
ABSTRACT 

YANG, LIYU. Techniques to Improve the Performance of Wide Operation Range DC-
DC Converters. (Under the direction of Dr. Alex Q. Huang.) 
 
A lot of DC-DC converters need to work with a wide operation range. It is challenging 

for people to achieve a good performance for wide operation range DC-DC converters 

because of two major reasons. Firstly, when the operation range is wide, the power stage 

working condition of the DC-DC converter has a big variation. Secondly, a good 

technique to improve one part of the performance can be bad for another part of the 

performance. Many techniques have been proposed in the literature to improve the 

performance of wide operation range DC-DC converters. However, there are still topics 

which require more research, and more novel techniques can be proposed to further 

improve the performance of wide operation range DC-DC converters. This dissertation 

moves forward along this path and makes the following contributions to this research 

topic. (1) A solution is proposed for the large output voltage variation problem when the 

spread spectrum function is enabled. This practical clock and ramp generation circuit can 

eliminate this problem, and allows both the input voltage feed-forward function and the 

spread spectrum function to be easily implemented together in common IC processes. (2) 

An adaptive external ramp control method is proposed to improve the bandwidth of peak 

current mode controlled Buck converters with wide operation range. The transient 

response is significantly enhanced. (3) The controller design issues are analyzed and the 

solutions are proposed and verified for Buck converters with phase shedding and adaptive 

voltage positioning functions. (4) The adaptive device size method is proposed to be 

applied to a wide operation range regulated charge pump to improve its light load 

efficiency without sacrificing the output ripple. 
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Chapter 1 . Introduction 

 

1.1. Introduction and motivation 

 

The DC-DC converter is one of most common types of electric power converters. It takes 

a DC source, either regulated or unregulated, as input, and provides one or more DC 

voltages at the output. In most cases, the output is regulated. DC-DC converters are used 

everywhere in people’s daily lives and in many industries.  

 

A lot of DC-DC converters need to work with a wide operation range. Some of them have 

regulated input and output voltages, while the output load current has a wide range. 

Examples are the voltage regulators for the CPU of computers. Some of them have 

unregulated input as well. Examples are those using batteries as input. Some of them have 

an even wider operation range for their input voltage, output voltage, and load current. A 

lot of commercial DC-DC controllers or converters have the ability to work with this kind 

of wide operation range. Some of these converters are listed in Table 1-1. 

 

If the DC-DC converter’s operation range is narrow, i.e., fixed input voltage, fixed output 

voltage and relatively stable load current, it is easy to design a control loop with a high 

performance. In other words, the control bandwidth can be high, the transient response 

can be fast, the efficiency can be optimized, and even the compensator can be integrated. 
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Table 1-1 Operation range of some commercial DC-DC converters 

 
Commercial DC-

DC converters 
Vin Vout Iout 

TPS54362 3.6-48V 0.9-18V 0-3A 

MAX8655 7-28V 0.7-12V 0-25A 

LT3972 3.6-33V 0.79-30V 0-3.5A 

LM22674 4.5-42V 1.285-5V 0-0.5A 

LT3493 3.6-36V 0.78-12V 0-1.2A 

 

However, many applications in real life require DC-DC converters to have a high 

performance over a wide operation range. There are several reasons for the operation 

range to be wide. Firstly, the fast pace of the development of VLSI technology increases 

the load into the hundred amperes range [ 1 ] -[ 2 ]. Yet, when the VLSI circuit goes into 

standby mode or sleep mode, the power consumption or the load current to the DC-DC 

converter is extremely low. Secondly, portable electronic products are becoming more 

and more popular, and they are powered by batteries in most cases [ 3 ]. For portable 

electronic applications or for other battery-powered applications like the automobile, the 

input source to the DC-DC converter has a wide range. Thirdly, from the viewpoint of 

DC-DC converter or controller IC manufacturers, if they can design the DC-DC converter 

or controller IC to have a high performance for a wide operation range, they can win 

more customers. 
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Some of the common desirable performance for DC-DC converters can be listed here: 

good efficiency for heavy load and light load, fast transient response or high control band 

width, easy compensation design or even integrated compensator, and low Electro-

Magnetic Interference (EMI). 

