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The light-emitting diodes (LEDs) are popular in commercial automotive lighting applications. 

However, the lighting implementations are still a mixture of both traditional filament-based light 

bulbs and LEDs due to the unit price of LEDs and reliability of LED driver considerations. For 

LED drivers, the single-stage solution is preferred because the higher efficiency can be achieved 

compared to two- or more- stage solutions. However, the LED driver is required to withstand 

high voltage because of the large battery voltage spike caused by load dump.  Moreover, the high 

voltage (HV) LED drivers suffer from the significant power efficiency degradation due to large 

switching power losses when the input voltage is high. Also, the reliability is another problem if 

the conventional hard-switching (HS) mechanism is applied for HV LED drivers. On the other 

hand, LED drivers are supposed to operate at high frequency (HF) to reduce the value of 

required passive components. However, the average LED current accuracy, which is tightly 

related to the brightness of LEDs, will be degraded when LED drivers operate at high frequency. 

This thesis proposes the power efficiency and current accuracy enhancement techniques to 

optimize the power efficiency and average LED current accuracy of the HV-LED drivers. Firstly, 
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the soft-switching (SS) technique is adopted for the buck type LED driver. An auxiliary LC 

resonant branch is paralleled between the drain and source terminal of the high side switch to 

alleviate the large current stress on main power inductor, which improves the reliability of the 

HV-LED driver. Secondly, an adaptive peak & valley reference compensator (APVC) is 

proposed to improve the average LED main inductor current accuracy. The APVC is able to 

compensate the current deviation caused by non-ignorable system propagation delays when the 

LED driver operates at high frequency. With the APVC, the peak & valley reference can be 

adjusted adaptively according to the amount of system propagation delays and thus the average 

current is adjusted to a pre-set value. 

To verify the functionality of the proposed power efficiency and current accuracy enhancement 

techniques, the HV-LED driver is simulated with 0.5-μm 120-V CMOS process. Simulation 

results show that the HV-LED driver can achieve the peak efficiency of 92% in HS mode and 

91.1% in SS mode, respectively.  And the current accuracy is improved to ±1.5% in HS mode 

and ±3.0% in SS mode, respectively. The HV-LED driver is able to drive 1–25 LEDs with a 

different input voltage of 5–100 V, which is suitable for automotive lighting applications. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction to LEDs and LED drivers in automotive applications  

With the fast development of the lighting technologies today, the light-emitting diodes (LEDs) 

which use a semiconductor to convert electricity into light are popular in commercial lighting 

applications [1]. The LED lamps have the advantages of efficiency, volume, and durability over 

other lighting devices like the incandescent lamps and the compact fluorescent lamps (CFLs) 

[2]–[3]. The comparisons of different lighting bulbs are summarized in Table 1.1 [4]. First of all, 

the LEDs have much longer projected lifespan and lower power consumption than its 

counterparts. And the bulky and fragile glass envelope and toxic heavy metal are not necessary 

for LED-fabrication. However, the general lighting implementations today are a mixture of both 

traditional filament-based lamps and LED light sources due to the pricing and reliability 

considerations. Also, the efficiency and reliability of LED drivers still need to be improved for 

promoting the usage of LED. 

 

Table 1.1. Comparisons of different lighting bulbs 

 Incandescent Lamps CFLs LEDs 

Projected Lifespan 50,000 hours 10,000 hours 1,200 hours 

Power Consumption @ 450 

Lumens Light Output 

4–5 W 8–12 W 40 W 

Unit Price* $18.95 $19.75 $52.50 

Turns on/off Response Moderate Slow Fast 

Durability Fragile Fragile Durable 

Heat Emitted High Medium Low 

*estimated price 



 

2 

Especially, in automotive applications, the usage of lighting-emitting diodes (LEDs) is popular 

because of its advantages of more efficient, smaller size and substantially longer life. On the 

other hand, the response time of LEDs can be ten times shorter than traditional lighting bulbs, 

which provide flexibility for not only automotive system designers but also the vehicle drivers. 

For example, in the brake lamp applications, the fast action of LEDs turning on (or off) provides 

the extra margin of time to let the car driver behind to make necessary response [5]. 

 

 

Figure 1.1. LEDs in automotive lighting system 

 

Since LEDs require a constant current to produce consistent lighting, LED drivers are needed to 

convert the power source from the vehicle battery to constant current source for driving LEDs. 

As shown in Figure 1.1, a conventional automotive lighting system includes power converters 

with step-up or step-down configuration and substantial drivers for LEDs. In fact, single-stage 

LED driver solutions was proposed later to improve power efficiency and to match the wide 

variation in LED load requirements with the dynamic operating range of batteries in automotive 

systems [6]. 
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In general, automotive applications for LEDs can be categorized into three types which include 

interior lighting, exterior lighting, and LCD backlighting if the LCD displayers are adopted. As 

to the LED driver, it can be classified as high voltage (HV), moderate voltage (MV) and low 

voltage (LV) type according to different input voltage conditions. Especially, HV-LED drivers 

are preferred in single-stage solution when LED drivers are connected directly to the vehicle 

battery due to the potential large voltage spike. As indicated in [7] and [8], the supply voltage of 

the automotive battery (in the 12-V automotive system) ranges from normal operation of 9 to 16 

V (nominally 14 V). If the load is removed rapidly (such as when the battery is disconnected 

while the engine is running), the voltage transient may spike before stabilizing, which can 

damage the substantial circuits. According to the ISO 7637-2 standard, in a typical 12-V circuit, 

the load dump can be as high as 120V and take hundreds of milliseconds to decay. This could 

make catastrophic damage to the automotive system. Even with the load dump clamping circuits, 

the battery voltage transient can be as high as 60 V. The load dump situation can be even worse 

when the next generation 48V automotive system is applied in vehicles. Therefore, the 

subsequent power converters (or LED drivers) must be designed to be able to withstand the high 

voltage spike. 

