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Summary

LED lamps become more and more economically attractive in the lighting market, primarily thanks
to their great energy saving, long lifetime and ever decreasing cost compared with the conventional
lighting solutions, such as incandescent or fluorescent ones. A traditional fluorescent lighting sys-
tem consists of a fluorescent lamp(s) and a magnetic/electronic ballast. A direct replacement of a
fluorescent lamp by a LED lamp with the same form factor and pin connection avoids any rewiring
or removal of the ballast, which is known as the retrofit concept. The retrofit LED lamps further
guarantee a minimal total cost of ownership.

This work investigates the compatibility issues between the T5 Retrofit LED lamps and the legacy
electronic ballasts. The compatibility design focuses on the following points: 1. The LED lamps
should generate stable light output at the specified lumen level; 2. The lifetime and reliability of the
LED lamps and ballasts fulfill the given specifications; 3. The driver design should fit into the T5
tubes.

Two methods to ensure the compatibility have been studied, a passive method and an active method.
The passive method utilizes inductance and capacitance to increase the load impedance seen by the
ballasts so as to reduce the ballast output current and control the ballast thermal issues. Four struc-
tures with inductance and capacitance haven been analyzed by means of mathematical analysis
and simulations. The active method realizes the LED current control that is absent in the passive
method. Efforts are conducted to reduce the size of the two proposed active circuits. After the simu-
lation analysis of each designs, a demonstration board has been built for experimental verification.

Combining the passive methods with the active ones, four possible solutions that satisfy the design
requirements are found. The comparisons between these solutions and the design suggestions are
given in the last chapter.
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1
Introduction

1.1. Background
Light-emitting diode (LED) is becoming a compelling alternative to replace traditional light source
such as incandescent lamps, halogen lamps and fluorescent lamps in terms of lifetime and energy
saving.

With a long history, incandescent lamps still have been used in indoor system now. However, the
most energy (about 95 %) of incandescent lamps is consumed by heat, leading to a low efficiency.
Thus for incandescent lamps the luminous efficacy is around 12-18 Lm/W (Lumens per watt) and
lifetime is only about 2000 hours [1]. Therefore, the incandescent lamp is getting out of phase. The
halogen lamp is a type of incandescent lamps, but it is filled with halogen gas, which brings tungsten
particles back to the filament. This circulation creates longer lifetime, higher luminance and higher
energy efficiency (about 10-20% higher than traditional incandescent lamps [2]).

The fluorescent lamp relies on the low-pressure mercury vapor discharging to produce visible light.
Although works with cool light and slow start-up time, the fluorescent lamp still owns many do-
mestic lighting applications. The luminous efficacy of fluorescent lighting is more than 55 Lm/W
and the lifetime is around 8000-15000 hours [3]. However, toxic material in this lamp needs to be
disposed carefully and ballasts are indispensable for current control.

As a semiconductor light source, LED produces light when they are forward-biased. With more
than 30000-hour lifetime and typically 80-100 Lm/W luminous efficacy (for new mid-power LED
products, 180 Lm/W), the performance of LEDs is attractive in the market. Compared with other
lighting options, LED is more expensive. However, due to the high energy saving and long lifetime,
the payback time of LEDs is accepted by customers. Therefore, LED lamps become more popular.

1.2. TL fluorescent lamp and TLED retrofit lamp
1.2.1. TL fluorescent lamp system
The TL fluorescent lamp is welcomed in indoor lighting applications including offices, hotels, cab-
inets, showcase and furniture. "TL" stands for “Tube Luminescent” and the number following "TL"
represents the diameter of the lamp in eights of an inch. For example, TL5 lamps have a “5/8” inch
diameter, which means this type of lamp is smaller than the TL8 lamp and TL12 lamp. Besides,
miniature bi-pin sockets can fit TL5 lamps, while TL8 lamps need medium bi-pin sockets. These
characteristics have made TL5 lamps cannot be used to replace other types of lamps and vice versa.

1



2 1. Introduction

The smaller lamp diameter increases optical control efficiency and flexibility of luminaries, and the
higher optimal temperature may lead TL5 to be precise in closed luminaries than open luminaries.
Besides, the smaller diameter makes it easier to design optical part: distributing light in the intended
directions. For above reasons, TL5 lamps are more desirable for indirect lighting, high-bay applica-
tions, and wall-washing applications. TL5 lamps provide standard output and high output(HO). The
standard power levels of TL5 lamps are 14, 21, 28, and 35 watts, and the high output TL5 lamps are
available in 24, 39, 54, and 80 watts. The high light output produces a same illuminance level with
fewer luminaries than other fluorescent lamps, while the TL5 HO lamp may have a slightly lower
efficiency than the standard TL5 lamp due to more losses from the high ballast current.

A typical fluorescent lamp system is illustrated in Fig.1.1. The basic working principle of fluorescent
lamps is the discharge of low-pressure. Fluorescent lamps usually require a high voltage to ignition
and will exhibit a negative impedance after the current flows in (increasing of free electrons lowers
conduction resistance of the fluorescent lamp), which means the more current goes in will lead to a
lower voltage drop over the fluorescent lamp. Therefore, it cannot connect to the AC mains directly.
Because of the characteristic of fluorescent lamps, a ballast is needed to achieve current limiting,
preheating of filaments and providing start voltage. Besides, the operation frequency needs to be
high enough (8-10 times higher than the mains frequency) to prevent from restarting in each cycle.

Figure 1.1: A typical fluorescent system

Generally, fluorescent ballasts can be classified into electronic ballast (high frequency) and mag-
netic ballast (50/60 Hz) which are introduced in details in Chapter 2. Basically, the magnetic ballast
uses bulky transformers or inductors (especially in T5 and T8 system due to the small tube size) to
regulate current and works in the AC mains frequency. This ballast may cause visible flickers due to
the low operation frequency. Electronic ballasts work with tens of kHz frequency and more complex
structure (including the PFC circuit, current regulation and control circuit and etc.) which leads to
a higher efficiency. With small size, flicker eliminated and high efficiency, the electronic ballast is
more competitive in the market. In this thesis, all designs focus on electronic ballasts based on the
fluorescent lamp system.

1.2.2. TLED retrofit lamp system
TLED, as known as tubular LED, is one type of the LED, applied in wide applications. The TLED
retrofit lamp is a direct replacement product of TL fluorescent lamps, which means no rewiring or
fixture open is required by retrofit lamps. Besides, the form factors and connection pins of retrofit
lamps are the same as fluorescent lamps. Thus the need to replace and recycle fluorescent tubes is
reduced. Compared with 100 lm/W Luminous efficacy of TL fluorescent lamps, the typical efficacy
of TLED system can reach 150 lm/W. In Fig.1.2 the TLED retrofit lamp with an electronic ballast is
shown[4]. The pin safety circuit and the LED driver with filament emulation are located on PCB-A
and PCB-B respectively. Besides, designs in later chapters should be fitted in PCB-B. The filament
emulation simulates the filament in fluorescent lamps to match the starting character of ballasts.
The typical filament circuit is consist of a string of SMD resistors, a current limiting element (eg.



1.3. Problem statement 3

a thermal fuse in Fig. 1.3) and a voltage limiting element in parallel with filament resistors. In a
fluorescent lamp, there is a conductive path only after the ignition happens, therefore the tube is
safe when disconnected from the mains. But in the LED case, two ends of the tube are conductive
and safety issue should be reconsidered. A pin safety circuit is added to solve this problem. An
efficient method is the mechanical based relay pin safety circuit. The relay inside the tube is closed
when both ends of the lamp are powered on and keeps open when only one end is energized [4].
The main function of the LED driver is to regulate and control the LED current, and in this thesis all
designs will focus on this driver block.

Figure 1.2: TLED driver architecture with two separate PCBs on bothe ecaps[4]

The LED is a p-n junction diode, while the ballast output is an AC current. Therefore, the rectifica-
tion part is needed, which can be achieved by a rectifier and large capacitor between the ballast and
LED load. Fig. 1.3 presents the practical driver PCB. The filament emulation, thermal fuses and out-
put capacitor of the T5 driver are shown on the top side. On the bottom side, the rectifier is settled.
The schematic of this simplest driver is shown in 1.4.

Figure 1.3: A practical driver PCB’s on both ends of a TLED tube

1.3. Problem statement
A LED driver in the simplest form that can connect with a fluorescent ballast consists of a diode
rectifier and a buffer capacitor as shown in 1.4.

Figure 1.4: The LED driver in the simplest form

The problems of the simple and cheap driver are as follows: Firstly, the ballast current becomes
higher than the fluorescent load condition, which may lessen the lifetime of ballasts. It is because
that the impedance of fluorescent lamp changes during the start stage, output circuit will make
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the impedance match and lead the output of inverter stage change to a certain operation point.
That makes the ballast work as a load-dependent current source. Different from a fluorescent lamp,
the input impedance of an LED load is highly non-linear. When facing the LED load, the input
impedance is relatively low, resulting in a higher ballast current compared with fluorescent case.
Five TL5 HO 80W ballasts are tested with the LED load and related electrical parameters are shown
in Table1.1. The first ballast is dimmable, and others are non-dimmable. For TL5 HO 80W ballasts,
the test current of the reference ballast is 550 mA, only one ballast in the table meets this require-
ment with the LED load. Furthermore, for the power feedback ballast, the operation frequency is
not fixed. The LED load needs relatively lower power than the fluorescent lamp, which means this
type ballast tends to reduce the frequency resulting in a higher the ballast current [5].

Table 1.1: Parameters of different types of ballast

80W ballast overview Type of ballast Charateristic Lr [mH] Cr [nF] fr [kHz] foper ati on [kHz] Ballast current with LED load [mA]

Helvar EL1x80Sc Dimmable 1.34 3.9 69 35.6 680.12

Helvar EL1x80ngn5 Non-Dimmable 1.1 3.3 83.6 41 713.31

BAG BCS80.1FX-11/220-240 Non-Dimmable 1.3 4.7 64.4 42 592.96

Philips HF-P 180 TL5/PL-L3 Non-Dimmable 1.3 5.6 59 44.8 556.86

Vossloh ELXc180.866 Non-Dimmable 1.24 5.6 60 46.2 566.03

Secondly, the LED current is uncontrolled. The ballast output current is not a constant value even
in the same power level. Besides, due to the luminous efficacy difference between LED and fluores-
cent lamp, the power rating needs to be taken into account in substitution. For example, the light
output of 80W T5 HO fluorescent lamp is 7000 lm, while in TLED system, only 5600 lm (power is only
35W) is needed because the cost of the LED is high and human eyes cannot distinguish the slight
difference of the light. The power intake of LED tubes should be reduced compared to fluorescent
tubes (lamp power reduction by up to 50% compared to fluorescent tubes). Therefore the LED cur-
rent should be controlled to match the power requirement by the LED driver when connected to
different ballasts. Only through a diode rectifier and a output capacitor, apparently the LED cannot
be controlled.

Another problem regarding to the design is that the required functions should be realized in a small
T5 form factor. And the PCB size in the T5 LED tube is 40×10mm2. Hence the size of the design is
limited.

The existing literature related to the compatibility design is limited, because the technique is still
immature. One possible solution is based on controlling input impedance of the rectifier next to
the output stage of ballasts [6]. While the passive component cannot be changed to other different
ballasts, the compatibility of this solution may be effected. Also, the available volume for LED driver
in TL5 tube is smaller than TL8 tube in which the existing design fitted.

1.3.1. Requirements definition
Based on the described problems, the requirements of this project are given as follows.

Compatibility
The compatibility of the LED driver contains three concerns. Firstly, the stable light level is required,
which means no visible flicker exists in the system; Secondly, thermal and electrical stress of both
ballasts and TLED lamps should be controlled within an acceptable range for a guaranteed reliabil-
ity and lifetime of the products; Thirdly, the ballast current with LED loads should be limited less
than 120% compared with the fluorescent situation.
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Light consistency
For different ballasts, even at the same power level the output current could be different. The current
through the LED needs to maintain a stabilized illumination. Power control and current regulation
are required in LED drivers.

Size limitation
The TL5 fluorescent lamp is the smallest in dimension (diameter=16.8 mm) compared to other com-
monly seen linear fluorescent lamps, but the power to be processed is not smaller. The dimension
of PCB for the LED driver and filament emulation is 40×10mm2. The retrofit LED lamp with the
integrated electronic driver is primarily challenged with limited area and high lamp power, in other
words, high power density.

The main requirements are mentioned above. There are some other requirements which should be
concerned. The efficiency of the added solution should be as high as possible. Meanwhile, it is also
reasonable to take the cost and the effect on ballast current into consideration.

1.4. Research goals and Approaches
Focusing on the compatibility of TLEDs and TL5 fluorescent ballasts, the goals of this thesis are
defined as follows:

1. Analyze various TL5 ballast structures and working principles.

2. Explore the appropriate passive matching solutions which improve the compatibility of retrofit
T5 tubes.

3. Explore the possibility of active solutions that further reduces the driver volume and regulates
the LED current compared to the passive solution.

4. Experimental verification and validation of the active solutions, and develop a form-fit demo
of the best solution.

The research approaches are given as below:

1. Investigate the ballast working principle and define the reasons why the ballasts are not com-
patible with the LED drivers in the simplest form.

2. Develop analytical and simulation models to optimize the parameters of the passive matching
network.

3. Build SPICE simulation models to analyze the possible active concepts.

4. Experimental validation of the active methods and compare them with the passive method.

1.4.1. Passive method
Shown in Fig.1.5, the basic concept of this method is to use lossless passive components to change
the load impedance seen by the ballast, which components will influence the ballast current.
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Figure 1.5: The block diagram of the passive method applied in the LED driver

Compared to existing solutions[6], this project will deal with a smaller available volume (the TL5
tube) to setup the components. Besides, more than one type of ballasts should be considered. In
order to match different 80W ballasts by the added components, the trade-off analysis of different
ballasts should be conducted.

Because no active component is applied in this method, the design is an open loop system. In order
to improve the compatibility and stability of the T5 system with different ballasts, active compo-
nents should be contained in the design. Because only with those components can a system be-
come a closed loop system, which system is more likely to have higher compatibility and stability
than that of an open loop system. In this thesis, more attention will be given to the active methods.

1.4.2. Active method
By adding a closed-loop switch mode power supply (SMPS) module into a LED driver, the LED cur-
rent can be regulated. This method is mainly investigated in this thesis. The start point of this
method is similar to the DC-DC converter case in [9].

Figure 1.6: The block diagram of the SMPS method applied in the LED driver

The basic concept is shown in Fig. 1.6. It can be seen from the figure that the output of ballast is
generally an AC current source. In order to apply the DC-DC converter topology a rectifier is needed
at the input of the SMPS circuit. To make sure the ballast sees a resistive impedance at the ballast
output frequency, the switching frequency of the SMPS circuit should be 5 to 10 times higher than
the ballast frequency.

Besides, a current charge pump concept (see Fig. 1.7) is proposed. The circuit size could shrink
further through this method.
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Figure 1.7: The block diagram of the Charge-pump method applied in the LED driver

1.5. Structure of this thesis
Chapter 2 consists of the overview of ballast structures and ballast applications in fluorescent and
LED systems. Moreover, related information about ballast LC resonant circuit structures and pa-
rameter ranges are introduced as well.

In Chapter 3, the passive approach is presented in details with mathematical analysis and simula-
tions of the circuit.

Chapter 4 presents active approaches with conceptual designs and validations.

Chapter 5 includes the evaluation of all approaches, and the suggestions for the future work.