 

When the operation range is wide, it is challenging for people to obtain the above 

performance because of two major reasons. Firstly, when the operation range is wide, the 

power stage working condition of the DC-DC converter has a big variation. In other 

words, the control plant for the compensator design has a big variation, which makes it 

difficult to design a single compensator to obtain good control performance over the 

entire operation range. 

 

Secondly, a good technique to improve one part of the performance can be bad for 

another part of the performance. For example, for higher control bandwidth, the switching 

frequency needs to be high, but this is not desirable in an efficiency point of view. For 

example, if the compensator is integrated and fixed, it is difficult to obtain a high 

bandwidth for all the operating conditions. Another example is that the devices with small 

on-state resistance are good for heavy load efficiency. But normally they have large gate 

capacitance too, which is not good for light load efficiency. 

 

Based on the above discussion, it is clear that there are big challenges in designing high 

performance DC-DC converters with a wide operation range. However, people are still 

continuing to come up with good techniques to allow the wide operation range converters 

to have a high performance. Some examples of these techniques are listed below. 
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For DC-DC converters with a wide load range, people were mainly focusing on the full 

load efficiency. The reason is that the full load efficiency determines the maximum loss 

and heat, and therefore the size of the heatsink, and the power density. However, the light 

load efficiency is becoming a more and more important specification as well. This is 

especially true in the case of battery-powered applications. The light load efficiency 

determines the time duration that a battery-powered equipment can stay in the standby 

mode. To improve the light load efficiency, the method of burst mode is widely used in 

DC-DC converters nowadays [ 4 ]. Under the burst mode operation, the output of the DC-

DC converter is compared with a preset threshold that is less than the nominal output 

voltage. When the light load condition is detected, the DC-DC converter stops switching 

and no energy is delivered from the input. So the output is drained by the load slowly. 

When it reaches that threshold voltage, the DC-DC converter is enabled again, and 

delivers a certain amount of energy to the output and pulls the output voltage high again. 

The amount of energy being delivered is determined by a preset timer or by comparison 

to another preset upper threshold. After that, if the load is still light, the DC-DC converter 

will enter the burst mode again. 

 

By using the burst mode, the quiescent current can be reduced to tens of microamperes or 

even lower. However, there are several disadvantages of the burst mode. Firstly, the 

frequency of the burst mode operation is load dependent, so its spectrum is load 

dependent too. This is more difficult for filter design. Another concern is that the burst 

mode operation frequency can sometimes fall into the audible frequency range (20Hz-
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20kHz) and cause an unpleasant noise. Secondly, the output voltage ripple is enlarged in 

the burst mode operation. 

 

Phase shedding is another way to improve the light load efficiency ( [ 1 ] - [ 2 ] and [ 5 ] - 

[ 8 ] ). It is applied to the multi-phase converters only. When the light load condition is 

detected or a command is sent from the load, some phases can be shut down to save the 

switching loss and the driving loss. Previous literature has shown significant 

improvements for light load efficiency. However, very few papers have talked about the 

effect of phase shedding on the compensator design and the transient response of 

converters with adaptive voltage positioning (AVP) control. 