For interior lighting and LCD backlighting applications, the input voltage is normally not higher 

than 40 V and the numbers of LEDs to drive are not large. Actually, lots of literature and 

products for are proposed for these applications [9]–[16]. Most of the LV- and MV- LED drivers 

proposed in [9]–[16] have a high peak efficiency which is large than 90%. However, it is more 

difficult to maintain the high power efficiency for HV-LED drivers than LV- and MV- LED 

drivers. 

For exterior lighting applications, high brightness is required by front lighting for night driving. 

However, a 1-W (350 mA) LED can output only 130 lumens of light while the conventional 60-

W incandescent light bulbs can generate about 800 lumens of light. Therefore, driving multiples 

LEDs is required to replace the conventional light bulbs in high-brightness lighting applications 

[17]. As shown in Figure 1.2, LED drivers can be designed to offer the single- string or multi- 

string LEDs control. 
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.  

Figure 1.2. Two different ways to drive multiple LEDs (a) Parallel connection, (b) Series 

connection 

 

Both single-string and multi-string LEDs can generate the same amount of light with same power 

consumption. However, the single-string array is preferred because of the same amount of 

current flows through series connected LEDs array. In the paralleled LEDs array that is 

connected to LED driver, the current through each LEDs branch can be different due to the 

process variations exist in LEDs fabrication. This current mismatch can cause LEDs suffer from 

intense current stress and even degrade the reliability of automotive lighting system.  

On the other hand, the accuracy of the current source is critical because it determines the 

brightness of LEDs. Current fluctuations that can occur with voltage supply variations in 

vehicles must be avoided. 

1.2 Motivation 

The single-stage LED drivers are preferred in automotive applications because the high 

efficiency and flexibility in matching the wide variation in LED load requirements. However, the 

battery voltage transient caused by load dump requires the single-stage LED driver to support 

high input voltage. While the power efficiency and driver reliability will be degraded as the input 

voltage increases if conventional switching techniques are applied. On the other hand, LED 

drivers are supposed to operate at high frequency to reduce the value of required passive 
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components. However, the average LED current accuracy, which is tightly related to the 

brightness of LEDs, will be degraded when LED drivers operate at high frequency. Therefore, it 

is critical to investigate the effective ways to improve the power efficiency and current accuracy 

of HV-LED drivers. 

1.3 Organization 

The thesis is organized as follows. In chapter 2, operation principle and hysteretic current control 

scheme of DC-DC buck converters are reviewed. In chapter 3, introductions and design details of 

the proposed HV-LED driver with power efficiency and current accuracy enhancement 

techniques are presented and verified with simulation results. At last, the conclusion is made in 

chapter 4. 
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CHAPTER 2 

BACKGROUND REVIEW 

2.1 Overview 

In this chapter, design backgrounds and challenges of LED drivers for automotive applications 

are discussed. In section 2.2, the structure and operation principle of traditional synchronous DC-

DC buck converters are reviewed briefly. In section 2.3, the main switching power loss of the 

DC-DC buck converters that operate in hard-switching mode are analyzed. In section 2.4, the 

quasi-square-wave (QSW) soft-switching technique is introduced and the reason that QSW 

technique can eliminate the switching power loss is explained. In section 2.5, the hysteretic 

current control (HCC) scheme for LED current regulation is reviewed. In section 2.6, two 

previous state-of-the-art HV LED drivers are reviewed. Also, the advantage and disadvantages 

are summarized at the end. 

 

 

Figure 2.1. Structure of traditional buck converter (a) and its gate-drive waveforms (b) 
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2.2 Review of the operation principle of synchronous DC-DC buck converters 

Figure 2.1(a) shows the structure of traditional synchronous buck converter (also is known as 

buck converters). It contains a high side power transistor MH, a low side power transistor ML and 

a power inductor LM. Two pairs of parasitic body-diode and parasitic capacitor are anti-

paralleled between the drain and source terminal of each power transistor, respectively. In this 

figure, VGS,H and VGS,L stand for the gate-to-source voltage of MH and ML, VDS,H and VDS,L are 

the drain-to-source voltage of MH and ML, IH and IL are the current flowing from input and 

ground, respectively. ILM denotes the current flowing through inductor LM. Figure 2.1(b) shows 

the operation waveforms of VGS,H and VGS,L when the converter work in buck mode. As shown 

in this figure, VGS,H and VGS,L are two non-overlapping digital gate-drive signals which aim at 

driving the high-side and low-side power transistors to turn on or turn off. When VGS,H is “logic 

high” and VGS,L is “logic low” the high-side power transistor is turned on and the low-side power 

transistor is turned off. This time duration is called “Phase I”. On the contrary, the time duration 

when VGS,H is “logic low” and VGS,L is “logic high” is called “Phase II”. 

In order to avoid the large shoot-through current flows from VIN to ground when low-side and 

high-side power transistors are turned on simultaneously, a very short “dead-time” duration exist 

between each transition procedure of “Phase I” and “Phase II”. In the “dead-time” state, both 

high-side and low-side power transistors are closed. Theoretically, the duration of “dead-time” 

state is designed as short as possible to extend “effective” state which contains “Phase I” and 

“Phase II”. However, the actual “dead-time” normally is at least 10s of nanoseconds in real 

design due to the finite rising and falling speed of VGS,H and VGS,L. 

In order to illustrate the operation principle of DC-DC buck converters, the switching mechanism 

of each state will be presented in Figure 2.2. During the “Phase I”, the high-side power transistor 

is turned on and the power inductor LM is charging. The current is flowing from VIN through MH 

and LM to the load. Similarly, in the “Phase II”, the high-side power transistor is turned off and 

low-side power transistor is turned on. The power inductor LM is discharging and thus current is 

flowing from ground through ML and LM to the load. This switching mechanism is called as 

hard-switching. 
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2.3 The switching loss of hard-switching DC-DC buck converters  

Synchronous buck converters are one of the most popular converters because this simple 

topology has only two power transistors. The small numbers of power transistors enable the 

power conversion with potentially high efficiency. On the other hand, the buck converters are 

preferred for operating at a higher frequency to reduce the required volumes of discrete 

components. 

