a power of 254 W approximately. In this case the input voltage and current are 12 V and
23 A respectively, which implies that the converter is absorbing a power of 276 W. Therefore,

the efficiency of the converter in steady -state is about 92%.
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Fig 73. DC-Electronic Ballast start-up transient with Vapour Sodium Lamp.
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Fig 75. DC-Electronic Ballast steady-state operation with Vapour Sodium Lamp.
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3.1.3.3 Results with Dual Metal Halide Lamp

The last experimental results are realized with a dual metal halide HID lamp model
HIE250W/C/V/DU/4.5K of 250 W from Venture Lighting.

As in the previous cases, Fig. 76 shows the start-up transient results when the dual metal
halide HID lamp is connected in the output of the electronic ballast. The behaviour of the
converter is the same than the one depicted in Fig. 70, and the generated spark is of 3.5 kV

approximately.

Fig. 77 shows the warm-up of the dual metal halide lamp and the good LFR behaviour of
the ballast prototype delivering the selected power to the lamp during all the warm-up phase.

Fig. 78 shows the steady-state operation after the warm-up. The lamp voltage Vup is
about 121 V and the lamp current Iyp is around 2 A, which means a power of 254 W
approximately. In this case the input voltage and current are 12 V and 22 A respectively, which
implies that the converter is absorbing a power of 264 W. Hence, the efficiency of the converter

in steady- state is around 96%.

P1:mean(C1)
1025V

P2mean(C2) P3mean(Cy P4:mean(C4) P5:freq(C2) PB.AUY(C2)

18.09V

11.46949 kHz 63.95%
S

i

Fig 76. DC-Electronic Ballast Start-Up transient with Dual Metal Halide Lamp.
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Fig 78. DC-Electronic Ballast Steady-State operation with Dual Metal Halide Lamp.

3.1.4 Conclusions of the DC Electronic Ballast with LFR behaviour.

An electronic ballast to drive different HID lamps has been presented and its dynamics

for both operation modes have been analysed.

The ballast behaves like a LFR delivering always the selected power to the lamp,
independently of the lamp impedance due to the action of an appropriate sliding- mode control
law. This feature ensures the lamp operation at nominal power during all the lamp life and
reduces the warm-up time. As the power reference can be adjusted using a potentiometer, the
light intensity can be easily regulated. Besides, as the lamps are supplied in DC, the AR

problems are avoided.

Another accomplished target has been designing the DC Electronic Ballast using
commercial switching devices and evaluating the main technological features of this proposal.

Several experimental tests with commercial HIDs have shown the feasibility of the proposed
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approach, and its good efficiency demonstrating that the ballast is capable to achieve 6 kV to

start the lamp from a 12 V power source.

The introduction of SiC devices can simplify the proposed ballast, reducing the number of
stages and devices, and obtaining high power densities and efficiencies. Moreover, the relay

could be substituted in a near future by a semiconductor device with the same characteristics.

3.2 High-Frequency Electronic Ballast for HID lamps with LFR
behaviour based on sliding mode control implemented in
FPGA.

The goal of this section is to design a two-stage electronic ballast, where the first-one is a
boost converter with loss-free resistor (LFR) behaviour supplied by a low DC voltage. This
stage is controlled by means of sliding-mode control, implemented with a field programmable
gate array (FPGA). The second stage must supply the lamp with an AC voltage generated by a
full bridge resonant inverter operating in open loop. Although there are to operating options:
LFSW and HSFW, we have selected the second one. In this last case, the lamp is operated
always at high frequency. Thus, the second stage is used to perform the ignition sequence
(215 kHz < fs < 350 kHz), and supply subsequently the lamp with a HFSW (~ 100 kHz) to
avoid the acoustic resonances. The ballast circuit description and ballast block diagram is shown
in Figs. 79 and 80 respectively.

 Rew ww

vu(t)

ir(n)

ADC

Fig 79. Boost converter-based LFR plus full bridge resonant inverter and FPGA control implementation.
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Fig 80. Electronic ballast block diagram with boost-based LFR.

3.2.1 Loss-Free Resistor approach implemented by FPGA.

As previously mentioned, a LFR can be realized if appropriate sliding motions are

induced in some converters. Moreover, the sliding- mode control is a very useful tool in the
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power electronics field to design controllers and analyse the variable-structure control systems
[140], exhibiting a fast response and low sensibility to external perturbations at the expense of
variable switching frequency [141]. Due to its robustness and fast dynamic behaviour this

control has been the subject of many reports [81, 142].

Furthermore, digital control techniques are increasingly used in switched power
converters due their inherent advantages compared to the analogue control techniques. Digital
control techniques offer more flexibility in order to modify or change the control strategy
without significant hardware changes, in comparison with analogue control techniques. Other

important characteristics are the high immunity to noise and the absence of aging effects.

In terms of sliding -mode control, diverse publications are focused on its implementation
by means of low cost controllers. The limitations imposed by the microcontrollers require a
complex discrete-time treatment to facilitate the subsequent sliding control algorithm

implementation [143-145].

However, the high frequency sampling capability of an Analogue to Digital Converter
(ADC-4 MHz) connected in an FPGA (Altera-Cyclone II) implementing a hysteretic comparator
results in a good approximation of the continuous-time sliding mode control. Thus, the
analytical treatment of the sliding dynamics will be held in continuous time without resorting to
an analytical study of the discretized sliding dynamics. Therefore, the boost converter will
behave like LFR whose digital controller has the same behaviour as an analogue one, designed

using the sliding equations in continuous time.

3.2.1.1 Digital LFR approach by means of sliding mode control.

The main target of this section is to control the first stage of the converter depicted in
Fig. 79 by means of sliding- mode control considering the discretized variables as shown in
Fig. 81. It is important to notice that the higher are the sampling frequency of the ADC (fampic)
and the number of quantization levels, the more close is the approximation to the analogue
behaviour. Hence, considering a sampling frequency of 4 MHz, and a switching frequency in the

converter below 100 kHz, it is possible to study the controller as a continuous system.

ir(1) ir(n)
A

|
i
!
1!
1!
!
!
1!
!

|
L T
!

[
|
|

e fsumple

I |
I |
| |
| |
| |
| |
| |
T T
| |

| | |

| | |

I ! | |

I | |

| | |

€ > >

v f;'u' g f;u' -

Fig 81. Inductor current iz (%), and discretized inductor current ir(n).
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As in previous cases, assuming that the boost converter operates in continuous
conduction mode (CCM), the converter only has two structural changes within a period, as
shown in Fig 82. The main target of this section is to control the first stage of the converter
depicted in Fig. 79, which can be represented by means of two linear vector differential
equations (198)(199), where the corresponding state vector is shown in (200).

in(m

+ L +

DRY i’ﬁ c==ew (P

o~
"

Fig 82. Boost converter states. a) ON-state; and b) OFF-state

t(t)= A,x(t)+ B, for u=1 (ON state) (198)
t(t)= A,z(t)+ B, for u=1 (OFF state) (199)
a(t)=[i, v ]T (200)

Matrices A;, Ay, B; and B; are given respectively by

0 -1 VS(t)
0 0 T — (201)
A, = ;A= ; B =B,=| L
00 Ly L
c C

where I, represents the current delivered by the boost LFR to the second stage. The converter
dynamics can be described using the bilinear equation (202) where A=A, B=A;-A;, 0c=DB, and

y=B;-Bs, which particularized to our converter leads to the equation set (203).