2
Overview of the fluorescent lamp and

ballast structures

2.1. Working principle of fluorescent lamps
The tubular fluorescent lamp works on the low-pressure mercury discharge principle.

Figure 2.1: Fluorescent lamp working principles[7]

As shown in Fig. 2.1[7], electrodes are placed in each side of the tube. Inside the tube the inert gas
and mercury (present in liquid and vapor states) are filled. The inner wall of the tube is coated with
fluorescent powders, by which the ultraviolet radiation of the mercury discharges into light. There
are many different fluorescent powders used for this purpose to produce light in different color
temperature by mixing together. The efficacy of fluorescent lamps is better than other traditional
light sources especially producing white light.

2.1.1. TL5 lamps with cold chamber (cold-spot technology)
The luminous flux of TL5 lamps is determined by the mercury vapor pressure which depends on the
temperature of the coldest spot in the lamp. In terms of T5 tubes, the cold spot also named as cold
chamber is situated behind the electrode at the stamp side. [7].

The TL5 lamp was designed to reach its maximum flux at 35 °C ambient temperature in draught-
free air when operated on gear without additional heating of the electrodes. A ballast which realizes
such characteristics is called a cut-off ballast. 35 °C is the common ambient temperature within lu-
minaires. Any deviation from these nominal conditions for operation will influence the light output
of a TL5 lamp. Deviations can come from: 1.A design of the luminaire allows an ambient temper-
ature near the lamp(s) deviating from 35 °C; 2.The nominal specifications of gear include a lamp

9
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current deviating from the nominal value and/or include heating of the electrodes during opera-
tion. Once the above undesirable cases happen, the additional power dissipation will heat the cold
spot behind the electrodes and so will result in a shift of the curve of the output of the luminous flux.
The highest luminous flux will be reached at lower ambient temperatures, so that the use of ballasts
with low additional heating is recommended with T5 lamps [7].

2.1.2. SoS dimming
Dimming can be described as the reduction of the luminous flux of a lamp, either continuously or
in steps, by current or power control. The lifetime of a fluorescent lamp depends on the lifetime
of the electrode which is related to the temperature. If the temperature is above a specific value,
the electrodes will be too hot, resulting in over evaporation of emissive material. If the temperature
is below a certain value, then the sputtering of the emitter occurs. Therefore the temperature of
the electrode should be limited in a reasonable range. To achieve this, additional filament heating
is generally given to the electrode especially during low dimming levels. The temperature of an
electrode mainly relies on three currents (see Fig. 2.2) [7].

Figure 2.2: A Lamp electrode[7]

ILH and ILL present two currents, the higher one of the two currents and the lower one respectively.
Both of them can be measured by a current probe around the lead-in wire. The definition of SoS is
the sum of squares of ILH and ILL . ID can be measured when use one current probe to test two wires
together, and named as discharge current.

The value of the additional heating current depends on the lamp current and the ballast circuit
layout. If the circuits include a capacitor in parallel or in other layouts, a phase shift may exist.
These effects can be described by measuring the currents ILH , ILL and ID , and calculating SoSmi n ,
SoSmax and SoSt ar g et . The SoSmi n keeps the cathode at the lowest sufficient temperature, and it
can be related to the discharge current.

SoSmi n = I 2
LH + I 2

LL = X1 −Y1 × ID (2.1)

X1 and Y1 can be given as the critical conditions in this equation to get SoSmi n , thus preventing
cathode sputtering (get to a very low temperature). The highest value of temperature can be limited
by the value of a SoSmax line. In the overheating condition, the bare tungsten and the coat part can
be protected by ILH ,max and ILL,max respectively. The “hot spot” region is protected by SoS line.

SoSmax = I 2
LH + I 2

LL = X2 −Y2 × ID (2.2)

Where X2 and Y2 are similar as for low temperature. Consider both SoS boundaries, the target SoS
line is defined:
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SoSt ar g et = I 2
LH + I 2

LL = X1 − z ×Y2 × ID (2.3)

The factor z defines the slope of this line. At normal operation the electrode also needs to be pro-
tected for overheating through setting a limitation of ILH ,max and ILL,max .

2.2. Ballast structure overview
As mentioned in chapter 1, the basic functions of ballast are: 1. Convert mains into a desirable
current source for the fluorescent lamp operating. 2. Provide filament heating and ignite the fluo-
rescent lamp.

Generally, ballasts can be classified into magnetic ballasts and electronic ballasts. The magnetic
ballast consists of a transformer for current regulation and a starter for ignition. The conventional
magnetic ballast structure is shown in Fig. 2.3. The transformer is known as a “choke”, and a starter
is located in parallel to the lamp [8]. The transformer elements has such a feature that when more
current flows through the transformer, more magnetic field will be generated to slow down the in-
creasing current. While it should be noticed that this magnetic field cannot stop current increasing.
However, the magnetic ballast operates at AC mains which is constantly reversing itself, the trans-
former only needs to deal with the current increment in a particular direction and also in a short
time (1/50s). The starter behaves like a timed switch and lowers down the ignition voltage to 230 V.
During the starting transition, the switch is closed and the filaments are heated. The lamp therefore
can be seen as an open circuit. After one or two seconds delay, the starter is open, and electrons
start to flow across the tube and the mercury vapor will be ionized.

As only passive components are used, the operation frequency of magnetic ballasts is synchronized
with the AC mains frequency. In such low frequency (50Hz or 60Hz), flickering and a large amount
reactive power will lead to a low luminous efficacy. The bulky size and rarely effective method for
regulating power are mainly disadvantages of magnetic ballast.

Figure 2.3: The simplified model of the conventional magnetic ballast

Compared with magnetic ballasts, electronic ballasts usually operate at high frequency (tens of kHz
frequency). The electronic ballasts can be classified as constant current source and constant power
source. Majority of the ballasts in the lighting market is constant current source, which means the
ballast delivers constant current to the lamp. To reduce the power intake of this type of ballasts for
LED lamps, reducing the amplitude or duty cycle of the lamp voltage is concerned in general. How-
ever, most of the Tridonic ballasts are designed with constant power output and a typical feature
of those ballasts is that they usually limit the bottom frequency. Above the bottom frequency, the
ballast outputs a constant power. While at a fixed bottom frequency, the ballast control loop is satu-
rated. Therefore, the output power of this type of ballasts can be reduced from this perspective [9].
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In general, several stages are cascaded in the electronic ballast as shown in Fig. 2.4. There are nu-
merous implementations for each stage, while the basic functions are similar. The input stage can
be realized by various structures such as a rectifier with electrolytic capacitors, a valley-fill PFC, an
active PFC or a power feedback PFC. In the output stage, half bridge LC resonant circuit is broadly
applied in the electronic ballast. Besides, a push-pull circuit or current-fed half bridge can also be
an option in self-oscillating control ballasts [9].

The input stage of electronic ballasts converts the AC mains voltage to a DC voltage, and shapes the
input current to comply with harmonics and EMI regulations.

Figure 2.4: The block diagram of electronic ballasts

Power factor (PF) is an important parameter in AC power system, and it is defined as the ratio of the
real power over the apparent power[10].

Power f actor = Aver ag epower

Appar ent power
= Pav

Vr ms Ir ms
(2.4)

Where the apparent power is the product of root mean square (RMS) voltage and RMS current at
the input stage. With a low power factor, the system needs more power to achieve required active
power (load power) due to the large reactive power. A PFC circuit regulates the input current in
phase with the voltage, to increase the real power close to the apparent power. In addition, the
output DC voltage from this stage will be fed to the next stage. The output stage converts the DC
energy from the input stage into a high frequency AC current for driving the fluorescent lamp. The
implementations of the output circuit can be various according to different starting methods. A
DC/AC inverter together with the resonant tank is chosen in most electronic ballasts (in Fig. 2.5).
After the LC resonant tank, the pre-heating (filament circuit) is shown in Fig. 2.7. The resonant
tank only works in resonance during the ignition stage, after current flows through filaments, the
capacitor is open. Therefore, no starter is required in electronic ballasts.

Figure 2.5: A typical output stage of electronic ballasts

Moreover, the control method of ballasts also can be realized by various options. For minimal cost
requirement, self-oscillating control is a good choice. While in high-end ballasts, IC controlled with



2.2. Ballast structure overview 13

fix frequency, IC controlled with power regulated, high-end uC and ASIC are available according to
different starting methods. In steady state some ballasts operate at a fixed frequency like Philips C2E
IC based ballasts, and other ballasts control the lamp power by a flexible operation frequency which
is named as the power controlled ballast[4]. The LED tubes need mostly need less power compared
to the fluorescent lamps because of the luminous efficacy difference between those two lighting
sources. Power controlled ballasts may deliver more current (also power) to the LED tubes than
fixed frequency ballasts due to the changeable operation frequency. The fixed frequency control
sometimes is more popular because of lower cost and predictable characteristic.

The compatibility design in this project will focus on the LED driver part, which means the charac-
teristic of the ballast output stage has most significant impact on the design. More precisely, the LC
resonant circuit and filament circuit connected directly to the LED driver need more attention.

2.2.1. Starting characteristics of electronic ballasts
All fluorescent lamps have electrodes with some emissive material facilitating ignition, which elec-
trodes require a sufficiently high temperature for heating.

Figure 2.6: The ballast working process

The operation frequency of ballasts during each operation stage is shown in Fig. 2.6(a). At the first,
the ballast controller starts at its maximum frequency ( fst ar t ) typically 100 - 120 kHz. Then drops
quickly to the preheat frequency around 70 kHz to 80 kHz (resonance), waiting for the preheat time
to pass (typically 0.8 s to 1.5 s). Later the frequency reach to the steady state operation frequency
around 40 kHz ( fmi n). The lamp voltage also changes during starting. The transition is shown in
Fig. 2.6(b) [11]. At the high frequency, the lamp voltage is at a low level, and increases rapidly near
the resonant frequency. Through this process, the ignition can be achieved. In the steady state, the
lamp current will be regulated by the inductor of the LC tank. When the lamp comes into steady
state, electronic ballasts will operate at a fixed frequency or variable frequency (e.g. power feedback
ballast)

In general, many starting methods such as instant start, rapid start, preheat start and programmed
start are adopted in electronic ballasts, according to different ballast designs or requirements [12].
Instant start allows operation prior to electrode heating, and higher open circuit voltage strikes the
lamp soon after the power delivered to the ballast. Rapid start is by means of secondary low volt-
age to heat the electrodes. Preheat start needs preheating current to preheat the electrodes. Pro-
grammed start offers precise time for each step by programming, which means this method can
better eliminate the time errors compared to other methods.
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2.2.2. The filament heating methods
The starting methods also can be classified into cold start (often used in self-oscillating ballasts)
and warm start. The cold start ballast is lack of the filament heating process and starts the lamp
through the high ignition voltage (see Fig. 2.7). While warm ignition needs to preheat the filament.
Per-heating methods like current mode heating and voltage mode heating (see Fig. 2.8) are realized
through various structures. This ignition type enables the lamps to be switched on and off without
reducing lifetime, and suitable in a high switching frequency applications.

Figure 2.7: The filament circuit of cool ignition

During the pre-heating stage, the lamp behaves like an open circuit. In terms of the voltage mode
heating, the current flows through L1 and Cr . The voltage on L1 is induced on L1′ , leading to a heat-
ing current in cathodes. The frequency of current in L1 is decided by previous half bridge operation
frequency [13]. In current mode heating, the basic method is also producing a heating current, while
the current is the same as the current flows in resonant inductor (in the LC tank).

Figure 2.8: The filament circuit of voltage mode heating

In self-oscillating ballasts, a positive temperature coefficient (PTC) resistor is used for current mode
heating. At first, the lamp is cold, the PTC resistor can be seen as a short circuit. In the preheating
stage, the current heats electrons and PTC together. When the temperature of electrons and PTC is
high enough, the PTC becomes an open circuit. The current will go into series capacitor and achieve
ignition. At the end, the capacitor with PTC can be considered as a large impedance in parallel to the
tube. When the lamp comes into steady state, ballasts can operate at a fixed frequency or variable
frequency for power control.

When the fluorescent tube is replaced by the retrofit TLED tube where no filaments exist, the fila-
ment emulation is added to the LED driver. Thus the LED tube can match to the ignition feature of
the ballast.

2.2.3. Practical overview of electronic ballasts
In order to design the compatible LED driver, the operation frequency, the LC tank parameters and
different filament circuits of widely used ballasts are summarized. Those information of ballasts
will influence the later design, practical overview of typical electronic ballasts will be shown in this
section. The 35W TL5 ballast is chosen because of the various types and available amount in lab,
and also two 49W TL5 ballasts are added.
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Table 2.1: Parameters of different types of ballast

Characteristic of ballast Type of ballast Cdc (nF ) Cr (nF ) Lr (mH) fr (kH z)

Self-oscillating EB-C 228 TL5 100 1.95 4.8 52.02

Dimmable ballast HF-R Es 114-35 TL5 220 2.2 3.5 57.36

Dimmable ballast HF-R Es 214-35 TL5 220 4.7 1.8 54.72

Non-dimmable PC 1/49 T5 PRO LP -Tridonic 180 5.6 2.4 43.41

Non-dimmable EL1x49s-u-Helva r 150 3.3 2 61.95

Non-dimmable HF-P 2 14-35 TL5 HE III IDC 220 3.9 3 46.53

Non-dimmable HF-P 1 14-35 TL5 HE III IDC 220 3.3 3.57 46.37

Non-dimmable QTP5 1x14-35 - Osram 150*2 2.7 3.9 49.05

Non-dimmable QTP5 2x14-35 - Osram 68*2 3 2.8 48.16

From Table. 2.1, the conclusion of each parameter is as follows:
1. The basic range of the LC resonant frequency is 40 kHz to 65 kHz.
2. The parameters of LC tanks are also in a range. For instance, the resonant capacitor is around
1.95 nF to 4 nF.
3. The DC block capacitor is 220 nF in most conditions.

For low cost application, the self-oscillating ballast is rather popular in the market. As shown in Fig.
2.9(a), the half-bridge transistors are driven by a ring core (T1). Three windings (T11, T12, T13) are
set in one ring core. This circuit will oscillate itself once it is triggered. The operating frequency of
the half-bridge is determined by the LC tank resonant frequency, turns ratio of the ring core and
transistor parameters (storage time). The ignition method is similar as the mentioned methods.

Figure 2.9: Two types of electronic ballasts

For non-dimmable ballast, a Tridonic PRO 49 W ballast is shown in Fig.2.9(b). In this ballast, warm
ignition is employed. When the ballast starts, current first goes through the resonant inductor. Later
current is delivered to the filament secondary side to finish preheating and ignition. The resonant
capacitor is 5.6 nF and the DC block capacitor (180nF) is connected to the half bridge.

For dimmable ballast, there is a function part for dimming in the structure. Take Philips HF (high
frequency) as an example. The operating principles are the same in one lamp and two lamp bal-
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lasts. The simplified ballast structure of one lamp is shown in Fig. 2.10 According to the filament
circuit, this ballast applies warm start, preheating the lamp electrodes. Transformers coupled in the
filament part and the dimmable part can adjust the current through the filament when dimming
is needed. A voltage dependent resistor(VDR) in the filament circuit is for over-voltage protection.
The half bridge part and resonant LC tank are same as non-dimmable ballasts shown in Fig. 2.9.