However, the power efficiency will drop as the switching frequency increases due to the non-

ignorable switching loss in buck converters [18]. Unfortunately, this switching loss is 

proportional to the switching frequency when converters operate in hard switching mode. In this 

section, the origins of switching losses in hard switching DC-DC buck converters will be 

discussed in details. 

Figure 2.2. Switching mechanism of buck converters in “Phase I” and “Phase II” 



 

9 

 

2.3.1 “V-I overlap” loss 

The main waveforms of the buck converters that operate in hard switching mode are illustrated 

in Figure 2.3. In accordance with the hard-switching theory mentioned earlier, the gate drive 

signal VGS,H and VGS,L are two non-overlapping gate-drive signals. The switching procedures are 

broken down into few parts so as to analysis the different voltage or current transient changes. At 

time t0, VGS,L starts to drop and the low side power transistor ML is about to turn off. During t0 

 

Figure 2.3. Main waveforms of buck converters that operate in hard switching mode 
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and t1, the ML is turned off and the inductor current ILM flows through the anti-paralleled body 

diode of ML until the high side power transistor MH is turned on when VGS,H increases to the 

threshold voltage (Vth) of the high side power transistor MH at the moment t1. During t1–t2, high 

side power transistor MH is turned on gradually and the high side current (IH) flowing from VIN 

through MH increases. When VGS,H is increased to the miller plateau voltage (Vpl) at time t2, the 

MH is completely turned on and IH reaches the steady value. In the meantime, the current flowing 

through the body diode of ML drops to zero. During t2–t3, the parasitic capacitor at the source 

terminal of MH (also to be the drain terminal of ML) is charged by IH and the VDS,L is increased 

from 0 to VIN and VDS,H is decreased from VIN to 0. As indicated in Figure 2.3, it’s apparently 

that the time overlapping toverlap (t1–t3) exists between the non-zero high side current IH and non-

zero drain-to-source voltage VDS,H of MH. The power dissipation during the overlapping time is 

known as “V-I overlap” loss. The “V-I overlap” loss can be calculated as 

 

  ( ) 0.5V I overlap IN LM overlap sP V I t f     (1) 




where VIN is the input voltage, ILM is the inductor current, toverlap is the V-I overlapping duration 

and fs is the switching frequency. On the other hand, the switching procedures at t4–t8 are almost 

the opposite behaves at t0–t3. The only difference is that the “V-I overlap” loss does not exist 

during t4–t8 because the voltage of switch node is discharged by inductor current to zero instead 

of the current flowing from the ground.  

In general, the “V-I overlap” loss is classified as switching loss because it happens every time 

when the high side power transistor MH is turned on directly. 

 

2.3.2 Output capacitance (Cp) loss 

The power loss due to the charge and discharge behaves of output capacitor (CP) of the switching 

node is called “output capacitance loss”. The output capacitance loss can be calculated with the 

following equation: 
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, ,

0

20.5

INV

C s DS L p DS L

p IN s

P f V C dV

C V f

 




    (2) 


where Cp is the parasitic capacitor at switch node, VIN is the input voltage and fs is the switching 

frequency. This output capacitance loss can be considerable when input voltage and switching 

frequency are high. 

Assuming a buck converter can handle the input voltage up to 100V in 10s of Watt application 

and the typical output capacitance of power MOSFETs is about 300 pF, the simulated output 

capacitance loss (PC) waveforms under different input voltage and switching frequency 

conditions are illustrated in Figure 2.4. The output capacitance loss (PC) obeys the square law 

relationship with input voltage VIN. If VIN is 100 V, the output capacitance loss (PC) would 

increase from 0.6 W to 6 W when the switching frequency increases from 200 KHz to 2 MHz. 

When the switching frequency is further increased to 5 MHz, the output capacitance loss (PC) 

can be as large as 15 W which significantly degrades the overall power efficiency. 

 

 

Figure 2.4. Simulated PC under different input voltage and switching frequency 
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2.3.3 Other switching losses 

The main parts of switching loss in DC-DC buck converters operate with hard switching 

mechanism have been discussed above. In actual, there are other forms of switching loss 

including gate charge loss, body diode reverses “conduction” loss and reverses recovery loss. 

However, these losses occupy only small parts of switching losses and thus can be neglected in 

most cases. 

 

2.4 The quasi-square-wave (QSW) soft-switching technique 

As mentioned in the last section, the power loss can be prominent when the input voltage is 

 

 

Figure 2.5. Structure and main waveforms of traditional buck converters that operate in 

soft switching mode 
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increased to tens or hundreds of volt. In order to reduce the switching loss, soft-switching 

techniques [19]–[22] are adopted in high voltage (HV) DC-DC converters design. Especially, the 

Quasi-square-wave (QSW) technique [22] is one of the most popular schemes to eliminate the 

switching losses among the HV DC-DC converter with a good trade off control complexity and 

voltage (or current) stress on power devices. Actually, the soft-switching technique can be 

adopted into traditional buck converters as long as the inductor current ripple is at least 2 times 

larger than the average inductor current. In other words, the negative inductor current which is 

opposite to load current should be allowed during the certain time duration. Figure 2.5 shows the 

structure and main waveforms of traditional buck converters that operate in soft switching mode. 

Compared to the hard-switching situation, there is no non-zero voltage and current overlapping 

during t2–t3. Figure 2.6 shows the basic profile of inductor current (ILM). As shown in this figure, 

the inductor current becomes negative during t2–t3 and is used to charge the parasitic capacitor at 

switch node so that the VDS,H can drop to zero before the MH is turned on, which avoid the 

generation of power loss due to “V-I overlapping”. 

Although the QSW technique can be employed into traditional buck converters, the power 

efficiency improvement benefit is degraded by the large current ripple that required on power 

 

Figure 2.6. Inductor current of traditional buck converters that operate in soft 

-switching mode 
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inductor. If a large current ripple is applied to the power inductor LM, the value and volume of 

required output capacitor are increased.  