z(t)= [A -a:(t)+0']+[B~x(t)+ 7}14 (202)
B ool (1) 20 (203)
% 1-u I

=l g

The control surface applied to the converter forces the input current to track a constant

reference k(t) proportional to the ballast input voltage Vs Thus assuming ideal efficiency, the
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lamp active power P4¢ can be regulated indirectly by controlling the converter input power

through the adjustment of the LFR conductance “g” (205).
s(z)=1, -k(t) where k(t)=g(t) vy(t) (204)
Pioe=Py=y9g- Vsz (205)

Introducing the invariance conditions [78] s(z)=0 and ds(z)/dt=0 yield the equivalent

control wu.,(t), which is bounded by both maximum and minimum values of u(t).
0<u,(t)<1 (206)
Moreover, a switching law of the type
w(t)=0 if s(z)>0 (207)
w(ty=1 if s(z)<0 (208)
will induce a sliding regime on the switching surface ensuring the sliding-mode existence because

s(z )dsd(;) <0

(209)

The sliding analysis of equations (198)-(204) is performed in two steps. First, we will find
the equilibrium point corresponding to a constant Vs and a constant value G of g¢(t) in the
control loop. Second, we will consider the influence of the time varying components vs(t) and
g(t) as low-frequency superposed signals on the corresponding values Vs and G. The
contribution of the superposed signals will be predicted by a model derived by linearizing the

ideal sliding dynamics around the equilibrium point previously obtained.

Therefore, the resulting equivalent control, the corresponding sliding dynamics, and the
equilibrium point coordinates X*=/[I;, Vo*] are given by (210) to (213) respectively, after

considering as in the previous cases that Ip<0, so —Ip=Ipoosr

u, (t)=1 _Ys (210)
“ VC
i, (t)= G, (211)
%:ﬂ.(l_u) )+f_o (212)
dt C o c
2 ~ 1" 2 r
X =GV , VS'G =GV, , VS G (213)
’ =1, ’ BOOST

Assuming now that k(¢) is time-varying, the corresponding equivalent control will be

given by

), a0 (), vs () de(0) (214)
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Therefore, the ideal sliding dynamics can be expressed as

i (8) = k(t)= g () s (2) (215)
dvg _ gty vi(t) 9(t) vg (1) L dvg (1) L-g(tyvi(t) dg(t) , (1) (216)
dt C v, C v, dt C -, dt dt

Assuming now
g(t)=G+4(t)
vg (t)=Vg+ 04 (¢
i, (t)= 1, +1,(t)
ve ()= Ve + 0 (t)

) (217)

and linearizing equation (216) around he equilibrium point X*=/I;*, V¢*/ led to the following

expression

i,
dt

dg(t)
dt

djts e D (t)+ fip (1) (218)

=a-§(t)+b- +c-dg(t)+d-

where coefficients a, b, ¢, d, e and f are given by expressions (219)-(224) respectively

_9f (@) _ Ipoosr (219)
dg(t) o C-G
b= of () _ L Tpo0sr (220)
aa(t) 1(z):d"27t)x C
_ af(x)‘ _ 2 Tpoosr (221)
avs(t)‘xx C- Vs
d= of (z) _ 1popsr G- L (222)
ab(t) b(/):dv;t(t).x C -V
@) Ihopsr (223)
dug (t)|,. C-Vi-G
@) 1 (224)
di, (1) % C

Now, Fig. 83 shows the dynamical model of the boost converter with LFR behaviour

controlled by means of sliding mode control.

1:(.8')

boost converter

A
Vs(s) —» A(s)

A
G(s) —» H(s)

Fig 83. Switched converter dynamic model.
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Hence,
Is00s L1,
‘\C (s) ats- b CBV().()&T -5 - CBV()()ST (225)
H(s)=-2 2 -
G(s) s-e 54 Tpo0sr
C- VG
R 2 Ipoosr _S,IB()()ST' G- L
)=o) _ersd_C-, -V, (226)
As (s) 5-€ s+ Tio0st
¢ viG
5 1
IO S (227)
Zo(s)== = - 2
I,(s) s-e st Tho0st
C- Vi G

The transfer function output-control H(s) is expressed in (225), which corresponds to a
stable system because condition (228) is always satisfied.

Iioost (228)
C .Ii(I)/(;ZS.IG >0

3.2.2 Resonant Inverter Design.

In this section the inverter stage is designed for a resonant frequency of 215 kHz
approximately. The FPGA switches the inverter at this resonance frequency until the lamp is
turned on. After the ignition, the inverter is operated at 100 kHz during the warm-up, and in
steady-state operation (HFSW) avoiding the AR, as depicted Fig. 84. When the lamp is off, the
inverter is switched at a frequency above the resonance (350 kHz) and is decreased in steps of
5 kHz, in order to obtain a soft-start, as depicted Fig. 84. If the full bridge reaches the 215 kHz

frequency and the lamp has not started, the sequence is repeated until the lamp is turned on.

HID not

started

Heirer (]CO) |
A
Ignition
sequence

HFSW
OPERATION /_\.

0 dB

\ /
~

100 kHz 215 kHz 350 kHz
Fig 84. Start-Up transient and steady-state operation
3.2.2.1 Ignition sequence, warm-up and steady-state operation.

As depicted in Fig. 79 the inductor Lgs and the capacitors Crsand Cpp act as a resonant

filter before and after the lamp ignition. The resonant frequency is shown in (229). Before the
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ignition, the lamp acts as an open circuit, and the resonant filter can be characterized by the
transfer function shown in (231). After the ignition, in steady-state operation we take into
account the HID lamp small signal impedance [38](230) in order to obtain the resonant filter

transfer function in (232).

fRES = ! (229)
2'”'\ Ly '(CFSHCFP)

2] (230)

)

ZALAMP (9) =R,

1
H (9)‘BEF0RE — Lo (S) = /LFS. Cor (231)
FILTER \®J|BEFORE ™1 (Y~ 2, 1 1
IGNITION B (5) s +AFS, C s +AFS. Chrp
Vi (3)

Hpprpn (s)‘S:TEAUY = =...

STATE Vig (9)

s(s + z) (232)
= LisCrp
st g (z + ROCFPPZJ+ e (LFSCFSZ +CppR, +CrsR, J + 5[ pzR, + Cppz + CFSZJ+ Z
CrpR,p LpCrsC R, LpsCrsCrp LisCrsCrpRR,

where R, = 50 € is the steady state value of the lamp equivalent resistance, z is a positive
half-plane zero (ranged from tents to hundreds of hertz) and p is a negative half-plane pole

(ranged from hundreds of hertz to few kilohertz).

Assuming that the resonant frequency is 215 kHz, Fig. 85 depicts the Bode diagram of
transfer function H(s) after the ignition for different sets of pole and zero values for the HID
lamp. Notice that after the ignition, the steady-state operation at 100 kHz is not always possible
and depends on the lamp type. Nevertheless, the steady-state operation can be realized at a
lower frequency, but risking to enter in the zone where AR can be excited. In addition,
depending on the lamp zero or pole positions, the at steady-state frequency (100 kHz) can be
less than zero dB, this implying that the lamp voltage is lower than the boost one.
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Bode Diagram
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2=10, p=10000
=100, p=100
——2=100, p=1000
2=100, p=10000
——2=1000, p=100
——2=1000, p=1000
2=1000, p=10000

Magnitude (dB)
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Frequency (kHz)

Fig 85. H(s)rnrer transfer function after ignitionconsidering the lamp parameters set. z=(1,10,100)

Hz, and p=(100,1000,10000) Hz.