Figure 2.10: The Philips HF-R dimmable ballast output stage for 1 lamp

In this thesis, the compatibility design of retrofit TLED tube is based on 80W electronic ballasts. In
Table.1.1, five ballasts and related electrical parameters are shown. The first ballast is dimmable,
and others are non-dimmable. For TL5 HO 80W ballasts, the test current of the reference ballast is
550mA, which means the preferable ballast current is around 550mA. Therefore, Philips HF-P-180
TL5 ballast can be seen as a reference ballast in the simulation and practical tests. For other four
ballasts, the ballast current with LED lamp should be reduced by compatible LED drivers.

2.3. Electronic Ballasts with LED driver
The general high frequency compatible LED driver contains the following elements: "1. a series ca-
pacitor placed between the ballast and the LED load, providing pin safety; 2. a matching network
consisting of capacitors and/or for adjusting LED current; 3. a diode rectifier bridge for convert-
ing AC current to DC; 4. a capacitor connected across the LED string for smoothing out the ripple
current; 5. An over-voltage protection circuit placed across the output of the rectifier, consisting of
a thyristor, trigger circuit, etc. 6. a thermal or over-current protection circuit, for example a ther-
mal fuse or over-current protection circuitries"[9]. To simulate the behavior of the electronic ballast
with the LED lamp system, a LTspice model is setup in Fig. 2.11. As mentioned in the introduction,
ballasts cannot be connected to LED lamps directly, therefore the start point from existing designs
includes a rectifier and a filter capacitor.

The AC voltage source is the inverter output, a square wave with the ballast operation frequency.
The DC block capacitor is connected to the AC voltage source and the LC tank. The filament can be
simulated as a resistor and a large capacitor in parallel. Before ignition, the filament behaves like
a large resistance, when AC current flows (conduction condition), the current will only go through
the capacitor and will not change the ballast current. Then the rectifier and filter capacitor are con-
nected to the filament. The LED load is modeled as a diode and a DC voltage source with dynamic
resistance. The dynamic resistance is related to the value of the LED voltage.
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Figure 2.11: The simulation model of the ballast output stage with the LED load

Choose the parameters of the reference ballast, Philips HF-P 180 TL5 to build the initial simulation
model. The output power is about 37W which is satisfied the power the LED lamp needs to produce
almost same luminance as the 80W fluorescent lamp.

Figure 2.12: The ballast current and the resonant capacitor voltage of the simulation

The LED voltage is set to 80 V. In Fig. 2.12 the resonant capacitor voltage and ballast current are
shown. The blue line is ballast current, and the red line is the capacitor voltage. The ballast current
is tested between the resonant capacitor and Lamp. The red line represents the voltage on capacitor,
which shows that the voltage is limited by 80 V LED voltage at the end of resonance.

Figure 2.13: The LED current and voltage of spice model

In Fig. 2.13, the LED current and voltage are shown in green and red respectively. The LED voltage
is limited around 80V, since the voltage drop on the diode is added in the model. The average LED
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current is 464 mA, therefore, the output power is about 36.5 . The LED current ripple is about 120
mA which can be reduced to a lower level through the later work.

In order to examine the simulation model, the practical test result of the ballast current (yellow line)
and LED current (green line) are shown in Fig.2.14. The RMS value of ballast current is 550 mA (from
power meter) and the average LED current is about 451 mA. In the practical setup the LED voltage
is 80V, and the output power is about 36W. Besides, the operation frequency of the ballast is 44 kHz
in the test, which frequency matches the reference ballast operation frequency.

Figure 2.14: Test results of the ballast current and the LED current

In a conclusion, the test results match the simulation results. Therefore, the simulation part of
Chapter 3 will base on this model.
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The passive approach

This chapter will focus on the passive method. The basic principle is to increase the load impedance
of a ballast so as to reduce the ballast current when faced a LED load. Normally, the impedance
network can consist of resistors, inductors and capacitors. In order to avoid the extra loss on the
added elements only inductors and capacitors are considered in the network design. The research
model considered in this chapter is presented in Fig. 3.1 in which a rectifier and an output capacitor
with the LED load are connected to the LC tank of the ballast.

The load impedance seen by the ballast is defined as Zl oad in Fig. 3.1. The non-linear characteristic
of this system comes from the blanking time of rectifier diodes. The definition of blanking time
is related to the diode of the rectifier in Fig. 3.1. The conduction of diodes needs to wait for the
voltage on the resonant capacitor (Cr ) reaching the LED voltage, resulting in a blanking time. During
the blanking time, four diodes are not conducting and the current only goes through the LC tank.
Therefore, this system has a non-linear load behavior. The LED voltage (VLED ) and the resonant tank
determines the blanking time. Normally, the blanking time will be extended when the operation
frequency is much higher than the LC resonant frequency. It is because the resonant tank needs
relatively more time to reach the LED voltage as the voltage from the inverter changes direction
faster.

Figure 3.1: The basic structure of the research model

When dealing with such a system, the first harmonic analysis[14] is not accurate. Especially under
the situation where the operation frequency and the LC resonant frequency differs a lot. To describe
this system in details, the time domain analysis is adopted. In later sections, several impedance
matching networks will be investigated based on the time domain analysis and simulations. From
the time domain analysis, the load impedance can be described as well as the ballast current. When
it is difficult to derive the time domain equations of each variables, the simulation is a potential
alternative to simplify the problem. Through the relations between the ballast current and other

19
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variables such as the LED current and the resonant inductor/capacitor current, the variation trend
of the ballast current still can be presented. After all impedance network structures studied, a design
solution based on this method will be concluded at the end of this chapter.

3.1. Parallel capacitor
This section will discuss the possibility of increasing the load impedance by the parallel capacitor.
The reason for choosing this topology as a starting point is that the structure is rather simple com-
pared to other typologies and it is always of convince to start from an easy level to get an initial
concept then implement it to a difficult level. This impedance network is a second order resonance
system because of the added capacitor is in parallel with the resonant capacitor during the blank-
ing time. A mathematical model is built to analyze and conclude the system behavior. The system
then contains a resonant inductor and a capacitor which is the sum of the resonant capacitor and
the added capacitor. Together with the initial conditions of the inductor current and the capaci-
tor voltage, equations of those parameters derived from the second order series resonant circuit,
are applicable in this matching network. Besides, in order to fulfill a comprehensive mathematical
model which matches the different practical circuit behaviors, the variables which decide the value
of parameters should be involved in the expressions. The LED voltage (VLED ) and the operation
frequency have effects on the blanking time, and the resonant frequency depends on the parallel
capacitor together with the resonant inductor. Therefore, those three variables are chosen to realize
the flexibility of this model.

Based on the expressions of the inductor current and the capacitor voltage, the ballast current and
the LED power are presented as IB all ast (VLED , Cp , fs), and PLED (VLED , Cp , fs). As a famous software
tool for mathematical modeling, verification, and reutilization of engineering calculations, Mathcad
is applied to derive the mathematical model.

The operation points of this system can be mainly classified into three modes (different operation
modes) according to the relation between the resonant frequency and the ballast operation fre-
quency: The capacitance voltage can/cannot reach the VLED from -VLED at the end of the half posi-
tive operation period. The typical range of ballast operation frequency is 40 kHz to 120 kHz. When
the operation frequency is higher than the resonant frequency, there will be two resonant states in
one period. It is because that the voltage source changes the direction during the blanking time. In
this situation, it is difficult to derive the ballast current in time-domain directly, therefore the state
plane analysis is considered to solve this problem. Dividing the behavior of the resonant tank into
the resonant stage and the linear stage, each stage will contribute an arc or a line part which consist
of the trajectory on the state plane. Moreover, if the operation frequency goes to higher than the
twice of the resonant frequency (usually happens during the ballast starting transition), no current
will flow to the LED load. Because the voltage on the capacitor cannot reach the LED voltage dur-
ing each half operation period, the current only circulates in the inductor and capacitors. Based
on above analysis, the first operation mode is defined as the operation frequency is lower than the
resonant frequency. The operation frequency is higher than the resonant frequency but lower than
the resonant frequency is named as the second operation mode. Furthermore, the third operation
mode happens when the operation frequency is higher than twice of the resonant frequency.

Fig. 3.2 describes the simulation model of the ballast output stage with the parallel capacitor LED
driver and related variables. Considering the steady state, the filaments behave like a short circuit
and the current flows to the load through the large capacitors. Therefore the filaments actually can
be skipped in the steady state model.
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Figure 3.2: Add a capacitor in parallel to the ballast output stage

The resonance frequency of the LC tank with the parallel capacitor is:

fr = 1

2π
√

Lr (Cr +Cp )
(3.1)

Where Lr and Cr correspond to the resonant inductor and capacitor in the ballast output stage, and
Cp is the parallel capacitor added next to the ballast. The angular frequency is defined as:

ω0 = 1√
Lr (Cr +Cp )

(3.2)

The ballast current from the Fig. 3.2 is:

IB all ast = IL − ICr (3.3)

The two boundary conditions between three operation modes are shown in Fig.3.3. The square
wave in black is the input voltage, the inductor current and voltage on Cr and Cp is shown in the
blue and red respectively.

Figure 3.3: The boundary conditions of iL(t )and uc(t )

In Fig.3.3(a), the capacitor voltage can reach the LED voltage (VLED ), before the voltage source
changes the direction. The time-domain analysis of this transition can be derived as below. During
0 to t0 interval:

uc (t ) =−VLED (3.4)

iL(t ) = VLED +Vs

Lr
t − iL(0) (3.5)

Where VLED is the LED voltage and Vs is the input voltage. End point of this interval: uc (t0) =−VLED ;
iL(t0) = 0
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During t0 to t1 interval, the initial state and the second order differential equation are given:

uc (t ) =Vs − (Vs −uc (t0))cos(ω0(t − t0)) (3.6)

iL(t ) =ω0Cr (Vs −uc (t0))si n(ω0(t − t0)) (3.7)

End point of this interval: uc (t1) =VLED ; iL(t1) =ω0Cr (Vs −uc (t0))si n(ω0(t1 − t0))
During t1 to t2 interval:

uc (t ) =VLED (3.8)

iL(t ) =−VLED +Vs

Lr
(t − t1)+ iL(t1) (3.9)

End point of this interval: uc (t2) =VLED ; iL(t2) = 0
The no-linear time is t1 − t0 and from equation 3.6 this time interval can be derived:

t1 − t0 = tr =
acos Vs−VLED

Vs+VLED

ω0
(3.10)

The linear time is t2 − t1 and from equation 3.9 this time interval can derived:

t2 − t1 = tL = Lr

Vs +VLED
ω0(Cr +Cp )(Vs +VLED)si n(ω0tr ) (3.11)

Therefore, the boundary frequency of the first operation mode is:

fl i mi t1 =
1

2(tr + tL)
(3.12)

The second boundary frequency is defined when the system keeps resonant and no linear part any-
more(see Fig3.3(b)).

fl i mi t2 =
1

4tr
(3.13)

When the ballast operation frequency is higher than fl i mi t1 but lower than fl i mi t2, this situation
is quiet complex. The capacitor voltage can reach the LED voltage until voltage source changes
direction for a while. This condition is shown in Fig. 3.4. The time-domain analysis is shown as
below:

Figure 3.4: iL(t ) and uc(t ) when the operation frequency between fl i mi t1 and fl i mi t2

t1 to t2 interval:
uc (t ) =Vs − (Vs −uc (t1))cos(ω0(t − t1)) (3.14)

iL(t ) =ω0Cr (Vs −uc (t1))si n(ω0(t − t1)) (3.15)
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End point of this interval: uc (t2) =Vs − (Vs −uc (t1))cos(ω0(t2 − t1))
iL(t2) =ω0Cr (Vs −uc (t1))si n(ω0(t2 − t1))
Vc (t1) =−VLED

t2 to t3 interval:

uc (t ) =−Vs + (Vs +uc (t2))cos(ω0(t − t2))+Z0iL(t2)si n(ω0(t − t2)) (3.16)

iL(t ) = iL(t3)cos(ω0(t − t2))−ω0Cr (Vs +uc (t2))si n(ω0(t − t2)) (3.17)

End point of this interval:
uc (t3) =−Vs + (Vs +uc (t2))cos(ω0(t3 − t2))+Z0iL(t2)si n(ω0(t3 − t2))
iL(t3) = iL(t3)cos(ω0(t3 − t2))−ω0Cr (Vs +uc (t2))si n(ω0(t3 − t2))

t3 to t4 interval:

uc (t ) =VLED (3.18)

iL(t ) =−VLED +Vs

Lr
t + iL(t3) (3.19)

End point of this interval:
uc (t4) =VLED ; iL(t4) = 0

Figure 3.5: State plane analysis when the operation frequency between fl i mi t1 and fl i mi t2

To analyze steady and dynamic features of the system, state-plane method is considered. In the
state plane analysis, the radius is related to the initial values of the previous stages. After the nor-
malization of each values, and transfer from time-domain to state-plane M-J figure. The trajectory
of Mc and Jc is shown in Fig.3.5. There are several parameters need to be defined before analysis.
Total voltage on capacitor is nominalized:

Mc = Vc

Vs
(3.20)
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The LED voltage is nominalized:

MLED = VLED

Vs
(3.21)

The resonant impedance:
Z0 =ω0(Cr +Cp ) (3.22)

The inductor current is nominalized:

JL = IL Z0

Vs
(3.23)

ωs is operation angular frequency.

ωN = ωs

ω0
(3.24)

The green circle and black circle are named as circle 1 and circle 2, representing two operation
stages. In t1 to t2 interval, the non-linear part can be shown in circle 1:

J 2
L + (Mc −1)2 = (1+MLED )2 (3.25)

In t2 to t3 interval the non-linear part can be shown in circle 2, the radius is related to the end point
t3:

J 2
L + (Mc −1)2 = JL(t3)2 + (MC (t3)+1)2 (3.26)

In order to solve the end point value of t2 and t3, the geometric relationship need to be considered.

α+β+γ=π/ωN (3.27)

cos(π/ωN −α− A3

A1
) = 1− A2

2 +( 1−M)2 −2A1(si n(α)A3 + cos(α)A3(1−M)))

2A2
2

(3.28)

Where A1 is the radius of circle 1, and A2 is the radius of circle 2. A3 presents the linear part in the
transition. Once α is confirmed, the radius of circle 2 can be derived. Therefore, t2 and t3 can be
solved. After all initial conditions and time intervals in each operation modes are gained. Transfer
the equations into Mathcad through which the curves of IB all ast (VLED , Cp , fs), and PLED (VLED , Cp ,
fs) will be shown when VLED , Cp and fs are given.

The validation of Mathcad model is as follows. The example is based on Philips HF-P 80W bal-
last, which works at 44.8 kHz in steady state. The comparison of results between the simulation
model(right) and the mathematical model(left) is illustrated at 44.8 kHz (Fig.3.6) and 120kHz (Fig.3.7).
The related parameters iB all ast (VLED , Cp , fs , t ), iL(VLED , Cp , fs , t ), t ), uc (VLED , Cp , fs , t ), and us(t )
are given. The details of the Mathcad model are given in Appendix. A.1.

Figure 3.6: Curves of Mathcad model and LTspice model at 44.8 kHz
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The third operation mode happens when the operation frequency is higher than fl i mi t1, which is
108.5 kHz from the calculation. Therefore, 120 kHz is chosen for validation. For a higher operation
frequency, where the system keeps resonant and no current flows through the load, the results are
also matched to each other while this condition is not a normal operation point and not presented
in this section.