Therefore, an auxiliary branch is paralleled between the drain and source terminal of high side 

power transistor MH to solve the problem above. Figure 2.7 shows the structure of buck 

converters with LC resonant auxiliary branch.  The operation principle is similar to the 

traditional buck converters that operate in soft switching mode. However, the main difference is 

 

Figure 2.7. Structure of buck converter with LC resonant auxiliary branch 

 

 

 

Figure 2.8. Current waveforms of the main inductor LM  

and auxiliary inductor LAUX 
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that the “negative” inductor current is not provided by main inductor LM but the auxiliary 

inductor LAUX. The inductor current waveforms of the main inductor LM and the auxiliary 

inductor LAUX are illustrated in Figure 2.8. As shown in this figure, the large current ripple is 

mainly flowing through auxiliary branch instead of the main inductor. And the effective 

“negative” current is equal to IAUX-ILM during t2–t3. 

2.5 Hysteretic current control (HCC) 

Hysteretic current control was adopted in [23]–[25] and it becomes more and more popular 

among LED drivers designs because it enables better current accuracy for LED driver. However, 

the presence of high side power diode degrades the power efficiency and so that synchronous 

buck converter with HCC scheme was proposed later. Figure 2.9 shows the structure of the 

conventional HCC synchronous buck LED driver. The power stage contains two nMOS power 

transistor (MH and ML), a power inductor (Lo) and an output capacitor (Co), which is the same as 

buck converters. The controller part contains two comparators, two voltage buffers, a “logic &R-

S Flip flop” block and a current sensor. The current sensor is used to sense current signal on 

power inductor and then convert to the sensed voltage signal. 

The operation principle is explained as follow. The current sensor will sense the inductor and 

output a sensed voltage. This sensed voltage will be compared with two pre-set voltage VPK and 

VVY so that two clock signal are generated and then be inserted into the logic block. The logic 

block, which includes the R-S flip-flop, will output the low side and high side gate drive signal. 

The low side gate drive signal will drive the low side power transistor ML through the low side 

buffer. On the other hand, the high side gate drive signal will drive the high side power transistor 

MH through the level shifter and high side buffer.  

Since the value of sensed voltage is restricted between VPK to VVY, the inductor current value is 

also restricted between IPK and IVY and since the inductor current is a triangle waveform so that 

the average sensed voltage is set at (VPK+VVY)/2 and also the average value of LED current (Iavg) 

is set at (IPK+IVY)/2. 
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Figure 2.10 shows the inductor current waveforms of LED driver with HCC scheme. If the peak 

and valley current reference are set, the average inductor current will always be (IPK+IVY)/2 even 

if the switching periods (TS) are different. 

Another advantage of the HCC scheme is that the average LED current is theoretically 

independent of input and output voltage. Thus, the HCC scheme is suitable for driving different 

numbers of LEDs under a wide range of input voltage. Also, Iavg can be expressed as 

 

Figure 2.9. Structure of LED drivers with conventional hysteretic current control 

 

 

Figure 2.10. Inductor current waveforms of LED driver with HCC 

scheme under different switching period Ts 
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where tH and tL stand for the on-time of the high side power transistor and low side power 

transistor, respectively. VIN is the input voltage, VO is the output voltage and L is the main 

inductor value. 

On the other hand, the switching period Ts and switching frequency fs can be deduced as 
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(4) 




where Iripple is the current difference between IPK and IVY of the main inductor. 

 

As indicated by (3) and (4), the switching frequency (fs) varies with the different input voltage, 

output voltage inductor value, and current ripple value. For simplicity, Figure 2.11 shows the fs 

versus VO and fs versus VIN while other parameters are fixed, respectively. When output voltage 

increases to half of the input voltage, the switching frequency is highest compared to other input 

voltage conditions but the switching frequency (fs) always increase as the input voltage increases.  

 

 

Figure 2.11. Relationship between switching frequency and input voltage or output 

voltage 
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2.6 Previous state-of-the-art HV LED drivers 

A previous LED driver with dual-nMOS-sensing based synchronous current control was 

proposed in [26]. The LED driver consists of a high-speed low-power HV synchronous for dual-

nMOS power train rectifying, which can reduce the power loss caused by high side power diode 

in asynchronous design. On the other hand, two on-chip sensing FETs are adopted to sense the 

peak and valley current of power inductor for hysteretic current control. However, the on-chip 

current sensing technique has the can only support the LED driver operate up to 4MHz because 

of the finite bandwidth of sensing feedback loop. Moreover, a large voltage glitch could exist in 

the setup procedure of on-chip sensing technique. Thus, the author proposed the glitch-tolerant 

synchronous current control (GT-SCC) to solve this problem. In the GT-SCC scheme, a 

minimum on-time is set to blank the “unstable state” caused by the glitch. However, the 

switching frequency and duty ratio are restricted if a large on-time is applied. The LED driver 

proposed in [26] is able to drive 1 to 12 LEDs with the input voltage of 5V–45V when a small 

inductor of 8.2-μH is used and good current accuracy of ±3.3% is achieved. 

 

Figure 2.12. Previous HV synchronous LED driver in [26] 
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Figure 2.13. Previous wide-input HV synchronous LED driver in [27] 

 

Also, another wide-input-range HV LED driver that could support the input voltage up to 115 V 

and drive up to 25 LEDs was proposed in [27]. The reported HV LED driver can be 

automatically configured to operate in the soft-switching mode when the input voltage is higher 

than 42V. Also, zero voltage detection technique is employed to control the duration of dead-

time adaptively for reducing the dominant switching loss in LED driver. However, a large 

current ripple is placed on the main inductor to fulfill the zero voltage switching (ZVS) operation 

and thus the current accuracy of series LEDs is degraded significantly. Therefore, a large 

inductor of 39-μH is applied and the switching frequency is decreased to improve the current 
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accuracy to ±6.2%. The performance comparisons of these two previous reported LED drivers 

are summarized in Table 2.1. 