 

For DC-DC converters with a wide input range, some techniques have been proposed and 

developed too. One example is the input voltage feed-forward method [ 9 ] -[ 12 ] for 

voltage mode Buck converters. The error amplifier output is compared to a PWM ramp to 

determine the duty cycle in voltage mode converters. Normally, the amplitude of the 

ramp is fixed. However, for Buck converters with a wide input range, this will cause the 

loop gain magnitude curve to shift up and down in the Bode plot if the compensator is 

fixed. Therefore, the crossover frequency and the phase margin have a big variation. With 

the input voltage feed-forward method, the amplitude of the PWM ramp is proportional to 

the input voltage. Ideally, it can keep approximately the same loop gain curves for all 

input voltages, and therefore the control loop can be optimized for a wide input voltage 

range. 
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Based on the above discussion, many techniques have been proposed to improve the 

performance of wide operation range DC-DC converters. However, there are still some 

topics which require more research, and more novel techniques can be proposed to further 

improve the performance of wide operation DC-DC converters. This dissertation moves 

forward along this path, and its contents are organized as shown in Section 1.2. 

 

1.2. Organization of this dissertation 

 

In Chapter 2, it is revealed that the output voltage of DC-DC converters can have a large 

variation if the spread spectrum function is enabled. The reason is analyzed, and a 

solution is proposed based on derived analytical equations. The transistor-level simulation 

verifies that the proposed adaptive PWM ramp slope control can effectively fix this 

problem, and it is easy to implement in common IC processes. Moreover, the proposed 

clock and ramp generation circuit integrates both of the spread spectrum function and the 

input voltage feed-forward function. Very little literature has reported this feature before. 

 

In Chapter 3, a novel adaptive external ramp method is proposed for peak current mode 

controlled Buck converters with a wide operation range. Assuming one fixed 

compensator design, the proposed method can significantly improve the bandwidth and 

the transient response speed compared to a fixed external ramp design. 

 

In Chapter 4, the controller design issues and solutions for multi-phase Buck converters 

with phase shedding and AVP functions are studied. It is shown that worse transient 
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responses can happen if the controller design is based on the previous guidelines only. 

The reasons are analyzed, and the solutions are proposed and verified experimentally. 

 

In Chapter 5, the design of a regulated multi-mode charge pump converter is presented. 

To meet the specifications of the wide input range and the load current range, the sizes of 

the PMOS and NMOS devices need to be large, which causes the light load efficiency to 

be low. An adaptive device size method is proposed to be used for the regulated charge 

pump in this chapter. The simulation and experimental results show that this method can 

improve the light load efficiency significantly. 

 

The conclusions and the future work are presented in Chapter 6. 
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Chapter 2 . Adaptive PWM ramp slope for Buck 

converters with the spread spectrum function and the 

input voltage feed-forward function 

 

2.1. Introduction to the input voltage feed-forward function 

 

The input voltage feed-forward function is a technique that is widely used for wide 

operation range Buck converters with voltage mode control [ 9 ] - [ 12 ]. For these Buck 

converters, if the Pulse Width Modulation (PWM) ramp amplitude is self-adjusted to be 

proportional to the input voltage Vin, theoretically the bandwidth is approximately the 

same for all Vin ranges. Therefore, one single compensator is good for all Vin ranges. Also, 

the impact of input voltage change to output voltage is minimized. One example is the 

LM22674 from National Semiconductor, which is a monolithic Buck converter with an 

internal fixed type III compensator and Vin feed-forward. Figure 2-1 shows the circuit 

diagram of this technique. 

 

The loop gain can be expressed in (2. 1). 

 

1 2
2

1 20

1 (1 / )(1 / )1
( ) ( )

(1 / )(1 / )( ) /
c I Z Z

m vd comp in
pp P P

sR C s s
T F G s G s V

V s s ss

  
 

  
       

 
  ( 2.1) 

 



 9

where 2 20
0( )s s s

Q


    , 0

1

LC
   and 

0

1 1

/ c
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. 

 

As can be seen from (2. 1), if Vpp=k*Vin, the expression of loop gain T  is almost the same 

for all Vin values. 