3.2.3 Electronic Ballast Stability Analysis.

The interconnection of two cascaded conversion systems may provoke instability
problems in some cases. To ensure the connection of the cascaded LFR with the resonant
inverter we have to study the relationship between the output impedance of the first stage, and

the input impedance of the second one following the classical procedure proposed by
Middlebrook [146].

Assuming no input voltage perturbations in the control loop in the system presented in
Fig. 83, this one can be modelled as appears in Fig. 86, where it has been added the input
impedance of the second stage Zi(s) characterized by the expression (233). The output
impedance of the boost converter Z,(s) is given by (234). This impedance has been calculated in
the preceding section 3.2.1.1.
7,(s) = st (LFststpRnp)f 5° (LFSCFSCFPJiapz + LpCrsz)+ 8 (LpsCrszp + CrsR,p+ C R, p) .
5 (CppCrsR,p)+ 87 (Crgz + CoC R p2) + 5(Crg2p) (233)

" $(CusR,p2+ CrpR pz+2)+ 2p
§(CpCrsR,p) + 87 (Crgz + CpsCrp Ry pz )+ 5(C s 2p)

Zy(5) = o (s) ! :7%20 (234)
ols) s-e _Lpoosr

C-VG

I{A( s) D [J Zi(s)

Fig 86. Electronic ballast small-signal circuit to stability analysis.
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Since the first stage is stable, and considering that the second-one is a passive system
(HID lamp with resonant tank), and therefore stable, the interconnection stability can be
ensured by applying the Nyquist criteria to the transfer function Z,(s)/Zi(s). Hence, it is

possible to ensure the stability of the system if the following inequality is satisfied

<1 Vo (235)

Both impedances are represented in Fig. 87 and therefore it is possible to conclude that
the boost converter in cascade with the resonant inverter is always stable because the module of
the impedance |Z;(jo)| is always above to |Z,(jw)|, independently of the locations of zeros and
poles of the lamp.

Bode Diagram
140m T T T T T T T T TT T T TT

Magnitude (dB)

0 ——2z=10, p=100 /
[~ | ——2z=10p=1000 -

— —2=10, p=10000 |Zo(.iﬂ))|

z=100, p=100
-20— —2z=100, p=1000 —
z=100, p=10000
2=1000, p=100

sl | ——2=1000, p=1000 o
—2z=1000, p=10000

P Ll : L1l Lol Ll Ll ‘ W
10° 10” 10° 10 10 10°
Frequency (kHz)

Fig 87. Modules of boost Zo(s) and resonant tank Zi(s) impedances considering Ro=50, and

different values of lamp poles and zeros.

The preceding discussion concerns the ballast stability at steady-state operation. During
the start-up, as the resonant tank is an open circuit, the lamp voltage is expected to increase
until the spark level is reached. To improve the start-up, it is recommended to minimize the
boost output impedance by increasing the boost output capacitor. At the resonant frequency,
significantly above the boost switching frequency, the boost output impedance is determined
practically by the output capacitor. As a consequence, the higher is this capacitor and lower is

its equivalent impedance, the easier the ignition will be.

3.2.4 Electronic Ballast Implementation.

The electronic ballast implementation is composed by five different parts. The first part
is an FPGA designed and developed by the Faculty of Electrical Engineering and Computer

Science, in the University of Maribor (Slovenia). This FPGA has diverse devices, in order to
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obtain 4 analogue measurements and 10 digital signals. Moreover this PCB has the capability to

send 8 digital signals to the converter and diverse supplies (+5V, +15V).

Besides, three power stages are developed independently, i.e. the boost converter with

LFR behaviour, the full bridge inverter, and the resonant tank.

Finally an interface is realized in order to interconnect the FPGA with the different

power stages of the electronic ballast. This PCB interface has the voltage and current sensors,

and conditioning signals, to send correctly the measurements to the FPGA. In addition, it has

all the supplies of the different drivers used in the power stages.

This design allows obtaining a modular electronic ballast that makes possible to change

all the power stages easily.

3.2.4.1 Power Stage.

The four different stages implemented in the prototype namely boost converter, full

bridge, resonant filter and interface PCB are depicted in Fig. 88 to Fig. 91 respectively.
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Fig 88. Boost converter stage implementation.
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Fig 89. (a)Full bridge implementation. (b) Driver used in the four MOSFETsS of the full bridge.
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Fig 90. Resonant filter implementation and output voltage protection.

The prototype has been implemented with Si and SiC devices whose characteristics are

shown in Table XIII. These characteristics illustrate the blocking voltage for the transistors and
the used diode.

Table XIII. Power switches used in the boost converter.

C4D15120A Ve Cr
D SiC|1200 V| 20 A
CREE ' 1.6-1.0V 1200 pF
IRFP4768PbF 14.5mQ| Vit v
S , Si|2s0v | oM ' & Qo
International Rect. (93A) 3V +20V 180nC
CMF20120D SOmQ | Vth Ve Qc
S4,58,5¢,5 SiC 1200 V
4282090 CREE ' (42A) | 2.65V | 5/+25V |90.8nC

The input series inductor L of 30 pH has been realized with 40 wires of 0.07 mm? by
making 11 turns around the Kool Mp 55106A2, which has a permeability of 200.

The output capacitor shown in Fig. 88, consists in a parallel connection of: one
electrolytic capacitor of 47 pF and a rated voltage of 250 V. The capacitor of 11uF is made by
the connection of five ceramic capacitors in parallel, each one of 2.2 pF and rated voltage of
250 V. The capacitor of 19uF is made by the connection of five polypropylene capacitors in
parallel, each one of 4.75 pF and rated voltage of 275 V. The capacitor of 16uF is made by the
connection of two film capacitors in parallel, each one of 8 uF and rated voltage of 1.2 kV. The
capacitor of 10uF is made by the one film ceramic capacitor with a rated voltage of 250 V.
Finally the capacitor of 28.5 uF is made by the connection of six polypropylene capacitors in

parallel, each one of 4.75 pF and rated voltage of 250 V.

The input current sensor is made of an SMD resistance of 50 m{) and 5 W, while the

substraction between the signals I LP and I LN are proportional to inductor current iy.
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The MOSFET driver is made up of three different elements, namely a voltage regulator,
an isolator and the own driver. The voltage regulator LP2980 supplies each isolator ISO721D
with its own voltage. Each regulator, in turn, is supplied by an individual voltage of 12 V and
ground. On the one hand, the input of the isolator is supplied with 5V provided by the FPGA,
and on the other hand is also supplied by means of the regulator, in order to isolate the FPGA
signals of the power signals. The other input of the driver is the PWMI1 that provides the
control signal to the boost converter. The corresponding output of the isolator sends the signal
to the driver (LM5112), which has in its output an on resistance of 10  to charge the gate, and

other resistance of the same value to discharge the gate.

The MOSFET drivers used in the full bridge are the same than in the boost converter as
shown in Fig. 89 (b). As these drivers are isolated, it is not necessary to use a specific high-side

and low-side drivers.

The resonant tank is depicted in Fig. 90 where the series inductor (Lgs) of 140 pH has
been realized with 15 wires of 0.07 mm2 by making 17 turns around the Molypermalloy 55868-
A2, which has a permeability of 26. The parallel capacitor (Crp) consists in two polypropylene
capacitors in series of 4.7 nF and 22 nF respectively with a rated voltage of 2kV each one. The
series capacitor (Cps) consists in two polypropylene capacitors in parallel of 47 nF and 10 nF

respectively with a rated voltage of 1kV each one.