 

Table 2.1. Comparisons of previous published HV-LED drivers 

 JSSC ’15 [26] JSSC ’16 [27] 

Process 0.35μm 50V CMOS 0.5μm 120V CMOS 

Input Voltage (V) 5–45 5–115 

Switching Mode Hard Switching Hard/ Soft Switching 

Average LED Current 

(mA) 
700 350 

No. of Drivable LEDs 1–12 1–25 

Max. Output Power (W) 26 25 

Switching Frequency 

(MHz) 

≤4 MHz 
≤2.2 MHz (HS mode) 

≤1.6 MHz (SS mode) 

Inductor (μH) 8.2 / 39 10 / 39 

LED Current Accuracy 

(LED No.) 

±2.8% (1–10) 

±3.3% (1–12) 

±2.3% **(1–10, HS) 

±6.2%* (3–25, SS) 

±31%** (3–25, SS) 

Max. Power Efficiency 97.2%* 
93.6%** (HS mode) 

93.4% *(SS mode) 

* Data measured with 39µH inductor 

* *Data measured with 10µH inductor 
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CHAPTER 3 

DESIGN OF THE PROPOSED HV- LED DRIVER WITH POWER EFFICIENCY AND 

CURRENT ACCURACY ENHANCEMENT TECHNIQUE 

3.1 Overview 

In this chapter, the power efficiency and current accuracy enhancing technique will be 

introduced and adopted into the HV-LED driver which is suitable for driving single-string LEDs 

under wide input voltage range (from 5V to 100V). In section 3.2, the system architecture of the 

proposed HV- LED driver with power efficiency and current accuracy enhancement will be 

introduced. In section 3.3, the fast response HV level shifter which includes a level-up shifter 

and a level-down shifter is proposed. In section 3.4, the origins of inductor-current-deviation and 

the adaptive peak & valley (APVC) reference compensator are proposed. In section 3.5, the 

Figure 3.1. System architecture of the proposed HV- LED driver with power efficiency 

and current accuracy enhancement techniques 
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simulation verifications and the summary of the HV-LED driver are given, respectively. 

3.2 The proposed HV- LED driver with power efficiency and current accuracy 

enhancement 

Figure 3.1 shows the system architecture of proposed LED driver. The LED driver is designed 

basing on synchronous DC-DC buck power stage with auxiliary LC resonant branch. Both the 

high-side switch MH and low-side switch ML are realized by HV gallium nitride (GaN) 

transistors with the consideration of its on-resistance and parasitic capacitance advantages over 

HV Si-MOSFET. The auxiliary switch is implemented by the on-chip thin-oxide HV transistor 

because it does not have the switching behaves frequently. A dynamic HV level shifter 

(DHVLS), which enables the signal level shift-up and shift-down, is adopted for high-speed 

logic control. The proposed LED driver also includes high-side and low-side ZVS detectors for 

detecting the voltage of switch node to fulfill soft-switching. Moreover, an HV current emulator 

and an adaptive peak & valley compensator (APVC) are employed to increase the LED current 

accuracy. At last, the synchronous current controller, hard/soft switching mode generator and 

adaptive timing controller are adopted for proper logic processing and switching mode decision. 

The details of main blocks will be introduced in the next sections. 

 

3.3  Design of the proposed dynamic HV level shifter (DHVLS) 

In the HV CMOS process, the maximum allowable gate-to-source voltage (VGS) is smaller than 

the voltage across drain-to-source (VDS). As to the technology used in the proposed design, the 

maximum allowable (VDS) for thin-oxide HV transistor is 120 V and the maximum gate-to-

source voltage (VGS) is only 5 V. This creates the difficulty of properly driving the high-side 

power transistor MH as the gate control signal swing is in the range of 0–5V and has to be 

referenced to the switching node (also to be the source terminal of MH at high side) which can 

swing from 0-VIN [28]. The same problem also exists when a high-side signal is needed to be 

shifted to low-side. Actually, the level shifter is the dominant logic processing block and the 

delay of the level shifter is the main restriction on how fast the converter can operate. Therefore, 
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the level shifter is a critical component in HV converter. On the other hand, designers prefer 

dual-NMOS power train rather than CMOS powertrain due to the larger mobility of electron 

which enables a smaller area of NMOS than PMOS under same on resistance condition. 

However, level shifter design for dual-NMOS power train is more challenging because of the 

relatively longer delay and weaker noise immunity. 

 

3.3.1 Traditional HV level shift-up scheme 

Fig.3.2 shows the structure of the traditional high-voltage level-up shifter, which is able to shift 

the pulse signal VG1, LS from the low voltage power rail (0–VDDL) to high voltage power rail 

(VIN–VIN+VDDL). The conventional HV level shifter contains an HV-nMOS isolation pair (M1, 

M2), an isolated LV current comparator (M3-M8), an LV-nMOS differential pair (M9-M10), an 

isolated LV buffer and a static current source IQ.  The operation principle of the traditional level 

 

Figure 3.2. Schematic of the conventional HV level-up shifter 
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shifter can be described as follow. Firstly, the input signal VG1,LS, and the inverted signal        ̅̅ ̅̅ ̅̅ ̅̅  

are fed into the gate of M9 and M10, respectively. During the logic high interval of the input 

signal VG1,LS, transistor M9 is turned on. Since the gate terminal of M1 is tied to VDDL, the node 

voltage VA will be pull down as M9 and M1 are turned on. Meanwhile, transistor M10 is turned 

off because the signal        ̅̅ ̅̅ ̅̅ ̅̅  is logic low at this time and the node voltage VB will be pulled up 

close to VBOOT. The voltage difference of VA and VB will be mirrored to VC and VD within the 

high voltage power rail (VIN–VIN+VDDL). 

The traditional level-up shifter utilizes two normally on HV transistors to isolate the low voltage 

logic and high voltage logic. However, the logic delay is relative long (can be in the level of 100s 

of ns) due to the existence of parasitic capacitance of node A and B and limited current sourcing 

capability IQ. Therefore, the conventional HV is not suitable for converters to operate at high 

switching frequency. Moreover, large power consumption degrades the power efficiency because 

of the static current IQ flowing from VBOOT to ground. 