 

 

Figure 2-1 Circuit diagram of a voltage mode control Buck converter with Vin feed-forward 

 

The most common way to construct a PWM ramp is to charge a capacitor with a constant 

current source, while the capacitor’s voltage is reset to zero periodically as shown in 

Figure 2-2. Sometimes the constant current source can be replaced by a resistor connected 

between the supply rail and the capacitor if the capacitor’s voltage is far less than the 

supply rail voltage. 
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Figure 2-2 Basic ramp generation circuit 

 

However, the basic ramp generation circuit in Figure 2-2 does not have the input voltage 

feed-forward function. To implement this function, the current source needs to be a 

voltage-controlled-current-source. Its value needs to be proportional to the input voltage. 

 

2.2. Introduction to the spread spectrum function  

 

In many applications such as in the automotive and medical environments, there are 

Electro-Magnetic Interference (EMI) regulations or standards that are published and 

enforced. The DC-DC converters need to meet these standards before they are allowed to 

be installed. 

 

Since DC-DC converters (except some linear regulators) intrinsically generate EMI noise, 

it is sometimes difficult for them to pass the strict EMI regulations. Some EMI reduction 

techniques have been proposed and applied in real applications [ 13 ] - [ 19 ]. 
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One of theses techniques is the spread spectrum function [ 15 ] - [ 23 ]. The switching 

frequency of the DC-DC converter is modulated around the nominal value with a certain 

pattern. The modulation scheme can be fixed, random, or pseudo-random. For example, if 

the nominal switching frequency is 2MHz, with this spread spectrum function enabled, 

the switching frequency can be modulated to 1.9MHz for 10 switching cycles, and then 

modulated to 2.1MHz for another 10 switching cycles, and then returns to 2MHz for 10 

switching cycles. The number of the steps and the duration of each step can be varied to 

achieve the desired result of EMI noise peak reduction. Many papers have shown that this 

technique is quite effective in reducing the peak values of the EMI noise generated by the 

DC-DC converter. 

 

As pointed out in [ 18 ] - [ 23 ], when the spread spectrum function is implemented, the 

output voltage variation of the DC-DC converter can be increased. One of the main 

causes of this problem can be illustrated in Figure 2-3.  

 

When the switching frequency is constant, the amplitude of the PWM ramp is constant. 

But, with the spread spectrum function, the time duration of the switching cycle changes. 

In other words, the time for the current source to charge the capacitor varies. Therefore, 

the amplitude of the PWM ramp is not constant. Assuming the input voltage is constant at 

this time, to keep the same output voltage, the duty cycle of the converter needs to be 

constant. However, because of the variation of PWM ramp amplitude, the value of the 

control voltage Vc needs to be changed accordingly by the feedback control loop. 

Depending on the control bandwidth, it always takes some time for the feedback control 

loop to adjust Vc to a new value. To avoid audible noise generated from the spread 
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spectrum mechanism, the rate to change the switching frequency is better to be greater 

than 20kHz. If the rate of the switching frequency change is too fast for the feedback 

control and Vc to follow, the output voltage can have a large variation as shown in Figure 

2-3. Apparently, to minimize the output voltage variation caused by this mechanism, the 

PWM ramp amplitude needs to be constant even when the spread spectrum function is 

enabled. 

 

 

Figure 2-3 Large output voltage variation caused by the spread spectrum function 

 

Based on the discussion in these two sections, both the spread spectrum function and the 

input voltage feed-forward function constitute additional requirements which cannot be 

fulfilled by the basic PWM ramp generation circuit in Figure 2-2. The input voltage feed-
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forward function requires the PWM ramp amplitude to increase proportionally as the 

input voltage increases. But, when the input voltage is constant, even if the spread 

spectrum function is enabled, the PWM ramp amplitude needs to be constant to minimize 

the output voltage variation.  

 

Some applications, such as automotive applications, have a wide range of input voltage. 