Figure 3.7: Curves of Mathcad model and LTspice model at 120 kHz

The Mathcad model matches the LTspice model in every operation mode from above figures. For
most HO 80 W ballasts, the steady state operation frequency is below the resonant frequency. Based
on the overview of ballasts in Chapter 2, normally 45 kHz - 60 kHz is designed as the steady state op-
eration frequency. Take the rated operation frequency 44.8 kHz as an example. The ballast current
can be simply derived from the inductor current and ratio of Cp and Cr .

Figure 3.8: The ballast current and output power with different parallel capacitors

Fig. 3.8 shows the ballast current and the output power change along the different LED voltages in
different parallel capacitors. The result apparently shows that adding a capacitor in parallel actually
reduce the load impedance and leads to a higher ballast current.

3.2. Parallel inductor
In this section, the parallel inductor structure is built in Fig. 3.9 and the positive direction of the
current of each variables is described as well. The inductor has different impedance character from
the capacitor, there is always a current though the inductor not only during the blanking time. When
the voltage on the inductor has opposite direction to the current, the current tends to prevent the
change. This feature causes a delay of the inductor current direction change. Therefore, the inductor
current may prevent the ballast current increase during a certain time interval (around the LED
voltage switching directions), which transition may lead to a higher load impedance. Similar with
the previous analysis method, a simulation model and a mathematical method are combined to
investigate this situation.
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Figure 3.9: Add an inductor in parallel to the ballast output stage

According to the previous section, 1 mH inductor is added in parallel to the rectifier. The current
through each components at the ballast operation frequency is shown in Fig. 3.10. The blanking
time presents in A interval, all diodes are off thus no current flows to the load. After the supply
voltage switches to positive from negative at t = 0 s, the resonant inductor current (ILr ) tends to
change the direction as well. The voltage on the parallel inductor at that time is - VLED , so the
parallel inductor current (ILp ) is negative. This resonance stage starts when ILr equals ILp . Voltage
on the resonant capacitor (VCr ) changes from - VLED to + VLED , during this transition:

ILr = ILp + ICr (3.29)

Stage A ends at VCr reaching VLED , where the diodes are conducting again. Then the system steps
into the linear stage B where supply voltage and VCr keep positive increasing ILr and ILp respec-
tively. Later the system goes into the linear stage C, when supply voltage changes the direction from
positive to negative. ILr is decreasing while ILp stays increasing due to the + VLED . This stage ends
until ILr equals ILp , and then the similar process circulates in the rest half period.

Figure 3.10: System behavior with 1 mH inductor in parallel @46.2 kHz

This system is simplified by Thévenin’s theorem, and the transformation is shown in Fig. 3.11. The
ballast and the added inductor seen from the rectifier are transferred from the initial structure (left
in Fig. 3.11) to the simplified circuit (right in Fig. 3.11). The voltage source (Vs) from the inverter
and the inductance from two inductors are equalized to Veq and Le .

Veq and Le are defined as follows.

Veq = Lp

Lp +Lr
Vs (3.30)
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Figure 3.11: Transfer to simple structure based on Thévenin’s theorem

Le =
Lp Lr

Lp +Lr
(3.31)

The mathematical model in the previous section therefore can be transferred to this situation after
changing Vs and Lr into Veq and Le . The parallel inductor value becomes one of variables. Then the
relation between the LED current, the LED power, and the LED voltage can be derived based on the
Mathcad model.

Figure 3.12: The LED current and power with different inductor in parallel @ operation frequency

Fig. 3.12 introduces the function of parallel inductors to the compatibility system at the steady state
operation frequency. As the LED voltage increases, the LED power apparently goes up even though
the LED current becomes lower. The LED current decreases because the higher LED voltage re-
sults in a longer resonant time (Equation.3.10) in same LC parameters. The current effect on the
power is less than the voltage, due to the difference of the resonant time is relatively smaller than
the voltage change. Besides, higher inductor value leads to higher output current as the resonant
time decreases. Normally, keeping the output power around 35 - 40 W can meet the luminance re-
quirement of 80 W ballasts. If the LED voltage is higher than 70 V, change of LED strip structures
(combination of parallel and series) can shunt the current, in case the high current in LEDs causing
the additional losses. Although through the simplified model the relation of Lp and the LED cur-
rent can be gained, the relation between the ballast current and Lp is still difficult to derive. The
simplified model cannot be employed to express the ballast current (see Equation. 3.32).

Ibal l ast = ILr − ICr (3.32)

Only the initial model presents this parameters. However, the initial conditions of each variables
except the resonant capacitor, are difficult to solve. Thus consider using the simulation model to
describe the system. The LED load is simulated as an ideal diode series with a DC voltage source
and dynamic resistance. When increases the LED voltage the dynamic resistance also increases
according to a factor N. First set the system in operation frequency to observe the relation between
added inductors and ballast current. In Fig. 3.13(a), the ballast current and LED current vary along
with different parallel inductors at the operation frequency are shown. The ballast current can be
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seen as a current source because the ballast output impedance is much higher than the impedance
of the LED load. In order to reduce the ballast current, the load impedance seen by the ballast
should be increased to a value where this load impedance is close to the impedance of the LC tank.
The value of the added inductor is then settled according to the ballast output stage impedance. The
LED current is rising by an increasing parallel inductor. Facing to a higher parallel inductor value
means a less current flowing through the inductor (see Equation 3.31). Therefore, more current
will go to the LED load. Although the ballast current grows up as the parallel inductor increases,
it is still below the initial current without the parallel inductor. As a result, the load impedance is
increased by Lp . Different from the parallel capacitor structure, there is always a current flowing
through the parallel inductor. During the non-resonant time interval, the ballast output current
always has the opposite direction to the current through the parallel inductor. Because the inductor
current tends to flow against the change of the input current. Beside, from the relation between
the inductor current and voltage, if the inductance increases, the inductor current decreases under
the same inductor voltage. Therefore, the reduction effect on the ballast current decreases as the
parallel inductor increases (shown in Fig. 3.13(a).

Fig. 3.13(b) shows that the peak current of parallel inductors increases as the inductor value de-
creases. It is reasonable because the current goes up when the same voltage added to a smaller
impedance. Besides, the output power also decreases since more current flows back through the
smaller parallel inductor. The output power under different parallel inductors is shown in Table.
3.1. Therefore, if a lower value of the added parallel inductor, a higher LED voltage is required to
fulfill a certain output power level.

Figure 3.13: The LED current, the peak current of Lp and the ballast current with different inductors in parallel

Parallel inductor [mH] 0.9 1.2 1.5

Pout [W] 31 38 42

ILED [mA] 391 475 530

Table 3.1: Output power in different parallel inductor added to the system

In order to study the relation of the ballast current, the peak current of the parallel inductor with
the LED voltage, set LP at 1 mH. The result shows in Figure. 3.14. The ballast current and the
peak current of the parallel inductor show negative and positive correlation with the LED voltage
respectively. A high LED voltage is equal to a high impedance (Based on the above equations and
explanations, the LED current will decrease when LED voltage increases), the current through the
resonant inductor will be lower when faced to a higher impedance. The load impedance of ballast
mainly decides the inductor current and the LED current. In general, a higher output impedance
corresponds to a lower LED current. Besides, to low down the ballast current to a value where the
output power still meets the HO 80 W ballasts, the operation frequency also should be considered.
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Figure 3.14: The peak current of parallel inductor and ballast current with different LED voltages @1mH

From Fig. 3.15, the relation between the operation frequency and the ballast current is shown with
and without a parallel inductor. The scan frequency range is decided by the typical operation fre-
quency of ballasts (for higher frequency, the ballast current still keeps the downtrend). Add a 1
mH inductor in parallel to the EL1x80sc ballast output stage as an example. Around the operation
frequency the ballast current is effectively reduced compared to the initial ballast current. If the
frequency is increased to a relatively high value (60 kHz in Fig. 3.15), the voltage on capacitor can-
not reach the LED voltage due to the increasing ratio of resonant time and period. Therefore, the
ballast current will decrease to an unacceptable value which cannot generate the enough power for
the LED load.

Figure 3.15: The ballast current in different frequency with and without Lp = 1 mH

As a conclusion, the parallel inductor structure has a high potential to raise the load impedance and
reduce the ballast current. The elements such as the LED voltage, the peak parallel inductor current,
and the LED power need to be taken into consideration, for choosing a suitable parallel inductor
value for a range of ballasts. The details of the parallel inductor selection is given in section. 3.4.

3.3. Series inductor and capacitor
When considering series inductor and capacitor situations, the system transfers into the third order
system. The series capacitor Cs structure is given in Fig. 3.16 (for the series inductor case, just re-
place the capacitor Cs by an inductor). The concept of the series structure is adding the impedance
directly to the load impedance. The mathematical analysis could be complex and not necessary.
The conclusion of this section will be generated from the observation of SPICE simulation results
which is more straightforward and simple, but not mathematical analysis.
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Figure 3.16: Add a capacitor in series to the ballast output stage

The simulation is built up according to Fig. 3.9 in LTspice. A capacitor or an inductor is added
in series between the filament and the rectifier. "step" and "meas" functions are applied to scan
the whole system in the different frequencies and parallel inductors. For example, function ".step
param fosc 30kHz 70kHz 1kHz" means change the operation frequency from 30 kHz to 80 kHz with
step of 1 kHz. ".step param Cs 2 nF 25 nF 5 nF" gives the series capacitor range and step. The sen-
tence ".meas trans Iballast RMS I(ballast)" measures the ballast current. Besides, all measurements
should start after the system reaches the stable condition. Therefore, the sample time is starting
from 4 ms and lasting four operation periods.

Figure 3.17: EL1x80Sc ballast current with different capacitors in series

In terms of the series capacitor structure, an unstable system behavior is caused by the added ca-
pacitor (Cs). From Fig. 3.17, Cs together with other passive components may lead to other series
resonant points which are close to the operation frequency. In this situation, the system keeps res-
onance, producing a high voltage and current. For example, when a 12 nF capacitor is added in
series to the system, a resonant point(34.5 kHz) which is close to the operation frequency (35.6 kHz)
of EL1x80Sc causes a high ballast current. As a conclusion, the series capacitor structure cannot fit
the compatibility requirements.

From Fig.3.18, this method does reduce the ballast current. However, the unstable behavior of the
series inductor network with different operation frequencies is also observed. The frequency range
in this simulation is between 30 kHz and 70 kHz, and the inductor value varies from 0.5 mH to 1.5
mH, which is enough to show the trend of the ballast current variation. The 1.5 mH inductor can
match to the ballast when it is working in 33 kHz. However, there are two reasons showing the series
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inductor method is not very desirable. Firstly, if the ballast current is less than 550 mA, for 80 W HO
ballasts, the LED voltage needs to be increased to meet the power requirement. Basically, when the
operation frequency is higher than 35 kHz, the ballast current is lower than 550 mA and not stable
under all series inductor values. The operation frequency of ballast has a range, mostly in 40 kHz
to 60 kHz. The scopes of other two lines are steeper and not monotonous, which means the ballast
current varies in a large range though changes the series inductor value slightly. Above discussion
shows that it will be difficult to choose a certain LED voltage which fulfills the power requirement in
the most of the ballasts. Secondly, the series inductor may also added other resonant points which
may result in an unstable system behavior. Besides, considering the peak current and the size of
the series inductor, this structure has no size advantages (has the same inductor size as the parallel
inductor) compared to the parallel inductor structure which is more stable.

Figure 3.18: EL1x80Sc ballast current with different inductors in series

3.4. Design suggestions of T5 LED driver
From the discussion in previous sections, the ballast current can be reduced by adding an inductor
in parallel. For different power level of ballasts, the standard LED voltage level is different. Usually
a higher power output equals to a higher LED voltage, while the exception is the LED voltage of
49 W ballasts is higher than 80 W ballasts. The combination of the LED power and ballast current
reduction can find a suitable parallel inductor value.

Lp [mH] I (Lp,peak ) [mA] I (Lp,r ms) [mA] I bal l astr ms [mA]

0.5 889.78 563.77 507.79

0.7 684.78 418.53 538.46

0.9 531.85 325.65 565.17

1.1 435.47 266.5 584.76

1.3 368.01 225.51 599.09

1.5 319.34 195.41 609.87

Without Lp / / 680.99

Table 3.2: EL1x80Sc ballast connected to an inductor in parallel

Take the 80 W ballast as an example. Table. 3.2 and Table. 3.3 introduce the simulation results
of two type of 80 W ballasts based on 70 V LED voltage. It should be noticed that if the parallel
inductor is too small then at this LED voltage level the power will decrease below 35 W. Besides,
the peak current of parallel inductor will increase, which limits the selection of the parallel inductor
in the practical. Therefore, the trade-off between the parallel inductor, the LED voltage, the ballast
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current (output power) and the peak current of the parallel inductor will be considered when choose
a suitable solution for the ballast in a certain power level.

Lp [mH] I (Lp,peak ) [mA] I (Lp,r ms) [mA] I bal l astr ms [mA]

0.5 740.6 461.59 478.97

0.7 527.36 329.76 495.7

0.9 409.64 256.37 509.68

1.1 334.73 209.7 519.57

1.3 282.82 177.34 526.64

1.5 244.84 153.69 531.93

Without Lp / / 562.99

Table 3.3: Exlc 180 ballast connected to an inductor in parallel

One of the reference ballasts for choosing inductor value is EL1x80Sc with relatively high ballast
current in 80W ballasts. In order to avoid the ballast current is lower than required current 550
mA, Exlc 180 ballast with relatively low ballast current should be added to the investigation. The
results of the two ballast are based on each ballast’s operation frequency, shown in Table 3.2 and
3.3. Under a given LED voltage level, trade-off between reduction of ballast current, peak current of
added inductor, and volume of the added inductor needs to be achieved. Based on Table. 3.2and
3.3, Fig.3.19 can be drawn.

Figure 3.19: The ballast current of two types of ballasts when add different inductors

From Fig.3.19, a selected 1.2 mH inductor provides superior effects on the ballast current and the
output power in a range of HO 80 W ballasts. The verification results are given in Table. 3.4 and
Table. 3.5. The size in LED driver for TL5 tube is limited in 10 mm2, thus WE-PD2 HV SMD Power
Inductor (High Voltage)[15](10 mm×9 mm) from MOUSER is a good choice for the practical im-
plementation. From Table 3.3 and 3.4, in two typical conditions, the output power is around 35 W
which is acceptable for 80 W ballasts and the ballast current can be reduced to a reasonable value
by the added inductor.

1.2(mH) in parallel Test value [mA] Datasheet [mA]

iL,peak of added inductor 301 350

iB all ast ,r ms 629 WE-PD2 HV 1060

Current reduction 8 [%] /

Table 3.4: EL1x80Sc ballast connected to chosen inductor in parallel
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1.2(mH) in parallel Test value [mA] Datasheet [mA]

iL,peak of added inductor 223 350

iB all ast ,r ms 542.7 WE-PD2 HV 1060

Current reduction 4.2 [%] /

Table 3.5: Exlc 180 ballast connected to chosen inductor in parallel

The power loss of this method is mainly on the added inductor in this solution, so it is necessary
to get RMS current of the inductor and AC resistance under the operation frequency. Due to the
limitation of material in the lab, use EE1010-471 and 221 inductors to do the validation as the initial
impression. The value of inductor is not exactly 1.2 mH but 1.16 mH in the practical. Based on
Table. 3.6, take the EL1x80Sc ballast for instance, the RMS current of this inductor is 252 mA, and
the loss of the inductor is 0.133 W.