 

3.3.2 The proposed dynamic HV level-up shifter 

To address the issues of the traditional HV level-up shifter, the latch-based HV level-up shifter is 

proposed. Figure 3.3 shows the structure of the proposed latch-based HV level-up shifter for high 

speed and high power efficiency level-up shifting. Unlike the traditional level-up shifter, the 

proposed doesn’t rely on the static current source to maintain the proper shifting function. The 

operation principle is presented as follow. Firstly, two short pulses VRE and VFE that 

corresponding to the rising and falling edge of the low side input signal VG1,LS are generated 

through the short-pulse-generator. These two short pulses are fed into the gate of two HV 

transistors M1 and M2. The diode-connected M3 and M6 are used to determine the voltage of 

node VAL and VAR during the pulse interval of VRE and VFE, respectively. After that, a simple bi-

stable element which is constructed with two isolated LV inverters (M9–M12) that connected 

sequentially in a loop is paralleled between the drain terminal of M1 and M2. And then the VAL 

and VAR are fed into the current mirror based comparator (M3–M8). 
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Figure 3.3. Schematic of the proposed HV level-up shifter (a) and the main operation waveforms 
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At last, a buffer stage is inserted between the comparator output and high-side shifted signal 

(VG1,HS). The operation principle is explained as follow. When M2 is turned on during the 

interval of VRE, the voltage VAR will drop to VX due to the dynamic discharging current ID. 

However, with the high rising slope (dv/dt) of VX, the VAR can decrease further to VX -0.7 V 

because of the clamping effect of body diode DB4. Meanwhile, the voltage of VAL will increase to 

VX+VDDL because it is driven by the inverter (M9 and M10) since the M1 is turned off. When M1 

is turned on during the interval of VFE, the voltage VAL will drop to VX due to the dynamic 

discharging current ID. Meanwhile, the voltage of VAR will increase to VX+VDDL because it is 

driven by the inverter (M9 and M10) since the M2 is turned off. And the VAR can increase further 

with the high falling slope (dv/dt) of VX and will be clamped at VX +VDDL+0.7 V by the body 

diode DB1. The voltage VAL and VAR will be compared by the current mirrored based comparator 

and the high side digital signal is VDR regenerated. At last, the VG1,HS is generated with buffer. 

 

Figure 3.4. Simulated transient waveforms of the proposed HV level-up shifter 
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Figure 3.4 shows the simulated transient waveforms of the proposed HV level-up shifter. The 

rising edge and falling edge propagations of the level-up shifter are 2.1 ns and 1.9 ns, 

respectively. Also, the voltage swing of VAL and VAR can be restricted to a safe area under the 

clamping effect of body diode even if a high dv/dv (50V/ns) is employed at switch node VX. On 

the other hand, the duration of VRE and VFE are only 14.6 ns and 11.7 ns. The average static 

current consumption is reduced to only 60μA with the 1-MHz input signal. More importantly, 

the small propagation delays of the latch-based HV level-up shifter enable high-speed operation 

of HV-LED drivers. 

 

3.3.3 The proposed HV level down shifter 

In some cases, the high side signal needs to be shifted to low-side which is referenced to switch 

node Vx. 

 

Figure 3.5. Schematic of the proposed HV level-down shifter 
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Figure 3.5 shows the structure of the proposed latch-based HV level down shifter for high speed 

and high power efficiency level-down shifting. Basically, the level down shifter is the upside-

down version of the level-up shifter. The operation principle is presented as follow. Firstly, two 

inverted short pulses VRE and VFE corresponding to the rising and falling edge of the input signal 

VG1,HS are generated through the short-pulse-generator. These two inverted short pulses are fed 

into the gate of two HV transistors M1 and M2. Another two HV transistors M3 and M4 are 

always on to isolate the high side signal and low side signal. The diode-connected M5 and M8 are 

used to determine the voltage of node VAL and VAR during the pulse interval of VRE and VFE, 

respectively. After that, a simple bi-stable element which is constructed with two LV inverters 

that connected sequentially in a loop is paralleled between the source terminal of M3 and M4. 

And then the VAL and VAR are fed into the current mirror based comparator (M3–M8). At last, a 

buffer stage is inserted between the comparator output and low-side shifted signal (VG1,LS). 

 

Figure 3.6. Simulated transient waveforms of the proposed HV level down shifter 
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Figure 3.6 shows the simulated transient waveforms of the proposed HV level down shifter. The 

rising edge and falling edge propagations of the level-up shifter are 2.6 ns and 3.1 ns, 

respectively. The HV level down shifter operates well even if a high dv/dv (50V/ns) is employed 

at switch node VX. On the other hand, the duration of VRE and VFE are only 16.7 ns and 17.7 ns. 

The average static current consumption is reduced to only 30μA with the 2-MHz input signal. 

 

3.4 Adaptive peak & valley current compensation 

In this section, the origin and influence of inductor current deviation are analyzed at first. And 

then, the advantages of power stage with LC auxiliary branch are discussed. At last, the proposed 

adaptive peak & valley reference compensator is proposed to improve the current accuracy of 

LED drivers. 

3.4.1 Origin and influence of the inductor current deviation 

Modern automotive LED drivers are preferred to operate at higher switching frequency so that 

the value and volume of passive components can be reduced. However, the regulation of 

inductor would have an error or even be failed due to non-ignorable system delay when the 

switching frequency is too high.  

The origins of inductor current deviation in hard-switching LED drivers are explained. As 

mentioned earlier, the main inductor current (IL) of the HCC based LED driver is a triangular 

waveform. When the high-side power switch is turned on, the inductor current would increase 

linearly with time. When inductor current hits the pre-set high boundary (IRH), the controller 

would generate a signal to turn off the high-side power switch to halt the current increasing. 

However, the controller would always response slightly later when the inductor current hits the 

boundary because of system propagation delays (td) which include the comparator delay, logic 

delay, and other delays. This would cause the real peak inductor current (IPK) be always larger 

than pre-set current reference value (IRH). Similarly, the situation would also happen when low 

side power switch is not turned off timely when the valley current (IVY) hits the pre-set boundary 
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(IRL). And thus, the real valley inductor current (IVY) is always slightly smaller than pre-set 

current reference value (IRL).  