Therefore, the input voltage feed-forward function is preferred when the voltage mode 

Buck converter is used. At the same time, many of these applications prefer low EMI. So, 

it is a desirable feature if these two functions can be integrated together. Unfortunately, 

very little literature can be found to propose a solution to include both of these two 

functions. Looking at the commercial DC-DC controllers or converters, very few of them 

integrate these two functions together in the same controller. The LM3370 from National 

Semiconductor is one of these very few commercial products. However, the spread 

spectrum range for LM3370 is 20kHz, which is only 1% of the 2MHz switching 

frequency. Therefore, even if the clock and ramp generation circuits still follow the basic 

design, the output voltage variation is not significant. Also, very little information about 

its clock and ramp generation circuit design is available to the public. [ 18 ] presents a 

method of spread spectrum for a Buck converter TPS40200 which has an input voltage 

feed-forward function. However, this implementation is not part of the internal circuits of 

TPS40200, and an external signal generator is needed. 

 

In later sections of this chapter, a practical clock and ramp generation circuit is presented, 

which is suitable for IC implementation. A solution is proposed to allow this circuit to 

implement both the input voltage feed-forward function and the spread spectrum function 
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without a large output voltage variation. The transistor-level simulation verifies the 

proper function of this solution. 

 

2.3. Practical circuit to implement the spread spectrum and the 

input voltage feed-forward functions 

 

A practical circuit implementation for both the spread spectrum and the input voltage 

feed-forward function is shown in Figure 2-4 [ 10 ]. 

 

 

Figure 2-4 Practical circuit implementation of the spread spectrum and the input voltage feed-

forward functions 
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In Figure 2-4, all the components are inside the controller IC except the resistor ROSC for 

setting the switching frequency. 

 

The amplifier at the left side applies a voltage that is proportional to the input voltage 

(k*Vin) across the resistor ROSC, and generates a reference current of Ir. This current is 

mirrored into two branches, where one branch of the mirrored currents (n*Ir) will 

generate the PWM ramp, whose amplitude is proportional to the input voltage, by 

charging and periodically resetting the voltage of CRAMP. This is how the input voltage 

feed-forward function is realized. 

 

Another branch of the mirrored current (Ir) is applied to the capacitor COSC. The generated 

ramp is compared to a reference signal REFmod and determines the clock frequency. The 

value of REFmod is proportional to the input voltage as well. By doing that, once the 

switching frequency is determined by ROSC, both the amplitude of the clock ramp and the 

charging current for COSC will change their values simultaneously if the input voltage 

changes its value, so the switching frequency can be kept the same with the input voltage 

feed-forward function implemented. 

 

When the spread spectrum function is enabled, the value of the resistor Rx is modulated 

by four digital bits and therefore the value of REFmod voltage is modulated. Assuming 

the input voltage keeps constant at this time, the mirrored current to charge the capacitor 

COSC is constant. Then the time for the COSC ramp voltage to reach the level of REFmod is 

different. By doing this, the switching frequency can be modulated and the spread 

spectrum function is accomplished. 
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As mentioned earlier in this chapter, a Buck converter can have a large output voltage 

variation when the spread spectrum function is enabled. The circuit in Figure 2-4 also has 

this problem. The theoretical waveform of this clock and ramp generation circuit is 

illustrated in Figure 2-5. 

 

 

Figure 2-5 Large output voltage variation when the spread spectrum function is enabled in the 

practical clock and ramp generation circuit 
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When the spread spectrum function is enabled, the value of REFmod voltage is 

modulated, therefore the ramp for the clock has a corresponding amplitude change and 

the frequency of the clock is modulated. However, the amplitude of the PWM ramp 

VRAMP is correspondingly changed too. The reason is that the charging current for the 

capacitor CRAMP is still the same for a fixed input voltage but the charging time is 

different. 

 

To keep the same output voltage Vout, the duty cycle of the Buck converter needs to be 

constant for a certain input voltage. Because the PWM ramp amplitude is changing, the 

error amplifier output voltage Vc needs to be changed accordingly to maintain the same 

duty cycle. There is always some delay for the error amplifier output voltage to respond, 

so it causes a large output voltage variation. 