Moreover, it can be observed in Fig. 90 the signal sent to the FPGA if the lamp voltage
is higher than 3.3 kV. The lamp voltage is measured by means of a differential amplifier made
by three TL0O72 AOs with a bandwidth of 3 MHz and slew rate of 13 V/ps. Subsequently, this
voltage is compared by means a LM319, so that if this voltage is higher than a reference signal
provided by an LP2980 (3.3 V), the LM319 will send a signal to the ISOLATOR and the latter
to the FPGA. Like in the MOSFETs drivers, the ISOLATOR ISO721D separates the FPGA

signals from the power signals.

3.2.4.2 Control Stage.

= A_CGND 220 pF

| :

520 oF 5V +15 LA
2 = [ > 2

1
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m p . EERETE [jE::nu REF|—
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1Q 1l 1Q 1iQ

A_GND ==

Fig 91. Input current and voltage measurements implementation.

The measured signals I, N and IL P in the power stage are amplified by a differential
amplifier model A8429 with a bandwidth of 15 MHz, and a slew rate of 22 ps. The output of the

AD8429 is proportional to inductor current i,. Moreover the input voltage is measured by
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means a connection of 4 TLO72 AO. This two measured signals are connected to the ADC2 and

ADCI1 converters respectively.

3.2.4.3 FPGA Controller.

This subsection presents how the FPGA controls the boost converter and the full bridge
inverter. Both flowcharts appear in Figs. 92 and 93 respectively.

it=ADC2 \
vs=ADC1
K=g-vs
s=i;-K
NO YES
NO YES L

/ bl

l o=

K

Fig 92. Flowchart of the switching algorithm implemented in the FPGA for the boost converter
with LFR behaviour.

Fig. 92 shows the flowchart of the hysteretic control implemented in the FPGA. Each
250 ns the ADC2 and ADC1 obtain a new value of ¢, and wvs respectively. Then, the input
voltage vs is multiplied by a reference conductance G in order to obtain the input current level
reference K. Then the measured sliding surface S is 7, subtracted to K. Finally, a comparison is
made, i.e. if the surface S is higher than a hysteretic positive band H+ the output signal @ that
activates the MOSFET will be set to zero; if the resulting sliding surface S is lower than a

hysteretic negative band H- the output signal @ will be set to one.

Fig. 93 shows the flowchart of the full bridge inverter. First, the control checks if the
lamp is ON. If the lamp has not started, the soft start transient will begin loading a counter
with the necessary value to switch the full bridge at 350 kHz. Then, it is checked again if the
lamp is turned ON. Then, if the lamp has not started, the soft start counter will be increased in
order to reduce the switching frequency in steps of 5 kHz each time, until the lamp starts or the

counter reaches its maximum value (corresponding to 215 kHz). Then, it is checked again if the
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lamp has started. If the counter achieves its maximum value and the lamp has not started, the
soft start sequence is repeated loading the ignition counter with the value corresponding to the
350 kHz. If in some check, the lamp has started, the counter is loaded with the corresponding
value to switch the full bridge at HFSW.

/—l Counter
Soft-start

J

HFSW
LFSW

Increase
Ignitor
counter

Counter =
MAX?

Fig 93. Flowchart of the full bridge soft-start and steady-state operation.

3.2.5 Experimental Results.

The designed electronic ballast and the FPGA used to obtain the experimental results
are shown in Fig. 94, in which the HID lamp (SYLVANIA SHP-T 150W Basic Plus) is working
at the nominal power of 150 W.

Fig 94. Electronic Ballast with LFR to supply HID lamps experimental prototype.
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3.2.5.1 High-Frequency sinusoidal waveform operation results.

The first experimental results correspond to the start-up transient when the HID lamp
is connected at the output of the electronic ballast. In this case it is possible to appreciate how
the lamp voltage (vmmp) is increasing until a peak of 1.7 kV is reached, switching at 230 kHz
approximately. At this moment the lamp is started and the warm-up operation starts. It can be
observed that when the lamp is started, the voltage decrease below its nominal value in steady-
state operation due to the HID characteristic impedance. Moreover, after the ignition, it is

possible to appreciate how the current (imp) starts to flow through the HID.

L i I

@ To.0vidiv M0 8y:200M A @/ 108V 10.0psldiv S0OMSIs  2.0ns/pt

@ soovisiv MQ By:s00M Mons Normal | proview  Single Seq 1
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Auto May 14,2015 174101

Fig 95. Start-up transient.

Fig. 96 shows the warm-up operation, occurred after the lamp ignition. As previously
mentioned, after the spark is generated the lamp voltage decreases under its nominal value in
steady- state operation. Similarly, the lamp current begins to flow when the lamp has started,
and is above the final value in steady- state operation. A good LFR behaviour of the converter
(delivering always the same power during all the warm-up operation) is observed due to the
automatic adjustment of voltage and current independently of the HID impedance, showing how

the lamp voltage and current reach its nominal value in steady state.

Fig 96. Warm-up operation of the electronic ballast in HFSW.

Finally, Fig. 97 shows the steady-state operation after the warm-up. It is possible to
appreciate that the lamp voltage vmp is about 100 V and the lamp current immp about 1.89 A,
which means a power of 190 W approximately. We have supplied the lamp at 190 W instead of
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150 W in order to reduce the warm-up time. The input voltage and current are 14 V and
14.81 A, respectively, which implies that the converter is absorbing a power of 207 W. Hence,

the efficiency of the converter in steady-state is about 92%.
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Fig 97. Steady-state operation of the electronic ballast in HFSW.

3.2.6 Conclusions of the high frequency electronic ballast for HID lamps.

An electronic ballast with LFR behaviour imposed by means of sliding- mode control
implemented with an FPGA has been presented. The stability of the boost converter has been
demonstrated together with the electronic ballast global stability considering the small signal
characteristic impedance of the HID. The experimental results have verified the good operation
of the ballast working with a HID lamp model SYLVANIA SHP-T 150W Basic Plus in start-up,
warm-up and steady state operation, and have also shown that the electronic ballast is capable
to supply the lamp in HFSW. Due to the LFR behaviour of the boost converter, the output
voltage and current is automatically self-adjusted at the instantaneous impedance irrespectively
of the operation mode. Some future works in this field contemplate adding an additional control
loop in order to control the switching frequency of the first stage, and using other sampling

techniques [147] with the aim to obtain a digital controller even closer to the analogue one.
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4 Dimmable electronic ballast with LFR behaviour to

supply Induction Electrode-less Lamps (IEFL).

4.1 Introduction

This section presents the analysis and design of an electronic ballast for induction
electrode-less fluorescent lamps (IEFLs). The ballast is planned to supply a 150 W IEFL at
234 kHz with dimming capability. The proposed topology consists in a single stage boost
converter powered from a low DC voltage (12 V- 14 V), employed as control power stage, with
a resonant inverter in cascade. The inverter will supply the lamp at a high frequency AC
voltage, and deliver the high voltage gain necessary to start the lamp. Sliding-mode control
theory is applied to analyze the dynamic behaviour of the boost switching regulator and to
establish the system stability. The control technique allows the converter to behave as a Loss-
Free Resistor (LFR) delivering the desired power to the lamp with dimming capability. The
experimental results demonstrate the feasibility of the proposed ballast achieving a 50% lamp-

power dimming (60 W), with a global efficiency about 93% at nominal power lamp.