Inductor value [mH] Test inductor value AC resistance

1.16 1.16 2.1

Table 3.6: Inductor parameters tested in 45 kHz

The drawback of this method is that only passive components are applied to the system which
means the LED current cannot be regulated and controlled. Therefore, the active approach is mainly
focused and introduced in the next chapter.
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The active approach

The previous chapter introduces the passive method to improve the compatibility of the LED driver.
However, the LED current cannot be regulated and controlled only through passive components.
This chapter proposes two active methods for the retrofit T5 LED tube compatibility design. The
first topology is a rectifier together with a boost converter, which is the SMPS method mentioned in
the Chapter 1. The second topology named as the charge pump, also facilitates the compatibility
design of the LED driver. Investigations on those two circuits will be shown and compared later.

4.1. The switch mode power supply (SMPS) method
A power supply is defined as "A device for the conversion of available power of one set of character-
istics to another set of characteristics to meet specified requirements. Typical application of power
supplies include to convert raw input power to a controlled or stabilized voltage and/or current for
the operation of electronic equipment"[16]. The switch mode power supply, namely means sup-
plying power by means of switch-on and switch-off states together with passive components such
as inductors and capacitors to store and release power. The low power loss on switches and good
capability of power conversion make it (SMPS) as a potential solution for the compatibility design.

4.1.1. The design principle
As mentioned in the previous section, the output of the ballast is an AC current. To apply SMPS
method to the system, the input voltage should be first rectified and filtered by the rectifier and
the capacitor. The regulated DC voltage is then fed to the SMPS. According to the requirements in
Chapter 1, the LED output power should be around 35 W, and maintain the LED current below 300
mA to avoid high temperature thus enhance the lifetime of LEDs. Then considering that the ballast
output current is around 550 mA, so the LED voltage should be almost twice higher than the input
voltage. And there is no isolation required by the output. Furthermore, the size of the T5 tube limits
the topology choices. Therefore, the boost topology is a good choice to realize the power conversion
in the LED driver.

The control methods of the boost converter are various according to different proposals and appli-
cations. In order to have the less influence on the ballast, the LED driver should behave as resistive
as possible. The output voltage of the ballast divided by output current should be a constant in this
design (The LED is a constant voltage load and the LED current should be controlled). The on -
time (Ton) control method which controls the switch-on time according to the feedback from the
load current can achieve required behavior. It should be noticed that the input stage of this design
is a current source rather than a voltage source and the control result is to keep output power con-
stant instead of only keeping output voltage constant (a general situation of boost converters). The

35
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basic principle of the on-time control is: When the load current increases, the switch-on time will
prolong, leading to a lower input voltage. As a consequence the input and output power keeps con-
stant with both the LED voltage and the input current stable. The basic block diagram (Fig. 4.1) to
be discussed below, introduces the basic control principle and the gate signal generation. For the
Ton control method, the available control chips in the market have relative large sizes which sizes
are not acceptable in T5 applications. Besides, the operation frequency also limits the chip selec-
tion. The switch frequency is chosen to be higher than 250 kHz, based on following reasons:(1) For
reducing the circuit size, the higher frequency leads to a smaller inductor. (2) The switching fre-
quency should be much higher than the ballast operation frequency (tens of kHz), which makes the
input voltage can be considered constant and the SMPS load resistive in a ballast switching cycle.
Therefore, the gate signal is generated by a discrete circuit rather than chips. The gate driver voltage
(Vcc ) is normally gained from a zener diode with capacitors. Combining the control principle and

Figure 4.1: The basic block diagram of the SMPS method

the block diagram, the behavior of the control part can be described as: When the output current
goes up, a control voltage generated by an error amplifier leads to a long on-time of the switch which
means a lower load impedance seen by the ballast. The Vi n is reduced and the output current will
go back to the nominal value. The implementation of the on-time control part is realized by the
RC oscillation circuit and two transistors which structure is low-cost and space saving. The control
voltage from the output of the amplifier is regarded as the voltage source of the RC oscillating circuit
(timing part). If the oscillation voltage reaches the turn-on voltage of the transistor, this transistor
then short the gate voltage of the MOSFET resulting in a turn-off transition. Apparently the on-time
of the MOSFET therefore depends on the oscillation time decided by the feedback loop. The detail
of implementation is given later.

4.1.2. Basic knowledge of boost converter
Boost (Step-up) converters, as the name mentions, the output voltage is always higher than the
input voltage. The basic structure is shown in Fig.4.2(left). When switch is on, the current flows
through the switch, and the diode is reversed biased, isolating the output stage. The energy stored
in output capacitor provides the load power during the switch - on time[17]. When switch is off,
since the inductor current cannot change instantaneously, the output capacitor is charged and the
load also gains power through the stored energy of the inductor. The boost converter can work
in three operation modes. Continuous-conduction mode (CCM) means that the inductor current
is continuously during every switching cycle, and discontinuous-conduction mode (DCM) as the
name implies, the inductor current flows discontinuously. The boundary between continuous and
discontinuous conduction is so-called boundary-conduction mode(BCM)[17]. Although the BCM
operation brings a higher ripple current to the inductor and the switch compared to the CCM, it
fulfills zero voltage switching (ZVS) during the turn-on transition of the switch and diode reverse
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recovery is eliminated. For DCM, the current ripple in the inductor is high and not suitable for the
on time control. Thus BCM is chosen in this design. The inductor current goes to zero at the end
of every switch - off interval, shown in Fig.4.2(right)[17]. The red line is the inductor current. If the

Figure 4.2: Boost topology and the inductor current with voltage in BCM

switch turns on for a fixed time, the peak inductor current is proportional to the input voltage. The
duty cycle (D) corresponds to the on time of the switch, decided by the desirable output voltage in
general case (while in this design the on-time depends on the LED current (power)).

Vo

Vi n
= 1

1−D
(4.1)

The switch - on time (Ton) is defined as:
Ton = DTs (4.2)

Where Ts represents the operation period. The peak inductor current can be represented as:

Vi n ton

L
= (Vout −Vi n)to f f

L
= iL,peak (4.3)

The switching frequency of BCM boost converter is:

fs = 1

ton + to f f
(4.4)

The power transferred through the inductor, the iLpeak is given in Equation 4.3:

PL = 1

2
Li 2

Lpeak fs (4.5)

The voltage-second balance equation for the inductor is:

Vi n ton = (Vout −Vi n)to f f (4.6)

The average inductor current of BCM is specified as half of peak inductor current:

ILB = 1

2
iL,peak (4.7)

From above equations, the switching frequency of boost converter depends on the input voltage,
selected output voltage and power, and inductor value[18]. As the fs needs to be higher than 250
kHz(introduced in the design principle) and output power requirements, the converter electrical
specifications are as follows:
1. The output voltage: 150 V DC
2. The output power: 35 W
3. The switch frequency: higher than 250 kHz
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4. The load is LED load
5. The design should provide a stable LED current with different brands of ballasts, which means the
output current of ballast may vary around 550 mA. Therefore, a close - loop control in this system is
needed.
6. Confronting the size limitation of T5 tube and the switching frequency, the gate signal generation
of MOSFET will be realized by a discrete circuit instead of IC chips.

4.1.3. The implementation of the SMPS design
Based on the design concept and requirements above, the initial schematic is shown in Fig. 4.3.

Figure 4.3: The basic schematic of the design SMPS method

4.1.4. The on-time control
The principle of the Ton control is described in the concept design as the switch-on time will be
controlled to fulfill the output power requirement. In this circuit, the Ton control is realized by R2 as
a sense resistor, C3, R8, R3 and C6 as a RC oscillation circuit, TS431 as an error amplifier, and R11, D3,
R13 as the start circuit. The fundamental idea of Ton control method in the case of this current source
input boost circuit is: when the output current decreases, Ton will be shortened by the control loop.
As the input impedance increases, brings a higher input voltage. The output current therefore grows
back to the initial value. Moreover, when the input current increases (by different type of ballasts),
prolonging Ton keeps output current constant. From the other perspective, more current goes to
the switch rather than the diode, eliminating the effect to the load current from the increasing input
current. The Ton time is determined by RC oscillation time in this circuit, which can be derived as
follow:

During the oscillation, C6 and C7 are in parallel with R3. The control voltage can be seen as the
voltage source of the oscillating circuit. The time constant τ is:

τ= R3(C6 +C7) (4.8)
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The lowest point of Vosc is Vlow and when Vosc reaches the VBE of Q1 the oscillation will be inter-
rupted. Therefore, the voltage change during the oscillation is:

VBE −Vlow = (Vcontr ol −Vlow )(1− 1

e
−ton
τ

) (4.9)

The ton can be defined:

ton =−τln(1− VBE −Vlow

Vcontr ol −Vlow
) (4.10)

From above equations the on-time is related to the control voltage derived from the feedback loop.

4.1.5. The gate signal generation
Gate drive voltage Vcc — The output voltage through R4 and R6 powers the 15 V zener with a
capacitor(C1) in parallel. C1 eliminates the voltage fluctuation and stabilize the zener voltage. Be-
sides, to guarantee enough charge to Vcc , a charge pump structure consists of C8, D12 and D13.
This structure supplies Vcc through charging and discharging of C8. At the starting stage, the two
structures also speed up Vcc to reach 15 V.

Turn-on/turn-off methods — To generate the gate-source signal (Vg s), turn-on and turn-off meth-
ods need to be considered. The turn-on transition is realized by zero current detection (ZCD). When
the inductor current crosses zero, C7 will discharge and the current will be extracted from the base
of Q1. Then Q1 is off and Q2 is on, turning on the MOSFET. The turn-off of the switch is determined
by the RC oscillation time, once the oscillation voltage reaches the turn-on voltage (Vbe > 0.7 V) of
Q1. Once Q1 conducts, Q2 is open and MOSFET turns off.

4.1.6. Power control
Power control is achieved by the Ton control. The LED current is sampled by the sense resistor
(R2 and R8). Comparing the voltage on R8 with the reference voltage (Vr e f ) of TS431, the cathode
of TS431 generates a controllable current ik decided by the difference between the VR8 and Vr e f .
Consequently, the control voltage (Vcontr ol in Equation.4.10) is gained through R13 times ik .

Figure 4.4: The basic structure of TS431[19]

TS431 is a low voltage adjustable shunt reference, and the simplified structure is shown in Fig.4.4.
A small operating current (higher than 60 µA from datasheet) is provided through R7 to supply the
reference voltage and biasing currents for components in the chip. The output voltage can be set
to any value between Vr e f (1.24 V) and 6 V. When the difference between input voltage and Vr e f

increases but still in the operation range, more current will be extracted from the external circuit
through the output (K). When iLED increases, more current is extracted by TS431, and control volt-
age will decrease, leading to a longer oscillation time (longer Ton). The value of R2 based on the
desired output power.
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Pout = ILEDVLED (4.11)

Choose the output power at the first stage.

ILED = Isense (4.12)

The range of voltage on the sense resistor should be close to the reference voltage of TS431 (1.24 V).

Vsense =Vr e f (4.13)

It should be noted that these two voltage values are slightly different. However the value of R2 can
be identified according to the approximation.

Rsense =
Vr e f

Isense
(4.14)

The control method therefore is a closed-loop control. The control range of Ton is limited by the
value of RC oscillation (R3 and C6), and also the switching frequency which is related to the inductor
value. Besides, the parasitic elements in the circuit need to be considered as well.

4.1.7. The start method
The start method is of importance in the circuit design. Without the start circuit, the switch will
always keep off because no enough gate voltage is supplied for the gate and the circuit behaves like
a rectifier with an inductor for the current regulation. The principle of the start circuit is to ensure
(VBE < 0.7 V) and the enough gate voltage to turn the switch on. Once the current flows through
the switch the inductor current will go down and at the end of one cycle achieve the zero current
detection to turn on the switch. The realization of the start circuit is explained: As the current flows
through the circuit, the input voltage increases and clamped by the zener diodes. An instantaneous
high voltage from the zener diodes is added to the control loop and supplied the gate driving voltage
for the MOSFET. By means of this transition the RC oscillation starts working and leads to the turn-
off of the Q1. After several cycles the system becomes stable.

4.1.8. Simulation validation
The simulation model is based on the Fig.4.3. The input is simulated as an AC current source with
the ballast current operation frequency and amplitude. The inductor value is 100 µH and the LED
output voltage is chosen at 150 V. Figure. 4.5 shows the waveforms of simulation results. The first
plot pane to forth plot pane represent the oscillation signal, the current of C7, the inductor current
and the gate-source voltage. From the waveform of the inductor current, it can be seen that the
circuit works in the boundary condition mode with 340 kHz frequency. Once zero crossing of in-
ductor current is detected, the MOSFET is turned on. The current will be extracted from base of Q1

and will flow up to C7. Therefore, the gate voltage has a small oscillation below zero. The left two
plots present this transition. During the oscillation time, switch keeps on (Vg s is high). At the end of
oscillation, the MOSFET is switched off. Drain-source current goes to C7, charging the base of Q1 to
0.7 V.

The simulation model of TS431 is different from the LMV431 which is employed in the test. The
range of operation voltage of the LMV431 is between 1.24 V and 30 V, while TS431 is 1.24 V to 6 V. In
the simulation the circuit cannot work when the control voltage (also the cathode to anode voltage
of TS431) is higher than 6 V. Therefore, only experimental validation of control loop function are
given (see Fig. 4.7). However, the model is still reliable, if lower down the output power. To check
the control loop, add an AC current to the source after the system becomes stable (30.5 ms later in
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Figure 4.5: Simulation waveforms of main signals

the simulation) and change the sense resistor to 7.5 ohm (to lower down the output power). At first,
the LED current is 165 mA when the input current is 530 mA AC current. Then 100 mA AC current
will be injected to the input at t = 30 ms. The control voltage change is shown in Fig. 4.6(a). The LED
current and input voltage is in Fig. 4.6(b).

Figure 4.6: Simulation validation of the control loop

From the above figures, the control voltage changes to a lower value (from 3.9 V to 2.2 V), which
means the on-time of switch is extended. More input current will flow to the switch and the LED
current thus keeps constant. The blue line (higher) and purple (lower) line are the LED current and
the input voltage respectively. At t = 30 ms, a disturbance shows up in the system. The LED current
is 165 mA at first and then has an increase at 30 ms. After the adjustment by the control loop, the
input voltage becomes lower to reduce the input power and the LED current goes back to 165 mA.

4.1.9. Experimental validation of the initial design
In this section, the main objective is to see if the practical circuit can output enough power for
the LED load. The initial experimental circuit is build based on Fig. 4.3. The input of this design
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is output stage of the ballast connected with the filament circuit. The LED voltage (150 V), and
sense resistor (5 ohm) can be chosen for a desirable output power (35W). The test circuit is given in
Appendix.A.2. Basic electrical parameters based on test are shown in Table. 4.1.

Vout [V] Vi n [V] Pi n [W] Pout [W] Ii n [mA] ILED [mA] Rsense [Ω] Efficiency [%] Frequency [kHz]

156 81.6 36.4 39.6 485 232 5 91.9 290

Table 4.1: Initial experimental results based on the 80 W ballast

The switching frequency is 290 kHz, which is lower than the simulation result. The parasitic ele-
ments in the real circuit mainly lead to this difference. In Fig. 4.7(a), the inductor current is the
green triangular waveform. The yellow line and purple line (top) show the LED current and the in-
put voltage. The circuit operates in boundary condition mode, and the output power reaches 35 W.
The LED current ripple is lower than 5% of the average LED current. The input current waveform
is shown in Fig. 4.7(b). Basically, the ballast current waveform matches the simulation result. The
reference signal of TS431 is 1.24 V which means the control loop works. The undesirable oscilla-
tion shown in test figure happens because during the dead time of the switches in the half bridge
of ballast. The time interval where both switches are off in the half bridge is so-called dead time
[20]. The small resonance in the ballast output stage therefore happens, leading to an oscillation of
output current. Besides, the parasitic elements in the circuit, arrangement of wiring and soldering
problems. Also the test probe produces some small oscillations when connected to the circuit.