 

The above analysis can be verified by the transistor-level simulation waveform shown in 

Figure 2-6. The simulation waveform is obtained by CADENCE simulation of a 2MHz 

voltage mode Buck converter with a 10V input voltage, a 3.3V output voltage, and a 

500mA load current. The power stage components’ models are ideal, but the circuit used 

to implement the input voltage feed-forward function and the spread spectrum function is 

a transistor-level circuit in a BiCMOS process. 

 

The third trace shows that the switching frequency has about a 10% modulation. 

Consequently, the amplitude of the PWM ramp has about a 10% variation as shown in the 

fifth trace. In an effort to maintain the same duty cycle, the error amplifier output voltage 

tries to reach the correct value as soon as it can. However, because of its delay, the output 
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has a 61mV peak to peak ripple voltage. Subtracting the 13mV ripple voltage under 

normal operation, the output variation is 48mV. The inductor current has a 495mA peak-

to-peak ripple current. Subtracting the 254mA ripple under normal operation, the inductor 

current variation is 241mA. Both of these variations are undesirable and should be 

minimized. 

 

 

Figure 2-6 Simulation waveform showing the problem for Buck converters with input feed-forward 

when enabling the spread spectrum function 
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2.4. The solution to the problem of the spread spectrum function 

 

From the above analysis, the fundamental reason for the problem of the spread spectrum 

is the amplitude variation of the PWM ramp. The question is how to maintain the same 

amplitude for the PWM ramp even when the spread spectrum function is enabled. Since 

the time duration for the PWM ramp is changing when the spread spectrum function is 

enabled, the question is translated to how to obtain an adaptive slope for the PWM ramp 

so that its amplitude can be kept constant. 

 

Based on the above analysis, there are three solutions to the problem. The first one is to 

adaptively change the capacitance value of CRAMP. But this method is not easy or not cost 

effective in IC processes. The second one is to adaptively change the charging current for 

CRAMP. This can be implemented by adding or subtracting current from the nominal 

charging current of n*Ir. The last solution is to use an adaptive gain stage to correct the 

variation of the PWM ramp amplitude. It is theoretically possible, but because the falling 

edge of the PWM ramp is so sharp, this adaptive gain stage needs to have extremely high 

bandwidth, which is very difficult to be implemented.  

 

Based on the above analysis, adaptively changing the current is the most practical way. 

Figure 2-7 shows the circuit implementation. 
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Figure 2-7 Using additional current sources to implement the adaptive PWM ramp slope 

 

In Figure 2-7, a number of additional current sources are connected to CRAMP through 

switches. When the value of Rx is modulated, one of these current sources is enabled by 

turning on its switch. A proper amount of extra current is added to the original charging 

current of n*Ir so that the charging slope is adaptively changed. 



 21

 

Figure 2-8 Theoretical waveform to implement adaptive slope for the PWM ramp with the additional 

current source method 

 

The equation for the PWM ramp amplitude is shown below. 
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 are kept the same, the 

PWM ramp amplitude can be kept the same, and the output variation is kept as minimal. 
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The theoretical waveform with this improvement method is shown in Figure 2-8, and the 

transistor-level simulation waveform is shown in Figure 2-9 under the same condition as 

that of Figure 2-6. The switching frequency is still modulated with a 10% variation, but, 

because of the proposed adaptive slope control for the PWM ramp, the variation of the 

PWM ramp is reduced to 2.6%. The error amplifier output does not need to change much 

to keep the same duty cycle. So, the output voltage variation and the inductor current 

variation are reduced significantly (by ~5 times) to 10mV and 46mA, respectively. 