The block diagram of the proposed electronic ballast is shown in Fig.98. A boost
converter with LFR behaviour controlled with sliding- mode control is connected to an LsCsCp
full bridge resonant inverter with a switching frequency of 234 kHz. The boost converter is
supplied by a low DC voltage between 12 -14 V| but the inclusion of the LsCsCpr resonant
inverter allows the ballast to start and deliver the desired power to the IEFL regardless of the
lamp impedance. The ballast analysis is performed in detail to assure the ballast stability, and
the lamp operation at diverse power ratings.

pO=V;/R. LCC FILTER

] L (’ ) < I boost (f) i
N , » T f

vV, (1) Full Bridge

Inverter

A
T

Fig 98. Electronic Ballast block diagram with boost LFR.

4.2 TEFL Electrical Equivalent Model.

The IEFL model used in this design is an ENDURA lamp (150 W) from OSRAM. First
of all, diverse tests have been made with a commercial ballast to see the lamp operation at full
power (150 W), which has shown that the commercial ballast switches around 234 kHz. Then,
the stage responsible to supply the AC voltage to the IEFL will switch at this frequency.
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Fig 99. (a) IEFL Electrical Equivalent Model. (b) Model with the lamp parameters referred to the

primary. (c) IEFL simplified model considering the lamp core parameters [59].

The electrical equivalent model of the IEFL has been the subject of several papers [49,
148], although a more detailed model has been reported in [59]. In this section, we will try to
achieve a light regulation considering the latter model. The external lamp coils behave as a
primary winding of a transformer and the load of the secondary winding coincides with the
inner plasma of the discharge bulb. Hence, as depicted in Fig. 99(a), the secondary winding can
be represented as a plasma resistance (Rrampz) in parallel with an equivalent reactance (Xpaups).
These values are reflected in the primary side of the transformer with a coupling factor close to
unity [149], as shown Fig. 99 (b).

In [59] the IEFL capacitive behaviour was introduced in the electrical equivalent model,
in which this type of behaviour was explained by the lamp geometry and coil capacitance [150,
151]. This electrical model is the accurate model that appears in the current literature, because
it clearly distinguishes the physical phenomena that occur in the lamp in terms of capacitive,
inductive and resistive effects. Fig. 99 (c) shows this model referred to the primary side of the
transformer, where the plasma resistance (Rpaup), the lamp capacitance (Craup), the core

inductance (Lcorg) and finally the core resistance (Rcorg) are represented.

As a consequence, considering the procedure presented in [59], diverse polynomial
regression functions have been employed to determine the equations that represent the IEFL
parameters variation as a function of its real power. In a clear-cut contrast, all the parameters

here are considered as a function of the power. Equation (236) shows the polynomial function
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o

for Rpaup(P), equation (237) for Rcorp(P), equation (238) for Cramp(P), and equation (239) for
the LCORE‘(P)-

Ry (P)= zA P (236)
Reons (P)= ZB P (237)
Crar (P)= c P (238)
Leons (P)= z D P (239)

The values of the different coefficients are presented in Tables XIV, XV, XVI, and XVII
respectively.

Table XIV. Rpaur(P) Calculated Data. Table XV. Roors(P) Calculated Data.

Coefficients Values Coefficients Values
Ag 14117.233215013 Q By 8804.849133877 Q
A -443.950488282 /W' B 1088.916103851 2/W!
Az 5.493256119 Q/W? B; -16.900193211 Q/W?
As -0.030667550 Q/W* Bs 110.405406941 mQ/W?*
Ay 64.361976873 nQ/W* B, -264.550606589 nF/W*

Table XVI. Craur(P) Calculated Data. Table XVII. Lcore(P) Calculated Data.

Coefficients Values Coefficients Values
Co 494.002399899 pF Dy 972.131645679 nH
Ci -7.686979613 pF/W! D; -17.681495843 pnH/W!
Cse 196.722252662 fF/W? D: 307.799162275 nH/W?
Cs -2.372495175 fF/W? Ds -2.359976783 nH/W?
C, 8.392864473 aF/W* D, 6.167635098 pH/W*

Besides, Figs. 100, 101, 102 and 103 show respectively the wariation of the plasma
resistance , core resistance, capacitance and core inductance as a function of the lamp active

power.

4500

o Experimentally obtained R pp

(P) value (4t order aprox.)

4000 _RLJMF

—R (P) value (3t order aprox.)
350014 LAMP
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Fig 100. Rramr as function of the lamp active power.
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Fig 101. Rcore as function of the lamp active power.
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Fig 102. Cramr as function of the lamp active power.
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Fig 103. Lcore as function of the lamp active power.

4.3 LFR Based Dimming Methodology

As mentioned in the first chapter, the IEFL light regulation can be achieved by diverse
methods as frequency modulation [152], PWM modulation [18], changing the output filter
parameters [153], or controlling the bus voltage [55]. As in the other cases reported in the
previous chapters, we will take advantage of the LFR characteristics in order to supply an IEFL

with dimming capability and deliver the desired power to the lamp independently of the lamp
impedance.
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Therefore, a LFR, is proposed to supply an IEFL from a low voltage DC battery (12 —
14 V) as depicted in Fig. 104, where Ipoosr(t) is the current that the boost converter delivers to

the resonant inverter.

| ' ]
s D, I (1) |
‘ Y >}1 boa;t } Y 234 kHz
IRE L
T R ho.
‘ | Ua l: :i e =
— + i 1
I/:S(\\ ulr4 Co A=~ Vc( j a by b J~
\ = - )
‘ | us |4 3 P ua
| ) | — —=—=Cs Ls —
| | ; LHJ j
dd - - T _IFE Cp
uft) [
0 i)
g LAMP)
; - MUAAAS Y
. Lcore(P)
()
RCORE’P)
A
Rrae(P)
Crup(P)

Fig 104. Total ballast block diagram. Boost converter with LsCsCp full bridge inverter and IEFL
Electrical Equivalent Model.

As the ballast is supplied at a given constant DC power, lamp dimming can be easily
made by adjusting the LFR input equivalent resistor Re showed in Fig. 98. Neglecting converter
efficiency issues, the lamp voltage and current are automatically self-adjusted to ensure that the

lamp active power equals to the input DC power.

In this case, as depicted in Fig. 104, introducing the corresponding sliding surface (240) in
the converter, and modifying the converter conductance “g” (241), allow determining the
maximum and minimum (242) DC power absorbed by the converter, or equivalently the power

delivered to the lamp.

)=y g Vs (240)

g:%%e (241)

Pyix (150W _ Py (60W 249

Guax = ( )Vsz sy 9uiv = ( )/Vsz ( )

4.3.1 Sliding Mode converter Analysis.

Note that the boost converter with LFR behaviour controlled by means of sliding mode
control presented in this section is the same converter presented in subsection 3.2.1. Therefore,
the control to output transfer function H(S) will be expressed as in (243), which corresponds to

a stable system because condition (244) is always satisfied.
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Iooos L 1,5,
MPSATRPTRTES = R 219
é(S) s-¢ o I;oon
c-VG
ioosr (244)
c-v,oc !

4.4 LsCsCp Resonant Inverter Analysis

In the technical literature there are some works analysing the role of LsCsCp resonant
filters of an electronic ballast for an IEFL [54] considering the dimming operation, but these

studies don’t take into account the complete IEFL model reported in [59].

For this reason, in this section an analysis of the L¢CsCp resonant inverter is carried out
considering the complete model of [59]. The analysis takes into account the full bridge inverter
with the resonant filter and the IEFL accurate electrical model as shown in Fig. 104, where
the full bridge is working at 234 kHz and

 R,+R, [ P R, R, IR (245)
Cr(P)= o R, R, \/VAB’(RC +R,) (1 v e (¢)) ' Lo’ <
1
tan(p)y R - Lo -R -a)-(CP -Cp-Cot o L ] 1 (246)

LS (P): P 9 2 2 —t 2
o' R*- LC‘[(CP +Cy) ]2wR~-(cP +C,) Cso

where

_ RoR, (247)
N Ro+ R,

and RL:RLAMP(P), RC:R(}()RE(P), CL:CLAMP(P), LC:LC()RE(P), ¢ is the phase shift between
voltage and current for a given power, Vi is the applied voltage in the half-bridge output, and
w is the angular frequency determined by 2 -z - f, where f is the lamp switching frequency, 234

kHz in this particular case.