Figure 4.7: Experimental results which match to the 80 W ballast

As discussed above, this design can achieve basic requirements mentioned in Chapter 1. However,
the size of the circuit needs to be reduced to fit the T5 tube. Other circuit performances also could be
improved such as efficiency and high inrush current. After optimizing the initial circuit, a detailed
test results will be given in later section.

4.1.10. Improvements based on initial test results
Inrush current is the maximum and instantaneous input current as the circuit starts working. The
high start voltage and charging of the input capacitor at the beginning cause a high inductor in-
rush current, which current may result in the saturation and overheat of the inductor, potentially
causing the electrical device to malfunction or breaking down. The simulation result of this prob-
lem is shown in Fig. 4.8. Furthermore, the undesirable size and efficiency should be optimized by
changing the value of components and circuit structures.
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Improvement of high inrush current
In the previous design, the control method in this circuit is the on-time control and the on time of
the first cycle is not limited to a low inductor current. The inductor inrush current can reach 6 A
which is much higher than the steady state current. The concept for dealing with this problem is
to turn off the Q1 quickly after the start, and at the mean time Vcc reaches a value that is enough
for turn-on of the MOSFET. To solve this problem in implementation, the lower yellow part of the
circuit in the Fig. 4.3 is added. During the first cycle, the oscillation signal will get a turn-on voltage
by R9 and after a short Ton time, Q1 will be shut down by Q3. The base current of Q1 will be extracted
from Q3 when Q3 is switched on because the start voltage is added to Q3 by R12 and C4. Once the
control loop starts working, the diode (D18) will prevent the Q3 part from working. Vcc also should
be high enough to guarantee the gate voltage. The simulation result is shown in Fig. 4.9(a). The
inductor current in the first cycle is in BCM and the value lows down to 4.2 A.

Figure 4.8: The inrush current in the inductor at the start in the simulation

The experimental validation is shown in Fig. 4.9(b). The peak value of inrush current is 4.5 A and
basically matches the simulation result. The peak value in the practical is slightly higher than the
simulation due to the real input current is higher than the simulation. The load impedance of this
circuit is lower than the 80 W lamp resistor, resulting in a higher ballast current but still in an ac-
ceptable range (lower than 120% ballast current of fluorescent lamp).

Figure 4.9: The inductor current at the start after improvement

Improvements of efficiency and size
The efficiency of the initial design is 91.9% and after the improved based on the following aspects,
the efficiency reaches 93.4%. First, change the driving current of TS431 from the output voltage
(Vout ) to Vcc . Thus the loss on the R7 is reduced. Second, R4 is removed after the practical test,
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because Vcc is build up soon by R15 and charge pump structure(C8, D13 and D12). Third, the starting
circuit is changed to reduce the size of circuit, which also lowers down the conduction loss of the
diodes during the start.

Although many methods have been applied to the design to reduce the circuit size in the initial
design. The initial size is too large to fit in the T5 tube. In order to reduce the size of circuit, the
values of input and output capacitor are reduced. The reduction of the output capacitor is based on
the standard: The LED current ripple should be lower than 30% of the average LED current. Besides,
R10, Q4 and D22 are removed, since the reduction of turn-off loss by this structure can be neglected.
Additionally, the two upper zener diodes (D11, D16) and the diode D10 are removed. The start can
rely on other two zener diodes according to the test result. The topology after improvements is
shown in Fig. 4.10.

Figure 4.10: The basic schematic of the designed SMPS circuit after improvements

4.1.11. Experimental validation after improvement
The test circuit is improved based on Fig. 4.10. The related parameters are given in Table. 4.2. The
difference between the initial circuit and the improved circuit is mainly due to a higher sense resistor
(5.6 ohm) applied in improved circuit. The output power therefore decreases about 1 W compared
with the initial circuit.

Vi n [V] Vout [V] ILED [mA] Rsense [Ω] Operation frequency [kHz]

75.68 154.52 221.7 5.6 300

Table 4.2: The related electrical specifications after improvement

In Fig.4.11(a), the yellow triangle line is the switch current (id s) and the red square line is the switch
voltage (Vd s). The current and voltage test results of MOSFET are presented in Table. 4.3. Fig.4.11(b)
shows the reference voltage (in blue) and the oscillation signal (in purple) respectively. The refer-
ence voltage is close to 1.24 V which means the control loop works normally. The oscillation in each
switch turn-off transitions is caused by the disturbance when the switch current flows to Q1 through
C7 as soon as Q1 is on.
In Fig. 4.12, the inductor current (lower) is in yellow and LED current (higher) is in green. It can be
seen that the boost converter works in BCM. The peak current of inductor is 1.17 A, which is higher
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Figure 4.11: The switch current with voltage and control signals

Vd s [V] Isw,r ms [mA] Isw,ave [mA] Isw,peak [A]

154 371 155 1.17

Table 4.3: Electrical parameters of MOSFET

than simulation. It is because the input current in the practical is the output current of the ballast
which is not an ideal AC current source. Besides, the load impedance of ballast in this condition is
lower than the fluorescent lamp, increasing the ballast output current. The LED current ripple is 40
mA which is 18% of average LED current (still meet the requirement that the current ripple should
lower than 30%) after reducing the output capacitor.

Figure 4.12: The inductor current and the LED current in the test

4.1.12. Behavior of each components
In this section, the behaviors of main components in this circuit will be shown for the loss calcula-
tion and validation with simulations.

The switching behavior
The test results of MOSFET are shown in Figure 4.13. The yellow line is drain-source current (IDS)
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and the red line is drain-source voltage (VDS).

Figure 4.13: VDS and IDS of MOSFET in the test

The loss from MOSFET can be divided into conduction loss and switching loss. The conduction loss
is derived as:

Pmos,cond = I 2
sw,r msRDS,on (4.15)

RDS,on is the conduction resistance of MOSFET and this value can be found from datasheet. While
this value is tested in a specific condition in datasheet, the calculation based on this parameter can
lead to an error. The switching loss of MOSFET is more complex than the conduction loss. In BCM,
the turn-on loss should be zero due to zero voltage switching(ZVS). Figure. 4.14 gives the turn-on
and turn-off transition of the MOSFET. The yellow line represents IDS and the red line represents
VDS . During the turn-on transition the VDS falls to zero before the IDS begins rising. Therefore the

Figure 4.14: VDS and IDS during the turn-on and off transition in the test

switching loss in turn-on transition can be seen as zero. During the turn-off transition, the switching
loss can be determined by:

Psw,l oss =
1

2
Vout iL,peak (t f + td ,o f f ) fs (4.16)

Where t f is the fall time of drain-source current and td ,o f f is the turn-off delay time. It should be
noticed that the calculation result (0.6 W) based on this equation is larger than the test loss (0.4W)
tested by the power meter, because the measured t f + td ,o f f from the oscilloscope brings errors.
These two time values depends on the charging time of the the parasitic capacitors(CGD and CGS),
the plateau voltage and the gate resistor of the MOSFET. Thus it is difficult to get accurate values
of t f andtd ,o f f through the oscilloscope and calculations. The loss tested by the power meter is
also not exactly the switching loss of the MOSFET even after removing the conduction loss part, but
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contains the loss from other parasitic elements in the MOSFET. However the error from the power
meter is less than the calculation, the result is shown in section. 4.1.13.
Diode behavior
To verify the diode behavior and calculate the diode conduction loss, the diode current is shown
in Figure 4.15. The switching loss of the diode happens when the diode switches from blocking
state to forward bias and vice verse[17]. While the turn-on loss is rather small compared with the
turn-off loss and neglected in many boost converter application notes. The turn-off loss is related to
the reverse recovery time (tr r ), the reverse recovery charge, the blocking voltage and the switching
frequency. In order to low down the turn-off loss, a Schottky diode with very short tr r is selected
for the output diode and the rectifier. Besides, this circuit operates in BCM, reduce the turn-off loss
further. Therefore the switching loss of the diode in this design can be negligible compared to the
conduction loss.

Figure 4.15: The diode current in the test

Table. 4.4 presents the test results of diode. The conduction loss of diode can be calculated by:

VD [V] Idi ode,r ms [mA] Isw,ave [mA] Isw,peak [A] RD [Ω]

0.46 365 185 1.17 0.0625

Table 4.4: Electrical parameters of diode

PDi ode,l oss = RD I 2
D,r ms +VD ID,av g (4.17)

RD is the equivalent conduction resistance of diode and VD is the forward voltage drop on the diode.
RD can be gained from the forward voltage difference divided by difference of forward current at a
specific temperature. VD can be tested in the circuit by oscilloscope probe.

Inductor behavior
The inductor chosen in this circuit is a commercial inductor considering the size limitation. How-
ever, the related parameters of the inductor such as the core material, wiring and power density are
not given in the datasheet. The inductor behavior is related to the operation frequency, the winding
resistance, the operation current and voltage, and the core material of the inductor. In this design,
the analysis of inductor will only focus on the power loss which is explained in the next section.

Capacitor behavior
The input capacitor is for building the DC voltage at the input stage. The output capacitor provides
power for the load during the switch-on time and also works as a filter capacitor to eliminate AC
components in the output stage. The loss on capacitors is defined as:

Ploss = ESRi 2
c,r ms (4.18)

The ESR is the equivalent series resistance, resulting in the main loss of capacitors. This parameter
is tested in a specific frequency by impedance analyzer.
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4.1.13. Loss analysis
The power loss in the circuit will be discussed in this section. The power loss in the boost converter
can be classified into conduction loss, dynamic loss and fixed losses [21]. Fixed loss is produced by
leakage currents of transistors, diodes and capacitors, which is independent of the switching fre-
quency or the load. This loss is much lower than other two type losses and often can be neglected
[21]. Semiconductor components such as MOSFETs and diodes produce dynamic losses. Conduc-
tion loss is related to resistors, for example, the conduction resistance (Ron) of MOSFETs.

Pi n [W] Pout [W] Vi n [V] Vout [V] ILED [mA] IL,r ms [mA] Duty cycle Efficiency [%]

36.6 34.2 75.7 154.5 221.7 551 0.51 93.4

Table 4.5: The basic electrical parameters of the SMPS circuit in the test

The basic electrical parameters in the practical test are shown in Table. 4.5. It can be seen that about
2.4 W loss in these components. In the circuit, the power loss in the components is calculated based
on previous section. The result is shown in Table. 4.6:

Rectifier MOSFET Inductor Diode Resistor Cpacitor Total

Power loss [W] 0.48 0.6 1.8 0.11 0.31 0.01 3.31

Percentage [%] 20 25 75 4.6 12.9 4.2 137.9

Table 4.6: Loss in the circuit from calculations

It can be found that about 37.9% calculation loss in the circuit is superfluous. The calculation errors
should be noticed. The inductance and resistance of the inductor versus frequency are tested by the
impedance analyzer and the results are shown in Fig. 4.16. According to:

PInductor,loss = I 2
L,r msRAC (4.19)

At 300 kHz frequency, the AC resistance of this inductor is about 6 ohm which means 1.8 W inductor

Figure 4.16: The inductance and resistance versus frequency



4.1. The switch mode power supply (SMPS) method 49

loss after times the inductor RMS current. The inductor AC resistance based on the inductance
analyzer may not be correct. Therefore, to verify the loss in the inductor, thermal test is adopted.
This method is considered as the most accurate way to test the inductor loss in the practical. The
setup is shown in Fig. 4.17(a). The basic principle of this test method is: put a same inductor (as a
reference inductor) in the same condition and a close position to the inductor used in the circuit,
and add a DC current source to this reference inductor. Meanwhile, turn on the circuit. Afterwards,
change the DC current through the reference inductor to make sure both inductors in the same
temperature when they reach the stable state. In this way, the loss is transferred to the temperature.
The inductor loss therefore can be defined as the DC voltage of the reference inductor times the
DC current. The power loss in the inductor tested through this method is 1.1 W, with the 2.2 A DC
current and 0.5 V DC voltage on the reference inductor. The power meter is applied to validate the

Figure 4.17: The thermal test setup of the inductor and thermal test results of the circuit

loss in each components. The loss in the circuit after this verification is shown in Table 4.7. The
other loss except mentioned above this table can be generation loss in the gate signal circuit and
fixed loss. Since the test circuit is not built in printed PCB board, the loss due to soldering needs to
count. Besides, the errors from readings and measurements should also be considered.

Rectifier MOSFET Inductor Diode Resistor Cpacitor Total

Power loss [W] 0.43 0.4 1.1 0.11 0.31 0.01 2.36

Percentage [%] 17.9 16.7 45.8 4.6 12.9 0.4 98.3

Table 4.7: Loss in the circuit after verification

4.1.14. Temperature test
The heat distribution is clearly shown in Fig. 4.17(b). The temperature of each component is mea-
sured by the thermal camera in the stable state (at least 5 minutes after the circuit starts working)
and the result is shown in Table. 4.8. The part 1 to 5 presents the inductor, the rectifier, the diode, the
MOSFET, and the output stage including the sense resistor and other resistors. The maximum ther-

MOSFET Inductor Diode

Temperature [◦C] 69 70 50

Table 4.8: The temperatures of main components

mal resistance of MOSFET is 100 (◦C/W)[22] from the datasheet, Which indicates that the junction
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temperature on MOSFET is about 65 ◦C(combine the power loss on the MOSFET and the ambient
temperature). The difference can come from the influence of other components on the board.

4.1.15. Interpretations of the difference between experimental results and simulation
In this section the comparison between simulation results and test results will be introduced. The
model of TS431 is not accurate in the simulation. As a result, the circuit is saturated when connected
a 5.6Ω sense resistor and the output power cannot reach 35 W. The comparison between the prac-
tical circuit and the simulation can be done when apply 25 W output power (the result is in Table.
4.9). The control loop can work in both conditions, and the difference should be similar to 35 W
case.

Vi n [V] Vout [V] IL,r ms [A] ILED [A] Rsense [Ω] Duty cycle Frequency [kHz]

Simulation 73 152 0.460 0.16 7.5 0.63 350

Practical 57.6 152 0.550 0.167 7.5 0.62 290

Table 4.9: Electrical parameters in simulation and practical @ 25W

From Table. 4.9 and Table. 4.5, it can be observed that the duty cycle is 0.51 in 35 W output which
is lower than 25 W condition. It is reasonable since more power goes to the load, the on-time of
switch prolongs. The switching frequency is 340 kHz in simulation which is much higher than the
frequency in the practical test. It is because that the parasitic elements exist in the real circuit,
and the inductor value does not exactly equal to 100 /muH from Fig. 4.16. In the simulation the
input stage is an ideal current source, while in the test the input stage is the output of ballast with
the added filament emulation. Besides, the load impedance of this circuit is lower than the 80 W
lamp resistor, leading to a higher ballast current. Therefore, the real input current is higher than
simulation, to get a same output power in practical the Ton time will increase, and more current will
go to MOSFET which leads to a lower frequency. Besides, the input voltage and inductor current are
different also due to different power sources applied in the simulation and the practical test.