 

 

Figure 2-9 Simulation waveform with solution to the problem for Buck converters with input feed-

forward when enabling the spread spectrum function 
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2.5. Summary of Chapter 2 

 

In this chapter, the principle of the input voltage feed-forward function and the principle 

of the switching frequency spread spectrum function are briefly reviewed. It is shown that 

the output voltage can have a large variation when the spread spectrum function is 

enabled. The reason is analyzed. A solution is proposed for a practical clock and ramp 

generation circuit to implement both the spread spectrum function and the input voltage 

feed-forward function in a controller with common IC processes. The transistor-level 

simulation verifies that the proposed adaptive PWM ramp slope control can effectively 

fix this problem. 
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Chapter 3 . Adaptive external ramp for peak current 

mode controlled Buck converters with wide operation 

range 

 

3.1. Introduction 

 

Buck converters with a wide operation range are frequently seen. For example, TI’s 

product TPS54362 has an input range from 3.6V to 48V, an output range from 0.9V to 

18V, and an output current of up to 3A. Maxim’s product MAX8655 has an input range 

from 7V to 28V, an output range from 0.7V to 12V, and an output current of up to 25A. 

 

The voltage mode and the Peak Current Mode (PCM) [ 24 ] - [ 32 ] are two classic 

control methods for Buck converters. Some Buck converters have a fixed input and fixed 

output voltage, and the load current does not change too much. For this kind of 

application, the feedback control design guideline for the voltage mode control and the 

PCM control are well established [ 29 ], and it is relatively easy to design a proper 

compensator and obtain good performance in terms of regulation and transient response. 

When the operation range is wide or the same controller can be used for different 

applications, normally it is difficult to design one fixed compensator to fit the entire 

operation range. Therefore, people normally design different compensators for different 

operating conditions. 
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However, sometimes it is preferable to use one fixed compensator to fit a wide operation 

range. If a DC-DC controller is designed with a fixed compensator, it is easier for the end 

users since they don’t need to go through the calculation, simulation, and bench tuning 

process. Another advantage is that the resistors and the capacitors in the compensator can 

possibly be monolithically integrated into the controller IC. By doing so, the controller IC 

can use less pins, less external resistors and capacitors, and therefore save the PCB area. 

The DC-DC converter can be designed with a more compact layout. One example of such 

a controller is the LT3493 from Linear Tech, which is a peak current mode controlled 

Buck converter with an internal compensator. 

 

Some control methods have been proposed to design one fixed compensator for wide 

operation range DC-DC converters. One example is the input voltage feed-forward 

method mentioned in Chapter 2 for voltage mode Buck converters with a wide Vin range. 

Since the bandwidth is almost the same for all input voltages if the ramp amplitude is 

self-adjusted to be proportional to Vin, then one single compensator is good for the whole 

Vin range.  

 

The circuit diagram of a PCM controlled Buck converter is shown in Figure 3-1. The 

ramp Sn is the sensed switch current, while the ramp Se is an intentionally added external 

ramp to eliminate the sub-harmonic oscillation when the duty cycle is greater than 50%. 

The small signal model in CCM is shown in Figure 3-2 [ 24 ] assuming the input is a DC 

voltage without perturbation. The terms Fm, Ri and kr are the modulation gain, the current 
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sensing gain, and the output voltage feed-forward gain, respectively. The term He(s) is 

from the sample-and-hold effect. 

 

 

Figure 3-1 Circuit diagram of a peak current mode controlled Buck converter 

 

Some papers discussed an adaptive external ramp for current mode control. In [ 25 ], a 

monolithic current mode Buck converter with an adjustable-slope compensating ramp is 

implemented. The external ramp ma is designed to be the same as the inductor down slope 

m2, i.e., ma=m2=Vout/L. From a stability point of view, this ensures no sub-harmonic 

oscillation for all Vout. However, this paper didn’t do analysis in the frequency domain 

using the small signal model, so it is not clear whether it is a good design in terms of 

bandwidth. In the paper [ 26 ],  a load current feed-forward mechanism is proposed for 

the current mode control. Yet, the analysis is for an application with a fixed output 
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voltage. It is not clear whether this mechanism is optimum for the application where one 

single fixed compensator works for a wide range of output voltage. The paper [ 27 ] also 

discusses a method to improve the bandwidth of peak-current controlled voltage 

regulators by selecting a suitable external ramp. But the analysis is also for the 

application of well-defined input voltage and output voltage. 