As usually the series capacitor Cs value is selected to be around 10-20 times the value of

the parallel capacitor Cbp.

Hence, the aim of the study presented in this section is to show the influence of the lamp
parameter variation in the LsCsCp response.
4.4.1 LsCsCp response under dimming operation.

The ballast allows a light intensity regulation, so the electrical lamp parameters will
change as a function of the lamp power. Now, the main idea of this section is to evaluate how

the parameters variation affects the electronic ballast.

From the obtained values of the electrical equivalent model and the rest of the
components of the resonant filter, the total impedance of the resonant filter Zr(s,P) can be

obtained as function of the lamp power.
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2, (s,P)= 2y (s)4 Z, (5.P) (248)
Where Zp(s,P) is the parallel impedance, and Zs(P) is the series impedance, as shown the
Fig. 105, and represented by (249) and (250) respectively.
Zs(P) Zp(P)

)
T T T

L('ORE(P): Rcore(P) Reoe(P) —— Croe(P)

19, 1 i

Vuh(l)

.

Fig 105. Filter and IEFL Electrical equivalent model impedances.

7,(s) = O (249)
S
7, (s,P) s By Rt L (250)

TS Ry R, L,(Cp+Cy)+5 Lo(Re+R,)+ R, R,
Now, the resonant inverter transfer function can be represented as follows

H(s)= Viar () _ Z,(s.P) (251)

Vis(s) Zy(s,P)+Zs(s)

The resonant tank values Cs, Cp, and Lg, are calculated taking into account the nominal
lamp power (150 W), and the phase angle of the load for this power level. Therefore, the final
transfer function with all the lamp and resonant tank parameters is expressed in (252), whose
module and phase representation are illustrated in Fig. 106.

H(s)= s +

L R, + R, . 1 1 i
LslCut C”{“ e [(RLR(,»(CL v cn]“ [Lc C 10" C.L, T L. (C+ cn” (252)

2
S

+

R, + R, 1
L, (C,+Cp)l« L c 4
s(C, P)l:g[RLRCCSLS(CP+CL)J LCCsLs(Cp+OL):|

Diverse conclusions can be extracted from Fig.106. First, it is possible to see that the
lower is the power delivered to the lamp, the higher is the resonant tank gain. This fact comes
from the incremental negative impedance lamp behaviour depicted in Fig. 107, which shows
that the lamp voltage Viamp is higher when the lamp is supplied at lower powers than the
nominal one. As previously advanced in other publications [148], this phenomenon corroborates
the fact that the resonant tank gain is ideally infinite when the lamp is off, which allows to
achieve the necessary high voltage to start the lamp (approximately 1 kV, as shown in the next

section).
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Fig 106. LsCsCpr Resonant inverter Bode diagram for different lamp power levels.
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Fig 107. Measured I-V curve of the IEFL Endura 150 W.

Secondly, notice that analysing the transfer function reveals two resonant frequencies

that can be considered as separable poles (253)(254) depending on Ls Cs, and Ls, Cp,C,,

respectively.
P (253)
"9 L (P Cy
B 1 (254)

"y 2 (Cy +C,(P)) L

As shown Fig. 106, the peak of both resonant frequencies varies as a function of the lamp
power, because this power variation causes changes in the electrical lamp parameters. In
addition, the resonant inverter behaviour can be modified by replacing the filter parameters to

obtain a desired response and gain for a given power.

134



UNIVERSITAT ROVIRA I VIRGILI
HIGH VOLTAGE EFFICIENT LIGHTING BASED ON THE LOSS-FREE RESISTOR CONCEPT.

Antonio Ledén Masich

Diposit Legal: T 1338-2015

Dimmable electronic ballast with LFR behaviour to supply Induction @w
Electrode-less Lamps (IEFL).

Thirdly, it is important to remark that the peak resonance that appears at low frequency
(=20 kHz) imposes that the boost converter with LFR behaviour must be designed to switch

beyond 35 kHz at 150 W to avoid some resonances

Finally, the theoretical gain achieved by the resonant inverter as a function of the power
delivered to the lamp at it appropriate switching frequency (234 kHz) is presented in
Table XVII and calculated by means of (255)

G=10 7" (255)

Table XVIII. Resonant Inverter Gain as a Lamp Power Function.

Lamp Power 60 W 90 W 120 W 150 W
| HGw)| a5 0.265 8.45 3.62 16.2
Gain G 1.03 2.64 1.51 6.45

4.5 Electronic Ballast Stability Analysis

As in the case presented in subsection 3.2.3, it is necessary to corroborate that the two
cascaded conversion systems presented are not producing instability problems in the
interconnection. Hence, the classical procedure presented by Middlebrook is used as in the

previous chapter to corroborate the electronic ballast stability.

Therefore, assuming that the boost converter with LFR is the same, it is possible to
consider that without input voltage perturbations in the control loop in the system presented in
Fig. 83, this one can be modelled as illustrated in Fig. 108. In this figure, Z;(s) represents the
input impedance of the second stage Z;(s) characterized by expression (256) and Zp(s) is the
output impedance of the boost converter given by (257)

Z,(s) = s"LSCfRCRLLC (Cp+C,)+s"CsLsL. (R, + R,)+
sCy(s"ReR Ly (Cp+C,)+ 5Ly (Ro + R,)+ R.R, ) (256)
. s°RoR, (CsLg + Lo (C, +Cp+Cy))+ 5Ly (R, + R,)+ R.R,
sCy(s°RoR, L. (Cp+C, )+ 5L, (R. + R,)+R.R,)

Zo=Tel) S e (257)

fo(s) s-¢€ 5+ IEOOfT
Cc- Vs G
A
L(s) Z,(s)

(6 D Z(s)

Fig 108. Electronic ballast small-signal circuit to stability analysis.
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Assuming now that the first stage is stable, and considering that the second-one is a
passive system (IEFL lamp with resonant tank) and therefore stable, the interconnection
stability can be ensured by applying the Nyquist criteria to the transfer function Z,(s)/Zi(s). It

is possible to ensure the stability of the system if the following inequality is satisfied

2,69 _, v (258)
z,(jo)

Both impedances are represented in Fig. 109, where it is possible to conclude that the

boost converter in cascade with the resonant inverter is always stable because the module of the
impedance |Z;(jw)| is always above to |Z,(jo)|, independently of the power supplied to the lamp.
Here it is considered that the lamp is supplied by four different powers (60, 90, 120 and 150 W),

so that in all the cases the interconnection of the two stages is stable.

Bode Diagram
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Fig 109. Electronic ballast impedance stability analysis.
4.6 Electronic Ballast Implementation.

4.6.1 Boost converter design.
Figs. 110 and 111 show the circuit scheme of the power stage and sliding-mode controller

respectively.