Figure 3.7 shows the situations of inductor current deviation cases with same propagation delay 

td =10ns under different switching frequency or current ripple conditions. The current rising time 

is set at 50% of switching period. As shown in this figure, when switching frequency is 200 kHz, 

the system propagation delay 10ns is negligible compared to switching period and thus the 

current deviation is invisible. However, when switching frequency is increased by 10 times from 

200kHz to 2MHz, the current overshoot and undershoot are prominent, which could degrade the 

average current accuracy. On the other hand, if the switching frequency and system propagation 

delay are fixed, the current deviation will still increase significantly as the magnitude of main 

inductor current ripple is increased from 0.2A to 2A. 

 

Figure 3.7. Inductor current deviation cases with same propagation delay under different 

switching frequency or current ripple conditions 
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On the other hand, the current deviation can be also affected by the current slope of inductor and 

ZVS condition, which is indicated by Figure 3.8. When the absolute value of current rising slope 

(Kr) is larger than current falling slope (Kf), the current deviation from the peak would be larger 

than the valley. On the contrary, the valley current deviation becomes larger if current falling 

slope (Kf) is larger. On the other hand, the current deviation could further increase during the 

relative long dead-time if the LED driver operates with the soft-switching mechanism. 

Fortunately, this current deviation can be neglected if a short dead-time is applied. 

 

 

Figure 3.8. Inductor current deviation caused by the different current slope of inductor and ZVS 

condition 

 

In general, the current error is mainly caused by the system propagation delays, current ripple 
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can be neglected and thus the average inductor current accuracy can be improved. When 

switching frequency is decreased, a large value of the off-chip inductor is required. On the other 

hand, a large output capacitor is needed to suppress the output voltage ripple as well. Otherwise, 

the voltage variation on each LED will cause the variation of LED current. This impact will 

become more apparent when large numbers of LED are in series as the load. 

 

Figure 3.9. Inductor waveforms of traditional buck topology and the buck topology with 

auxiliary LC resonant branch 
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range of MHz. Therefore, the idea to generate adaptive peak & valley references to compensate 

the current variations is promising for obtaining better current accuracy. Actually, the methods to 

generate adaptive reference were proposed in [29] and [30] to compensate the delay for ramp 

generator and a relaxation oscillator. This approach can also be migrated to LED driver for 

improving the average inductor current accuracy. 

 

Figure 3.10. Schematic of the proposed peak & valley reference (APVC) compensator 

 

Figure 3.10 shows the schematic of the proposed adaptive peak & valley reference compensator. 

It contains the two voltage comparator, an R-S latch, a logic core, four transmission gates, two 
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VRL, respectively. For simplicity, the operating principle for the lower branch will be explained 

as an example. Two transmission gates and two capacitors compose a voltage replicator to 

sample the valley voltage of sensed voltage Vsense. The valley value of Vsense will be finally 

copied to V2 with the proper timing control of Φ1 and Φ2. Figure 3.11 shows the key waveforms 

of the lower branch in detail.  

 

 

Figure 3.11. Key waveforms of the lower branch of the proposed APVC compensator 
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is transferred to V2 as the second transmission gate is turned on by a short pulse of Φ2. And then, 

the voltage value of V2 will be compared with pre-set value VRL. As mentioned earlier, the valley 

value of Vsense is smaller than VRL (the difference is labeled as ΔIH) due to the system 

propagation delays. However, with the function of negative feedback amplifier OTA1, the output 

voltage of OTA1 will be slightly higher so that the comparator at the lower branch will be 

triggered slightly earlier.  

As shown in Figure 3.11, with few cycle’s regulation, the voltage difference ΔIH will finally 

become zero. In other words, the tripping voltage of comparator at the lower branch will be 

regulated at VVY so that the valley voltage of Vsense is equal to the pre-set valley value VRL. 

 

 

Figure 3.12. Key waveforms of the upper branch of the proposed APVC compensator 
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Also, the similar operation principle can also apply to the upper branch. As shown in Figure 

3.12, the peak deviation ΔIL finally becomes 0 in few cycles so that the final peak value of Vsense 

will be regulated as pre-set peak boundary VRH. 

The waveforms of the sensed voltage and corresponding control signals of the proposed APVC 

in steady state are illustrated in Figure 3.13. When the APVC comes into the steady state, the 

peak deviation and valley deviation are both zero. The falling edge of Φ1 will be aligned with the 

time when Vsense drops to the valley value and the falling edge of Φ3 is aligned with the time 

when Vsense increases to the peak value. Φ2 is the non-overlap holding signal for voltage 

replicating. 

 

Figure 3.13. Waveforms of the sensed voltage and control signals of the proposed APVC in 

steady state 

 

Vsense

VRH

VRL

t

Φ1

0

VPK

VVY

Φ2

Φ3

Φ1

Φ2

Φ3



 

37 

3.5 Simulation results and discussions 

The proposed HV LED driver is simulated with a 0.5 μm 120V technology. A 6.8-μH main 

inductor, a 2-μH auxiliary inductor, and a 500-nF auxiliary capacitor are used in the proposed 

LED driver. Both the high-side switch MH and low-side switch ML are two HV gallium nitride 

(GaN) transistors. The auxiliary switch is an on-chip thin-oxide MOSFET. Also, a 220nF output 

capacitor is adopted at the output to reduce the voltage ripple. The forward voltage for each LED 

with 350 mA conduction current is modeled as 2.9V. 

Figure 3.14 shows the simulated main waveforms of the proposed LED driver operates in hard-

switching (HS) mode when VIN is 40V and 10 LEDs are applied as a load. As shown in this 

figure, the average inductor current is 350 mA under VIN of 40 V in the hard-switching mode. 

The dead-time durations of VGS,H and VGS,L are 5.5 ns and 12.0 ns. 

 

 

Figure 3.14. Simulated main waveforms of the proposed LED driver in HS mode when VIN = 

40V, 10 LEDs. 
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Figure 3.15. Simulated main waveforms of the proposed LED driver in SS mode when VIN = 

100V, 3 LEDs. 