4.1.16. Circuit volume
To match T5 tubes, the total volume of components needs to be considered. The inductor and large
capacitors occupy relatively large volume beyond other components. The inductor size is chosen
in 12.5(L)× 12.5(W)× 8.5(H) with B82477P4 type, according to the following reasons. Firstly, the in-
ductor should meet the current, inductance and frequency requirements. Secondly, the saturation
current decides the inductance drop while the core loss depends on the AC current ripple. There-
fore, if other conditions are same, the inductor with a relatively low saturation current should be
chosen in this design. A lower saturation current means that the inductor needs more turns to pro-
duce more flux, and to fit in the same volume (core) the wire will be thinner. So the DC resistance
is larger within a lower saturation current. Thirdly, the inductor current ripple is large in BCM, the
magnetic flux varies a lot which leads to a high core loss. More turns can distribute the flux and
reduce the AC loss. (The comparison between three inductors in the test shows that the AC loss is
dominate in this design, the test result is in Appendix. A.2.1). Fourthly, in order to achieve high sta-
bility and reliability, shielded inductors are considered (for the un-shielded inductor, the magnetic
flux of its non-shielded counterpart is not confined to a given vicinity).

In Fig. 4.3, C2 is the output capacitor which filters the AC component and provides the constant cur-
rent for the LED load. Multi-Layer Ceramic Capacitor (MLCC) is applied in the practical products.
The required package is 1206 with X7R formulations which is called “temperature stable” ceramics
and adopted EIA Class II materials. In this design, the output capacitor consists of two 680 nF / 100
V capacitors in series occupying 18.432 mm3 in total. This design saves more space in the output
capacitor area compared with the exist products which take 65.536 mm3 for the output capacitors.
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The LED voltage of the released 80 W T5 products is 69 V and with 9.4 µF output capacitor. (8 *
4.7 µF/50 V (every two capacitors in series then set four groups in parallel)). The PCB schematic is
shown in Appendix. Fig. A.7. The schematic shows the whole TL5 driver with the implementation
of this designed circuit.

4.1.17. Conclusion of the SMPS method
The experimental test is setup on Philips HF-P 80W ballast and also other ballasts(eg. Exlc 180). In
this design, the advantages are as follows. Firstly, The output of this circuit supplies the 150 V LED
load and the ripple in LED current is low enough to meet the standard of Philips lighting (peak to
peak LED current divided by average LED current less than 30%). Secondly, the output power can
be controlled in a constant value, which makes this design could match ballasts in a widely range.
Additionally, for the dimmable ballasts, this design is also adoptable. The main point is to guarantee
the output power following the input power when the luminance needs to be adjusted (reduced, in
general). For example, forcing the control loop saturated by adding a clamping diode which can
limit the control voltage in a certain value. Therefore, the output of the circuit essentially becomes
a DC current which follows various input power. Furthermore, the efficiency is acceptable for 80 W
ballasts.

Although this design have above merits, there are still some limitations. The size is larger than the
size required, especially after the improvement design of the inrush current. Besides, The loss from
the inductor is unsatisfied if only commercial inductors are considered. The main improvement
of this method in the future needs to consider the better design of the inductor. Although the fre-
quency is chosen at a relative high level at the beginning to limit the inductor size, a suitable induc-
tor for this design is difficult to find in the market. Building an inductor according to the require-
ments (size, saturated current, frequency range, etc.) could be a possible way while the cost might
be high. Therefore, to eliminate the size limitation in this design, the next method comes up and
also can be concerned as a potential solution in size.
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4.2. Controlled charge pump method
Based on the experience from the previous solution, rectifier and inductor are removed in this de-
sign. The charge pump circuit can be considered as the inductorless DC-DC converter, which ap-
plies capacitors to storage energy and produces a higher voltage or lower voltage power source[23].

4.2.1. The design principle
The output of ballasts is a current source, the main idea of this design is to transfer required current
to the load and shunt back the excess current through the switch. Moreover, no inductors means the
input current should be sampled directly from the ballast output, therefore the switching frequency
is synchronized to the ballast operation frequency. To control the output power, the switch is still
needed to control the current through on and off states. Therefore, the controlled charge pump
circuit consists of the gate signal generation part, feedback and control loop.

From the basic block diagram (shown in Fig. 4.18(a)), and waveforms of main signals including the
controlled on-time, the input current (ii n), the diode current (idi ode ) and the switch current (iswi tch)
(in Fig. 4.18(b)), the control method is similar to the SMPS circuit. The on - time (Ton) of the switch
is controlled to meet the power requirement. During the positive period of the input current, the
excess current goes through the switch in the controlled on-time, and the load current is delivered
through the diode. During the negative period all input current flows back to the ballast through
the switch. Apparently, due to the lack of the rectifier, only the half-period ballast current can be
used for the load. The RC oscillation is also applicable for the on-time realization in this design.
However, the gate signal generation solution is different from the SMPS circuit because there is
no inductors anymore. Since the on-time control already gives a voltage signal from the feedback
loop, the gate signal can be generated from a NOR gate by comparing the feedback signal and the
sampled signal from drain-source voltage (VDS). The NOR gate means that only both input signals
are confirmed as low level, the output is high. The LED current is sensed by a resistor consisting of

Figure 4.18: The basic block diagram and simplified signal waveforms of the charge pump circuit

the feedback voltage (Vsense ) which is compared to the reference voltage (Vr e f ). An error amplifier
is still applied, and according to the difference between Vr e f and Vsense , the output signal (can be
current or voltage) of the amplifier varies to control the on-time of the switch. Through the on-time
voltage signal, the gate signal is controlled. When the output current increases, the on-time of the
switch becomes longer leading to a lower input voltage. As a result, the output current is brought
back to the nominal value. The output current decides the input current flowing through the diode,
which means the control is also a closed - loop control. A constant output power for the LED load is
then realized through above methods.

Besides, since the diode current is sampled from positive periods of the ballast current and the am-
plitude equals to the peak current of the input current, the current ripple in the diode is also high
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(similar to the previous boost in BCM). Moreover, the load power comes from capacitor when switch
is on(in a part of positive period and the whole negative period). So a relatively large output capaci-
tor (larger than the SMPS output capacitor ) is needed to store energy and filter the AC components.
In order to guarantee the output voltage of the NOR gate is higher than gate-source voltage, the
selection of those two components need to be considered together.

4.2.2. The implementation of the charge pump design
According to the design principle, the implementation of the charge pump circuit is shown in Fig.
4.19. The circuit should satisfy the requirements mentioned in Chapter 1. The AC input represents
the ballast output current.

Figure 4.19: The basic schematic of the designed controlled charge pump circuit

In the practical test, it has been found that for Philips’ ballasts, a DC path for charging the sup-
ply voltage of IC in the ballast is required. Besides, the output current is gained only from positive
period. Thus DC components in the circuit loop resulting an unbalance input voltage seen by the
ballast. When facing such a voltage, Philips’ ballasts would shut down to protect the circuit. To elim-
inate circuit failure due to the ballast characteristics, and increase the compatibility of this solution,
a resistor is added in parallel at the input stage of the circuit, which can give a grounded path for the
DC component.

4.2.3. Gate signal generation
The gate signal generation part is mainly consist of the NOR gate, the transistor Q4, and the zener
diode (gate voltage source). The 74LVC1G02 chip is chosen as the single 2-input NOR gate in prac-
tical, and the logical symbol is shown in Fig. 4.20(a). The maximum supply voltage of 74LVC1G02 is

Figure 4.20: Information of 74LVC1G02[24]

6.5 V. The high-level input voltage and the low-level input voltage are defined as 0.7Vcc and 0.3Vcc
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respectively. In the practical test, due to the hysteresis control in this chip, the input voltage will be
seen as high level when it is higher than 0.5Vcc during the rising edge. The high-level output is (Vcc

- 0.1) V and the low-level output is 0.1 V. The function table is shown in Fig. 4.20(b). Assume A is
the input of the NOR gate, sampled from VDS , which follows the change of the output Y, and B is the
timing input of the NOR gate, connected to the control loop. Y is the output of NOR gate, which also
represents gate signal.

Figure 4.21: Current flow during the positive period of the ballast current

Fig. 4.21 describes the switch-on (left) and switch-off (right) transition during positive half-periods
of the ballast current. At first the switch keeps on (during the previous negative period the switch is
on), because the input B is at low level until it is charged to 2.7 V. After the input B becomes high,
the output Y shifts to the low level which means the switch is off. Then the input A follows the high
level and the input current flows to the output through the diode D3). The Ton (switch-on) time can
be defined similar to the previous design. During the oscillation, R12, R16 and C11 are in series. The
control voltage can be seen as the voltage source for oscillation. Ton is:

Ton = T −To f f (4.20)

Where T is the ballast operation period. the Ton time contains the oscillation part (before the VB

reaches 2.7 V from 0 V) and the non-oscillation time (negative half-period), while switch-off time
(To f f ) is the pure oscillation time. To simplify the calculation, the To f f is obtained first. The time
constant τ is:

τ=C11(R12 +R16) (4.21)

The To f f time is the time interval the oscillation voltage changes from 2.7 V to 3.4 V(2.5 V plus VEB ).

To f f =−τln(1− 3.4−2.7

Vcontr ol −2.7
) (4.22)

Vcontr ol depends on the feedback loop and will be explained in section 4.2.3. When the ballast
current changes the direction from positive to negative, the current flows from ground to the ballast
through D6, R17 and C6 (see Fig.4.22(a)). During this transition, the switch keeps off before VEB of
Q4 reaches 0.7 V.
The black dot square area of Fig. 4.23(a) presents the switching transition where the current will go
to the ballast from the diode. Once Q4 is on, the input B starts to fall to zero while input A is still
high. The output Y then turns to the low level and next the switch turns on.
Fig. 4.22(b) shows the current flowing when the ballast current is in negative half-periods. The
input A and B are low, leading to a high output, which means switch is on. During this half period,
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Figure 4.22: The current flow during the negative half-period and switching transition

Figure 4.23: Current waveforms of mentioned parameters

no current will be used for the output power and all current will go back to the ballast through
the body diode of the MOSFET. Current waveforms of the ballast current and the switch current
in this transition are shown in Fig. 4.23(b). During the positive period in the green frame area,
both currents are zero. It is because that the diode is reverse biased before VDS reaches the LED
voltage. The input current then goes to C6 rather than the switch or the diode. The time interval (in
yellow frame) where the switch current and the ballast current are both zero presents the switching
transition. After gate voltage (Vg s) turns to a high level, the ballast current flows back through the
MOSFET during the rest of negative half-periods.

4.2.4. Control method
The control method is realized similar to the previous design. The output current is sensed by a
resistor, and then compare the voltage drop on the sense resistor (ILED Rsense ) with the reference
voltage of TS431 (The structure of TS431 is in Fig. 4.4). The control voltage is derived from the
output current (Ik ) multiplied by R12, which controls the timing part of the gate signal generation
by the input B of the NOR gate. The input A and B together with output Y are given in Fig. 4.24. The
red line is the input B which represents the timing part. During the charging interval the input B
and A are low and the output Y is high (switch is on). Once the input B reaches 2.7 V, the output Y is
reversed to a low level (switch is off). When Q4 is off, the voltage level of the timing input B increases.
If the LED current increases, the control voltage becomes lower and decelerates the oscillation in R16
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Figure 4.24: Input A and B with output Y from simulation

and C11, leading to a shorter off-time of Q4. Therefore, the interval of the timing input at a low level
is increased in one period, which means the on-time of the switch will prolong. More current will
go back to the source through the switch, reducing the LED current and stabilizing the system. This

Figure 4.25: The LED current and control voltage when a disturbance added to the system in the simulation

simulation results of the control process is shown in Fig. 4.25. At t = 60 ms, an 100 mA AC current
is added to the source. The LED current increases abruptly due to this disturbance and then goes
back to original value. The decreasing control voltage reflects the feedback loop working normally.

4.2.5. The load Impedance
The load impedance of this design mainly depends on C3 and C5. The function of C3 is applied
to block the DC components and C5 is for shunting current. From the chapter 3, adding a parallel
capacitor to the ballast will low down the load impedance seen by the ballast, resulting in a higher
ballast current. Besides, increasing C5 draws more current to the C5 rather than the load. As a result,
the output power will be reduced if the LED voltage keeps constant. For a high output power, C5 is
removed from the circuit. Moreover, in order to build the input voltage as balance as possible, the
DC block capacitor is chosen to close to the DC capacitor (mostly 220 nF)in the ballast.

4.2.6. Simulation validation
To get the enough power for LED load which matches 80 W ballast, a sufficient LED current or LED
voltage should be provided. For the LED current, the output current is gained only from the half-
period ballast current and a part of the positive current cannot be delivered to the load due to the
delay from timing part charge. Thus the LED voltage is changed from 150 V to a suitable value to fit
the power requirement.

Pc = 1

2
∆U 2

c f
1

Ton
(4.23)
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Where Pc is the power transferred from the output capacitor and f is the operation frequency. Dif-
ferent from the previous design, the switching frequency in charge pump circuit is the same as the
ballast operation frequency. Ton can be calculated by 4.20 and 4.22. According to the simulation
result, the sense resistor is changed to get the maximum LED current (205 mA) where the control
loop still works. If the LED current is set too high, then the ballast current cannot supply enough
current for the load. Accordingly, the control loop is saturated. With the maximum LED current, the
power under 150 V LED voltage is 30.5 W. Practical test also shows similar result. Therefore, the LED
voltage is increased to 180 V to provide enough output power in practical.

The simulation results except the mentioned figures above are shown as below. The LTspice model
is based on the Fig. 4.19. Fig. 4.26(left) corresponds to the input voltage and LED voltage. Cur-
rent sampled only in half period results in the unbalance input voltage, this drawback cannot be
eliminated without a rectifier. The input current, diode current and LED current are given in Fig.
4.26(right). Only in the positive period the current will be sampled from the load power. A part
of the ballast current in the positive period supplies the load due to the delay of timing. The LED
current is 204 mA and the ripple in LED current is small enough to meet the standard.

Figure 4.26: Input and output parameters in the simulation

4.2.7. Experimental validation
The practical circuit is built according to the Fig. 4.19, and the test circuit is in Appendix.A.3. In Fig.
4.27(a), the yellow line is the current through diode and the green line is the ballast current. The
diode current supplies LED current, which is sampled from the positive period of ballast output
current. The RMS current of ballast is 627 mA from the power meter which is more precise than the
value from the oscilloscope. The currents of the switch (yellow line) and the ballast (green line) are
shown in Fig. 4.27(b). It can be seen that a part of positive input current goes to the switch rather
than the load as the delay of timing charge.
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Figure 4.27: The ballast current with the diode current and the switch current

Similar to the ballast current in the SMPS tests, the oscillation in the current waveforms appears
during the dead time of the switches in the half bridge of ballasts. A small resonance in the ballast
output stage happens, leading to an oscillation of the output current.

Figure 4.28: The LED current and the diode current

In Fig. 4.28, the LED current and the diode current are in green and yellow respectively. After filtered
by the output capacitor the LED current ripple is 20% (peak to peak LED current divided by average
LED current) which meets the standard. The basic electrical parameters of the charge pump circuit
is given in Table. 4.10. The total power loss is 1.1 W which is lower than the previous boost circuit
(2.4 W), mainly due to the lack of rectifier and inductor. The power loss distribution is in Table. 4.11.
So it seems that this circuit features the high efficiency and a small circuit size.