§ Current
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Voltage
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FVBAT sececes i SDP20S120D

T~ 44u
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Fig 110. Power stage circuit scheme of the proposed boost-based LFR.
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The main switch is based on the complementary action of diode D1 (SDP20S120D), and
MOSFET Q1 (IRFP4768PBF), which is activated by a driver. It has to be pointed out that
signal Q in Fig. 110 is the output of the hysteretic comparator represented in Fig. 111. It can be
observed that the driver is realized by two bipolar transistors, a npn transistor (ZTX 653) with
a Vce of 100 V and a collector current of 2 A, and a pnp transistor (ZTX 753) with an Vce of
100 V and a current of -2 A. The MOSFET gate resistance is realized by an E24 resistor of
2.2 Q and the protection parallel resistance and zener are an E24 10 kQ and C16PH (16 V)

diode respectively.

The input series inductor of 20 pH has been realized with 50 wires of 0.07 mm? by
making 17 turns around the Kool Mp 77109-A7, which has a permeability of 125. It is necessary
to remark that the use of 50 wires instead of 1 intends to reduce the skin effect when the

switching frequency of the converter increases beyond 40 kHz.

The output capacitor is made by two polypropylene capacitors of 20 pF, each one
(EPCOS B32926E3206M) with a breaking voltage of 500 V in parallel with four SMD ceramic
capacitors of 1 pF (AVX 1825PC105AT1A) with a rated voltage of 300 V.
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Fig 111. Sliding-mode controller circuit scheme.

The input voltage is sensed by a voltage divider (9 kQ-1 k2) and the input current sensor
is made up with a Hall Effect transducer model (LEM-LA-55P) with a bandwidth of 200 kHz.
Signals Vin/10 and IL/10 are proportional to the input voltage Vs and inductor current i

respectively.

Fig. 111 shows the main blocks of the sliding-mode controller, namely conductance
controller, sensor current adaptor, multiplier block, subtracting block, and hysteretic
comparator. The conductance controller has been implemented by a potentiometer to adjust the

w0

conductance “g”.

The hysteretic circuit employs two LM319 comparators with a response time of 80 ns,
and a JKMC14027 flip flop with a bandwidth of 13 MHz. The input of the hysteretic
comparator is s(z)=i,-g - Vs, which is given by the output of the subtracting block based on
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LM324. The inputs in this block are given by the output of the sensor current adaptor, and by
the output of the multiplier block, based on a multiplier AD633 with a slew rate of 20 V/ps and

with a non- inverting amplifier realized with a LM324.

The output of the hysteretic comparator is a digital signal Q which activates the driver
to turn on or turn off the power transistor. The transistor turn on corresponds to the high level

of Q, and the transistor turn off corresponds to the Q low level.

4.6.2 LsCsCp Resonant Inverter Design.

Fig. 112 shows the circuit scheme of the LgCsCp resonant inverter power stage, and the
necessary logical circuitry to activate both high- and low -side MOSFETS introducing delays to

avoid short circuits in the half-bridge.

The full bridge employs four MOSFETs (IRFP4768PBF) that are represented by M2 to
M5. The four switches have an E24 gate resistance of 5 ). Moreover, every switch has the
protection parallel resistance and Zener , namely an E24 1 k) resistor and a C16PH (16 V)
diode. Each bridge branch is activated by driver IR2110. It has to be pointed that the input
digital signals for IR2110 (Hin, Lin, Hin2, and Lin2) are given by the logical circuitry
represented in the same figure. For each branch the logical circuitry is composed by 4 NOR
gates (4001), and two delay blocks realized by means of a RC filter of 1k resistance in parallel
with a 1N418 diode and with a 1 nF capacitor. The delay block guarantees that the MOSFETs
of the same branch are never activated at same time, thus provoking a short circuit. The first
NOR gate (UTA) receive the signal of 234Hz generated by an oscillator (High), and the high
and low signal (Hin/Lin) supplied by the logical circuitry are connected at the input of the
IR2110 driver.

In the LsCsCp resonant tank, the series inductor (Ls) of 140 pH is realized with 15 wires
of 0.07 mm2 by making 17 turns around the Molypermalloy 55868-A2, which has a permeability
of 26. The series capacitor (Cs) consists in two polypropylene capacitors in parallel of 47 nF and
10 nF (VYSHAY) with a rated voltage of 2 kV each one. Finally, the parallel capacitor (Cp) is
realized by connecting two polypropylene capacitors in series of 47 and 4.7 nF with a rated

voltage of 2kV each one.

138



UNIVERSITAT ROVIRA I VIRGILI
HIGH VOLTAGE EFFICIENT LIGHTING BASED ON THE LOSS-FREE RESISTOR CONCEPT.

Antonio Ledén Masich

Diposit Legal: T 1338-2015

Dimmable electronic ballast with LFR behaviour to supply Induction m
Electrode-less Lamps (IEFL).

Drivers +Vres[ >

S e ettt = :
[}
: Us 18[9 :
8 Hin HIN  HO coceeee e HO  HIN Hin20
: Lin B:l.ui UN Lo caacaaane Lo LN jtguuz:
N o SHDN 470 470 SHON 1o N
: o com - . com 1o :
. : vB . VB ] H

vee ' vee
b ool L B =
2 vss sona vss Hieg

) =, IR2II0 tank R2I10 = '
' =0 " . 4] o '
coccsscoscscccccscas, M +VLAMP -VLAMP beccocccccsccccanal

' 16V . ' l6v o

-Vres >4 -

[ bleccccccacs

Full Bridge Inverter

----------------------------------------------------------\----------.
Ry ey Vi

+VCC +VCC +VCC

U7A U7B USA

1k Hin Low AN

Ll
4001 1N4148 3

1N4148 1IN4148 1
;ln JE—— n

=0 =0 =0 Logic circuitry =o 0 =0
[y SR Sy = ggnyhyy S Hy R SR

Perecccccccccccccncnncannqg

Fig 112. Power stage circuit and logic circuitry scheme of the proposed LsCsCp resonant inverter.

4.7 Experimental results

The main experimental results are given in this section. The experimental set-up appears

in Fig. 113, in which the external coil IEFL is working at the nominal power of 150 W.

External Coil IEFL

Fig 113. Picture of the electronic ballast experimental prototype.

The first caption depicted in Fig. 114 is the start-up transient. During the start-up, the
lamp coils reach 1 kV (Viaup), whereas the resonant inverter input voltage (Ve¢) is around
250 V. Once the lamp is ignited, the coil voltage decreases until 100 V to be finally stabilized
(see Fig. 116) around 185 V, while the current flowing through the coils increases. The input

139



UNIVERSITAT ROVIRA I VIRGILI

HIGH VOLTAGE EFFICIENT LIGHTING BASED ON THE LOSS-FREE RESISTOR CONCEPT.
Antonio Ledén Masich

Diposit Legal: T 1338-2015

High Voltage Efficient Lighting based on the Loss Free-Resistor Concept

voltage Vs is always the same, i.e. 13 V approximately. The warm-up transient appears in
Fig.115, where the lamp voltage and current achieve the steady-state values. It is important to
remark that the evolution of the coil current is just the opposite of the coil voltage, as expected
from a power source ballast delivering always the same power to the lamp regardless the IEFL

impedance.

Tek Stop S 3 |

® 500V @ 500V 3.00ms 2.50MS/s T 7 J11Jul 2013
) 500V W 10.67 % 100k points 410V J[13:02:01

Fig 114. Start-up transient.

e

oV 20.0s 500 S/s o S )[10)ul 2013
A 100k points 520V J(14:56:32

Fig 115. Warm-up transient.