 

In the Figure 3.15, the main waveforms of the proposed LED driver in steady-state are presented. 

This figure illustrates the LED driver can work properly with Iavg of 350 mA when the input 

voltage is 100V and the load has only 3 LEDs. As shown above, the VGS, L is increased from 0 to 

5 V after the VX settles to 0 V and the dead-time duration is 4.6 ns, which indicate the low-side 

ZVS is achieved. Similarly, the VGS, H is increased from 0 to 5 V after the VX settles to 100 V 

and the dead-time duration is 16.5 ns, which indicate the high-side ZVS is fulfilled. The ZVS 

(soft-switching) operation enables higher power efficiency for HV LED driver. 

Figure 3.16 depicts the simulated main waveforms of the proposed LED driver when the 

switching frequency is highest among other cases. In this case, the input voltage is 100 V and 17 

LEDs are connected in series at the output. As shown in this figure, the LED current is regulated 

as the same value of 350 mA and ZVS operation for both high- and low- side is fulfilled when 

the switching period is as short as 125 ns. 
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Figure 3.16. Simulated main waveforms of the proposed LED driver in SS mode when VIN = 

100V, 17 LEDs. 

 

 

Figure 3.17 shows the simulated average LED current under a wide input ranging from 5 V–100 

V, numbers of output LEDs from 1 to 25 and different switching modes. As shown in this figure, 

the variation of Iavg is ±1.5% of the nominal 350 mA when the input voltage is up to 40 V and the 

LED driver operates in HS mode and the number of output LEDs varies from 1–10. On the other 

hand, the variation of Iavg is increased when the input voltage is up to 100 V and the LED driver 

operates in SS mode with the number of output LEDs varies from 3–25. However, with the help 

of the proposed APVC, the current deviation is suppressed within ±3% of the nominal 350 mA. 

 

Figure 3.18 shows the simulated power efficiency under a wide input ranging from 5 V–100 V, 

numbers of output LEDs from 1 to 25 and different switching modes. As shown in this figure, 

the peak efficiency of the LED driver is 92% with the input voltage of 15 V and 4 output LEDs.  
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Figure 3.17. Simulated average LED current of the proposed LED driver under different input 

voltages, different numbers of output LEDs, and different switching modes 

 

In this case, the LED driver operates at HS mode. For SS mode, the peak efficiency of the LED 

driver is 91.1% with the input voltage of 90 V and 25 output LEDs. As indicated by this figure, 

the power efficiency drops fast as input voltage increases when LED driver operates with HS 

mode. However, when SS mode is applied when the input voltage is larger than 40 V, the power 

efficiency is improved apparently. 
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Figure 3.18. Simulated power efficiency of the proposed LED driver under different input 

voltages, different numbers of output LEDs, and different switching modes 
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Table 3.1. Performance Comparison of Different HV-LED Drivers 

 

* Data measured with 39µH inductor 

 

 JSSC’ 14 

[14] 

JSSC’ 15 

[26] 

JSSC’ 16  

[27] 

This Work 

Process 0.35µm 

50V CMOS 

0.35µm 

50V CMOS 

0.5µm 120V 

CMOS 

0.5µm 120V 

CMOS 

Power Switches 50V Power 

MOSFETs 

50V Power 

MOSFETs 

120V Power 

MOSFETs 

100V eGaN 

FETs 

Input Voltage(V) 10–40 5–45 5–115 5–100 

Switching Mode Hard 

Switching 

Hard 

Switching 

Hard/ QSW 

Soft Switching 

Hard/ QSW 

Soft Switching 

Average LED 

Current (mA) 

345 700 350 350 

No. of Drivable LEDs 1–10 1–12 1–25 1–25 

Max. Output 

Power(W) 

10 26 25 25 

Switching Frequency ≤1 MHz ≤4 MHz ≤2.2 MHz (HS 

mode) 

≤1.6 MHz (SS 

mode) 

≤4 MHz (HS 

mode) 

≤8 MHz (SS 

mode) 

Inductor (µH) 22 / 39 8.2 / 39 10 / 39 6.8+2 

Output Capacitor 

(µF) 

N. A. 0.1 0.22 0.22 

LED Current 

Accuracy (LEDs No.) 

±2.8% 

(2–10) 

±2.8% (1–

10) 

±3.3% (1–

12) 

±2.3% (1–10, 

HS) 

±6.2%* (3–25, 

SS) 

 

±1.5% (1–10, 

HS) 

±3.0% (3–25, 

SS) 

Max. Power 

Efficiency 

92.5%* 97.2%* 93.6% (HS 

mode) 

94.4%* (SS 

mode) 

92.0% (HS 

mode) 

91.1% (SS 

mode) 
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CHAPTER 4 

CONCLUSION 

In automotive lighting system, the LEDs are preferred due to its advantages of efficiency, 

volume, and durability over the filament-based light bulbs. However, the LED drivers which 

provide constant current or LEDs are required to support high voltage when the single-stage 

solution is applied. This work has focused on the details of analyzing the reasons for power loss 

and inductor current deviation of HV-LED drivers. 

The QSW soft-switching technique is adopted into the LED driver when a high input voltage (> 

40 V) is applied. The soft-switching technique eliminates dominant parts of switching losses for 

improving the power efficiency. Compared to the previous soft-switching LED driver work, a 

small auxiliary inductor is used to provide the negative current for fulfilling ZVS operation. 

Moreover, inductor current deviation is reduced because of smaller inductor current ripple on the 

main inductor. 

On the other hand, an adaptive peak & valley reference compensator (APVC) is proposed to 

improve the average inductor current further. The APVC can manipulate the peak & valley 

reference adaptively according to the system propagation delay.  

With the help of power efficiency and current accuracy enhancing technique, the LED driver is 

able to have the peak power efficiency of 92% and 91.1% when it operates in HS and SS mode, 

respectively. While the corresponding average LEDs current accuracies are ±1.5% and ±3.0%, 

respectively. 

The proposed LED driver is suitable for high power-efficiency and high current accuracy 

automotive lighting system with a single-stage driving solution. 
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