Pi n [W] Pout [W] Vi n [V] Vout [V] ILED [mA] Efficiency [%]

38.8 37.7 92.6 181.6 208.0 97.3

Table 4.10: Basic electrical parameters of the charge pump circuit in the test

The principle of loss calculations of MOSFET, diode and capacitor are identical to the section 4.1.12.
The main loss from the calculation is 1.07 W which is lower than 1.1 W from the power meter. The
rest of loss is from other resistors, parasitic elements and soldering. The capacitor loss contains
the input DC block capacitor (220 nF) and output electrolytic capacitor (10 µF). The loss of the
power diode and MOSFET is much lower than the boost circuit mainly because of the low switching
frequency(the ballast operation frequency).
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Parallel resistor Rsense MOSFET Diode Capacitor Total

Power loss [W] 0.36 0.26 0.095 0.094 0.26 1.07

Percentage [%] 32.7 23.6 8.6 8.5 23.6 97.2

Table 4.11: Main loss in the circuit

4.2.8. Change based on initial test results
Due to the decreased load impedance, the RMS current of the ballast is 627 mA which is 114% higher
than the original ballast current (550 mA). The increase of the ballast current produces more heat
and shortens the lifetime of ballasts. To low down the ballast current, an inductor is added to in-
crease the output impedance of ballasts. According to section 4.2.5, if the ballast current is reduced,
then the LED voltage should be set a higher value to meet the power requirement. A 220µH inductor
is added to the input (see Fig.4.29). The test result is shown in Table. 4.12.

Figure 4.29: Improved charge pump topology for decreasing the ballast current

The ballast current is reduced to 570 mA according to the Table. 4.12. However, the efficiency de-
creases from 97.3% to 94.1% mainly due to the inductor and the parallel resistor. The input voltage
increases to 104.6 V from 92.6 V because of the decreased input current. The loss distribution is
shown in Table. 4.13.

Pi n [W] Pout [W] Vi n [V] Vout [V] ILED [mA] IB all ast [mA] Efficiency [%]

39.1 36.8 104.6 204.3 180 570 94.1

Table 4.12: Basic electrical parameters of charge pump circuit after an inductor added

Parallel resistor Rsense MOSFET Diode Capacitor Inductor Total

Power loss [W] 0.47 0.2 0.095 0.093 0.19 1.3 2.38

Percentage [%] 20 8.7 4.1 4.0 8.3 56.5 103

Table 4.13: Main loss in the changed circuit

The related information of the inductor used in the test is given in Table. 4.14. The inductor loss is
relative high compared with other loss in this design. The ohmic copper loss is 0.2 W, and the wind-
ing loss due to the AC current is 0.42 W. The other loss (0.68 W) is core loss, because the inductor
current ripple is high leading to a large flux change.
After the inductor is added to the circuit, the efficiency has no superiority compared with the boost
circuit. Besides, with the similar inductor current but a higher inductor value than the boost design,
the size advantage is weakened as well. Moreover, the inductor brings some resonance components
to the circuit, which can be noticed from the inductor current (in Fig. 4.30). Although this changed



60 4. The active approach

Inductance [µH] RAC [Ω] RDC [Ω]

215 1.3 0.59

Table 4.14: Inductor information tested in 45 kHz

circuit has been tested on other ballasts and similar results are shown, the stability and compatibility
of this change still need to be discussed. The diode current and LED current are given in Fig. 4.31.

Figure 4.30: Inductor current of the changed charge pump

The LED current ripple is around 25% of the average LED current.

Figure 4.31: The LED current and the diode current of the changed charge pump circuit

4.2.9. Conclusion of the controlled charge pump method
The experimental circuit is setup on the Philips HF-P 80W ballast and also tested on other bal-
lasts(eg. Exlc 180). In this design, the output of the initial circuit supplies the 180 V LED load and
the ripple in the LED current is low enough to meet the standard of Philips lighting (the peak to
peak LED current divided by the average LED current less than 30%). The output power also can be
controlled in a constant value by the close loop control. The high efficiency and small size of this
design make it as a promising choice for the compatibility design.

In addition to above benefits, however, there are some drawbacks. The increase of the ballast current
brings more heat and reduces the lifetime of ballasts. Although the changed circuit (with inductor
in series) can reduce the ballast current, the additional loss and the increase of the circuit size are
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not desirable. For the boost circuit, the size is around 335 mm2 (Only the rectifier and the boost part
are considered in the calculation for the total circuit volume). The size of the charge pump circuit
is about 188 mm2 without the inductor. While the size will be extended to 336 mm2 after adding
the inductor. Besides, the compatibility and the stability of the circuit go down due to the added
inductor which inductor may bring resonant points to the system.





5
Conclusion

According to previous solutions, comparison and design suggestions come up in this chapter as a
conclusion.

5.1. Comparison of compatibility designs
In previous chapters, two approaches are considered for the compatibility design between the bal-
lasts and TLED drivers. The classification is based on if active components are applied in the design.
Concerning the active method, two possible designs are shown in Chapter 4, which are the boost
topology and charge pump topology respectively. The passive approach is simply speaking to put
a suitable inductor in parallel with the ballast output stage. Features of each solution are listed as
below.

5.1.1. The passive method
The adjustment of the ballast output impedance, specifically increasing the impedance, is the pri-
mary idea in this method. Four impedance matching structures are discussed in Chapter 3. The
parallel inductor solution seems like the best one over other three solutions. The inductor loss in
this structure is less than other two methods (SMPS and adapted charge pump), due to the low
inductor current and low operation frequency. This solution owns the most simple structure com-
pared with active methods. Only an inductor is added to the LED driver and the chosen inductor
size is 10 mm×9 mm which is small enough to fit in T5 tubes. However, there is no control loop to
regulate the output power when the ballasts are changed.

5.1.2. The boost method
According the requirements in section 1.3.1, the main topology of this design consists of a rectifier
and a boost converter. With the control loop applied to this design, the output power can be kept
constant when different ballasts (but in same power level) are connected. The main loss in this
circuit comes from the inductor. The core loss is dominated because the boundary condition mode
contains a high inductor current ripple. The efficiency is increased to an acceptable value after some
improvements have been done. The key shortage of this design is the relative large size, while the
reduction of output capacitor could save some space for the inductor and rectifier.

5.1.3. The charge pump method
The impressive advantages of the initial charge pump design are the high efficiency and the small
circuit volume. Besides, this design also has control loop which could guarantee a constant output
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power with various ballasts. Nonetheless, the high ballast current becomes an obstacle to the appli-
cation of this design. The added inductor lowers down the ballast current but significantly decreases
the efficiency and extends the circuit size. Besides, only less than one polarity of the ballast current
is used for the output power. For ballasts which have relatively low ballast current, this solution may
not supply enough power for the load.

The inductance adopted in the charge pump circuit (220 µH) is different from the boost circuit
(100 µH). Nevertheless, the RMS inductor current and peak inductor current are similar in these
two circuits. Although the types of inductors are different, for higher inductance and similar wiring
area, the number of turns should be higher as well. Therefore, the 220 µH inductor has a higher
DC resistance (Test results: 0.23 Ω in 100 µH and 0.59 Ω in 220 µH ). Besides, the 220 µH inductor
is non-shielded thus the flux is more divergent, causing more core losses. The suitable frequency
ranges of those two inductors are also different. Despite the charge pump circuit working on a
lower frequency, the resonance due to the added inductor causes more oscillations. Therefore, the
inductor loss is higher in the charge pump circuit than the boost circuit.

5.1.4. Criteria definition
Requirements in section 1.3.1 are generated by the desirable system behaviors when the ballast is
connected to LED loads and the circuit design criteria. To evaluate each design, the criteria list
in Table. 5.1 is given based on the requirements. The importance means the significance of this
criterion.

NO. Criteria Importance

1 Compatibility NA

2 Size 4

3 Light consistency 5

4 Stability 6

5 Cost 1

6 Increase of ballast current 3

7 Efficiency 2

Table 5.1: List of criteria

- NA is the abbreviation for "Not Applicable". This is because compatibility must be met in each
solution.

The first three criteria have been explained thoroughly in section 1.3.1. The compatibility indicates
that the design can be employed in T5 LED drivers, Besides, thermal and electrical stress should be
also concerned in a controlled range which guarantees the reliability and the lifetime of the prod-
ucts. The ballasts should be able to work normally with the added LED drivers. For this requirement,
the specific value for evaluation is difficult to derive. The compatibility therefore contains many de-
tailed but measurable indexes. Due to the time issue, this requirement is simplified based on basic
circuit behaviors. In terms of the size limitation, the dimension of one side PCB for a LED driver and
the filament emulation is 40×10mm2 (The filament emulation occupies 19.84 mm2). All solutions
should be fitted in the two sides of PCB board, and for criteria evaluation, only the area of each so-
lution is ranked. To fit in T5 tubes the size of the circuit should be small enough. Moreover, with
a smaller size, more flexible changes for heat dissipation could be done if necessary. Light consis-
tency means a stable light level (no flickers) should be achieved. The current through LEDs needs to
maintain a stabilized illumination. For stability, reliable working behavior of the LED driver should
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be achieved. Moreover, different ballasts have different operation frequencies and LC stages. The
judgment of stability therefore comes from the test results in different ballasts. The operation range
of each design is the main criteria to assess this requirement. Concerning the increase of the ballast
current, the ballast current with LED load should be limited less than 120% of the fluorescent situa-
tion. The efficiency and cost are non-functional requirements when considering the comprehensive
ability of each solution. In terms of active designs in the thesis, the cost has direct proportion to the
size.

5.1.5. Criteria evaluation
To compare different solutions, "weighted rating method" is adopted [25]. This method helps to
evaluate every design based on the its completion of requirements mentioned in Table. 5.1. The
final score is the sum of each score multiplied by the "Importance". Table. 5.2 introduces the score
standard for every requirement.

NO. Criteria Score 1 Score 2 Score 3

1 Compatibility / / /

2 Stability NA 50% < N < 80% N > 80%

3 Light consistency Ripple > 30% 20 % < Ripple < 30% Ripple <20%

4 Size NA >200 mm2 < 200 mm2

5 Cost > 3 € 2 - 3 € < 2 €

6 Increase of ballast current > 120% of IB 110% - 120% of IB 100% - 110% of IB

7 Efficiency < 90% 90% - 95% >95%

Table 5.2: Solution score standard

-IB means the ballast current with fluorescent lamp load.
-NA is the abbreviation for "Not Applicable".

The compatibility is defined as chapter 1. The classification is based on practical test results, includ-
ing current and voltage waveforms, thermal test, and etc. The initial evaluation is roughly given,
since the time limitation is not enough for more detailed results. The degree of stability is gained
according to the test results of the number of ballasts the circuit can match and realize the power
requirement divided by the total number of ballasts . The size reference is based on released TL5
drivers (130 mm2 ). Besides, the size is mainly consider the area rather than the volume, because the
height of all applied components is lower than the output capacitor in released products (11 mm).
The cost is an estimated value only including active components and inductors. All unite prices are
under the condition of ordering 1000+ products from the Farnell website considering mass produc-
tion (price of each design is in Table. 5.3).

Design Parallel inductor Boost circuit Charge pump circuit2 Charge pump with inductor

Cost [€] 2.7 2.41 0.758 1.634

Table 5.3: Cost of each solutions

Table. 5.4 shows the evaluation of each solutions. The SMPS solution has the best behavior than
other solutions. It should be noticed that if importance of requirements are changed according to
specific requests, it is possible to choose other solutions.
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Requirements Importance Solution 1 Solution 2 Solution 3 Solution 4

1 Compatibility / / / /

2 Stability 2 3 3 2

3 Light consistency 2 3 2 2

4 Size 3 2 2 2

5 Cost 2 2 3 3

6 Increase of ballast current 3 3 1 3

7 Efficiency 3 2 3 2

Total / 51 56 48 46

Table 5.4: Evaluation of solutions

-"Solution 1" is the parallel inductor method
-"Solution 2" is the boost converter method
-"Solution 3" is the charge-pump circuit without inductor
-"Solution 4" is the charge-pump circuit with inductor

5.2. Conclusions and suggestions
This thesis works on the compatibility design of T5 LED drivers to the electronic ballasts. The pos-
sibilities and behaviors of the passive method and the active method are investigated in Chapter 3
and 4 respectively. In the comparison part, to simplify and clarify the explanation, "weighted rating
method" is adopted to rank each solution. The boost solution shows more potential over other so-
lutions based on the criteria in Table. 5.1 and the PCB demo of this design is in Fig. 5.1. It should be
noted that all tests and simulation results are done on 80 W ballasts, which have the highest power
requirement but the size limitation is the same as the T5 ballasts in the lower power level. For T5
ballasts of different powers, the solutions above could still make functions by means of parameters
adjustment.

Figure 5.1: The demo of the boost method

Concerning the future work, there are several suggestions. For the passive method, the mathemati-
cal analysis of the second order system (the parallel inductor case) and the third order system (series
solutions) could be done to provide a more precise description of the system. Besides, the range of
ballasts can be extended in the experimental test, leading to a complete conclusion for the function
of passive components. In terms of active methods, the optimizations of the boost design may fo-
cus on the over-voltage protection and shrinking circuit volume. Additionally, the selection of the
inductor has a promising space to improve. For the charge pump circuit, the improvement should
be concentrate on reducing the ballast current. Furthermore, those solutions could be extended to
ballasts in other power levels. The validation and experimental research could be done based on
this thesis.
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A.1. Mathcad model
Mathcad is a popular software for verification, validation, documentation of engineering calcula-
tions. For second order resonant system, a mathematical model is built in Mathcad. The definition
part is shown in Fig. A.1.

Figure A.1: Mathcad model definition

The model above is shown the parallel capacitor condition. For parallel inductor Vs is replaced by
Veq and ω0 is consist of Le and Cr . Veq and Le are defined as follow.

Veq = Lp

Lp +Lr
Vs (A.1)

Le =
Lp Lr

Lp +Lr
(A.2)

In different conditions, the equations of each variables are different. The main functions is in Fig.
A.2.
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Figure A.2: Main functions of Mathcad model

The main function is defined according to operation frequency. With listing the functions in each
operation frequency range, all variables can be expressed (iL(VLED , Cp , fs), uc (VLED , Cp , fs). VLED ,
IB all ast (VLED , etc.).

A.2. SMPS test circuit

The test board of SMPS circuit is shown in Fig. A.3. The front is in the left side. The MOSFET and
other SMD components are in the other side for soldering and testing convenience. The soldering
shortage brings some parasitic problems (especially in the control part) during the test. The circuit
behavior can be better when PCB board is applied.

Figure A.3: Test circuit of SMPS method

The wire should be as short as possible between diode, switch and inductor, to reduce the parasitic
influence of the circuit behavior. The LED load is shown in Figure. A.4. Each LED strip is for 50 V
LED load, and the structure is two half LED strips (every LED is in series) in parallel. The load can
be flexible when different LED voltages are needed.
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Figure A.4: LED load in the test

This LED load is applied in the all tests, and the LED voltage is changed by the number of LED. The
test set up diagram is presented in Fig. A.5.

Figure A.5: Test structure

A.2.1. Inductor selection
The inductor selection is based on the test results of three available inductors in the Lab. The test
result is shown in Table. A.1.

Inductance [µH ] Isat ,t y p [A] Rdc,t y p [mΩ] Loss in the test [W] Type

100 3.25 112 1.6 B82477R4

100 3.12 135 1.4 MSS12787

100 1.95 138 1.1 B82477P4

Table A.1: Test results of three inductors

A.3. Charge pump test circuit
The test board of charge-pump circuit is given in Fig. A.6. The power resistor in the back side is
added to give the DC path.

Figure A.6: Test circuit of charge pump
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A.4. PCB board

Figure A.7: The PCB schematic of implementation in TL5 driver
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