According to Fig. 116, the lamp voltage and current are 184 Vipuys and 0.434 Agus
respectively, and the phase- shift between both is 18.73° approximately. Considering both coils,
the lamp apparent power is Spavp=2 - 0.434 - 184=159.712 VA, whereas the active lamp power is
Pravp=Srawmp * cos(18.73)=151.25 W, and the reactive power is
Qravp=Srawvp - sin(18.73)=51.28 Var. Furthermore, the input voltage and current are 13.4 V and
13 A respectively. Thus the total input power Py is about 174.2 W. Comparing the lamp active
power Priyp, and the input power Py, the prototype has an efficiency of 87 %. It has to be
pointed out that this conclusion is very sensitive in terms of the lamp coil voltage and current
phase shift. It is important to comment, that when the lamp works at full power (150 W), the

boost switching frequency is the lower, which in this case is about 36 kHz. As previously
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explained in subsection 4.4.1, this switching frequency will be always higher than 35 kHz.
Moreover, it is very easily to increase this switching frequency by modifying the control
hysteresis, but this fact directly affects the ballast efficiency and degrades it. Another
characteristic to remark is that in all the measurements, the frequency of lamp voltage and
current is 234 kHz.
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Fig 116. Lamp coil and boost input variables.

Fig.117 shows a detail of the resonant inverter waveforms, where lamp voltage and
current values are 185 Vrys and 0.433 Aguys respectively with a phase shift of 18.84°. Also, the
resonant inverter input DC voltage (V¢) and DC current (Ipoosr) are 235 V and 0.695 A
respectively, so that the inverter efficiency when the lamp is supplied at full power is about

92.8 %.
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Fig 117. Resonant inverter detail.

Fig.118 illustrates, in turn, the boost converter waveforms, in which input voltage and
current values are 13.3 V and 13.3 A respectively. Besides, output voltage and current are

233 V and 0.699 A respectively, which results in a converter efficiency of 92%.
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Fig 118. Boost converter detail.

Finally, Fig. 119 illustrates the light regulation capability. In this case, by decreasing the

[1PS))

g

correspond to a lamp voltage of 293 Vrys, a lamp current of 0.138 Agms and a phase- shift

ballast conductance it is possible to deliver to the lamp only 61 W. The waveforms
between both about 41.05°, so the active power supplied to the lamp is 61 W, and the voltage
supplied to the resonant inverter is 104 V. Moreover, the lamp nonlinear behaviour can be
observed in Figs. 116 and 119, where it can be asserted that lamp voltage, current, and phase-
shift are power dependent, and it is possible to conclude that the ballast is delivering the desired

power to the IEFL regardless of its impedance.
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Fig 119. Low power experimental waveforms (61 W).

4.8 Conclusions of the LFR ballast to supply IEFLs

A two-stage electronic ballast to drive IEFL lamps based on the Loss-Free resistor (LFR)
concept has been described in this chapter. Its design key issues have been discussed and an
experimental prototype has been realized and tested with a 150 W IEFL lamp proving the
feasibility of the proposed approach and the design robustness.
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Several experimental results, including start-up, warm-up transients as well as steady-
state oscilloscope measurements have verified the theoretical predictions. Performance
measurements at diverse operating points have exhibited a global efficiency in the range of 86%-
91%. Future works contemplate the improvement of the global efficiency by introducing Silicon
Carbide (SiC) or Gallium Nitride (GaN) devices.

The use of an appropriate sliding-mode control has imposed to the ballast an LFR
behaviour, so that it has always delivered to the lamp the desired power irrespectively of the
lamp impedance.. This feature ensures the lamp operation at nominal power during all the lamp
lifetime and allows an easy light dimming. The desired lamp power is adjusted changing the

w0

input conductance “g”, so the light intensity can be easily regulated.
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5 Conclusions and future works

5.1 General Conclusions

In this thesis, it has been shown that LFR approach in the design of power converters for
efficient lighting is the core of a reliable and efficient supply at constant power for three large
classes of lamps, namely LEDs, HIDs and IEFLs. In all cases, both output voltage and current

of each regulator are automatically adjusted by the lamp impedance.

In chapter 2, a very high voltage-gain single stage boost converter operating at the
boundary of CCM and DCM has been proved to be a good candidate for LED supplying. A
voltage gain around 100 has been obtained with duty cycles near 1 without risk of saturation
due to the use of a hysteretic modulator. The converter has been controlled through the
inductor current whose reference is given by the integral of the output current error. The
dynamic behaviour of the system has been studied by means of the sliding-mode control theory
to establish the stability conditions. The converter has been implemented by means of a
normally-OFF JFET and a Schottky diode, which has been specifically fabricated for the
application. The use of SiC devices has allowed yielding 1200 V from an input voltage of 12 V
with an efficiency of 83% operating at 24 kHz.

In the same chapter, the previous converter with the same control has been used for on-
grid LED lighting applications with PFC. It has been also shown that the efficiency of the
converter can be significantly improved up to 94% using a burst operation, in which the
switching frequency of the converter has been reduced without changing the inductor value, and

without modifying the output voltage ripple.

An electronic ballast to drive different HID lamps has been presented in chapter 3, and
its dynamics for its operation modes have been analysed. The ballast behaves like a LFR
delivering always the selected power to the lamp, independently of the lamp impedance due to
the action of an appropriate sliding-mode control law. This feature ensures the lamp operation
at nominal power during all the lamp life and reduces the warm-up time. As the power reference
can be adjusted using a potentiometer, the light intensity can be easily regulated. Besides, as
the lamps are supplied in DC, the AR problems are avoided. Several experimental tests with
commercial HIDs have shown the feasibility of the proposed approach, and its good efficiency
demonstrating that the ballast is capable to achieve 6 kV to start the lamp from a 12 V power

source.

Also in the same chapter, with the aim of supplying the HID lamp in AC, an electronic
ballast with LFR behaviour imposed by means of sliding-mode control implemented with an
FPGA has been presented. Experimental results have verified the good performance of the
ballast working with the HID lamp in the start-up, warm-up and steady-state operation. It has
also been shown that the electronic ballast is capable to supply the lamp in HFSW.
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A two-stage electronic ballast to drive IEFL lamps has been described in chapter 4, where
an experimental prototype has been realized and tested with a 150 W IEFL lamp proving the
feasibility of the proposed approach and the design robustness. Several experimental results,
including start-up, warm-up transients as well as steady-state oscilloscope measurements have
verified the theoretical predictions. Performance measurements at diverse operating points have

exhibited a global efficiency in the range of 86%-91%.

5.2 Future works

In addition to the work in this thesis, the research that should be continued in this area
are as follows: 1) reducing the ballast size, 2) increasing the switching frequency in IEFL

operation, 3) designing a general electronic ballast.

The power density of the current ballasts could be improved by increasing the switching
frequency or introducing new switching devices, as Gallium Nitride (GaN) devices. As a

consequence, a significant reduction of the present size of the prototypes could be expected.

Similarly, the introduction of GaN devices could extend the application range of the IEFL
ballast from 250 kHz up to 2.5 MHz and even 13 MHz, the latter being the highest frequency

for commercial products.

A general electronic ballast could operate indistinctly with AC or DC input voltage and
should be able to supply LEDs, HID, and IEFLs. The problem is open.

5.3 Patents and publications

The main contributions of this PhD has been patented and published in diverse journals

and conferences

5.3.1.1 Patents.

A .Leon-Masich; H. Valderrama-Blavi; J.M. Bosque-Moncusi; L.Martinez-Salamero, “Up
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5.3.1.2 Journal Publications.

A Leon-Masich; H. Valderrama-Blavi; J.M. Bosque-Moncusi; F. Flores-Bahamonde;
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Boost Converter”, Przeglad Elektrotechniczny, vol. 1, pp. 26-30, 2012.
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