 

 

Figure 3-2 Small signal model of a peak current mode controlled Buck converter in CCM 

 

In next section, an analysis based on the small signal model and transfer functions will be 

carried out for a wide operation range PCM Buck converter. Based on the analysis, for a 

given phase margin, the design guideline is derived to allow maximum bandwidth for 

wide operation range PCM Buck converters with a single fixed compensator. 
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3.2. Theoretical derivation 

 

To design a single fixed compensator for a DC-DC converter with a wide operation range, 

one needs to look at the control to output transfer functions 
c

o
vc v

vsG ˆ
ˆ

)(   for all working 

conditions. Based on the small signal mode in Figure 3-2, the ( )vcG s function for a PCM 

Buck converter can be derived as in (3.1) [ 24 ]. 
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A PCM Buck converter with the following working conditions is used as an example: 

Vin=6V-24V, Vo=1.2V-5V, Io=0.5A-5A, fsw=200kHz, C=100uF, Rc=10mΩ, L=10uH, and 

current sense gain Ri=0.1V/A. The wide operation range includes 4x Vin change, ~4x Vo 

change and 10x Io change. 
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A fixed external ramp of Se=Ri*(Vo,max/L)=50mV/us is used to ensure no sub-harmonic 

oscillation for all working conditions. The ( )vcG s  Bode plots in Figure 3-3 covers the 

eight corners of the wide operation range as listed in Table 3-1 below. 

 

 

Figure 3-3 Bode plot of the Gvc(s) curves with fixed external ramp 
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Table 3-1 Working conditions of the eight operation corners 

 
  

Trace 1 
 

 
Trace 2 

 

 
Trace 3 

 
Trace 4 

 
Trace 5 

 
Trace 6 

 
Trace 7 

 
Trace 8 

Vin (V) 24 24 24 24 6 6 6 6 
Vo (V) 5 5 1.2 1.2 5 5 1.2 1.2 
Io (A) 5 0.5 5 0.5 5 0.5 5 0.5 
 

If the ( )vcG s  for each case is identical or similar to each other, it will be very easy to 

design a single fixed compensator and obtain good control performance over the wide 

operation range. However, as can be seen from Figure 3-3, there is quite a lot of 

difference between these curves. Some conventional design guidelines recommend the 

bandwidth to be 0.1*fsw to 0.2*fsw for Buck converters. If we look at this frequency range 

(20kHz to 40kHz) in Figure 3-3, the difference in the magnitude is 2dB to 5dB, while the 

difference in the phase is 20 to 30 degrees. This variation is a limiting factor in obtaining 

high control bandwidth using a single fixed compensator. 

 

As pointed out in [ 32 ], if the ESR zero is not sufficiently lower than the switching 

frequency, the loop gain of the PCM Buck converter needs to have at least a 60 degrees 

phase margin to obtain an optimum load transient response. To ensure that the loop gain 

for all working conditions has at least a 60 degrees phase margin, a fixed compensator 

2650 1 / 2000

1 /1000000
( )comp

s
G

s s
s





  is used. The compensation zero is placed close to the 

dominant pole p , while the compensation pole is placed at the frequency of the ESR 

zero [ 29 ]. 
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The Bode plots in Figure 3-4 are the loop gain T  curves, where ( )( )* compvc sT G s G , while 

Figure 3-5 is the same set of curves but they are zoomed in to 10kHz-100kHz to illustrate 

at least a 60 degrees phase margin for all loop gains. 

 

 

Figure 3-4 Bode plot of the loop gain curves with fixed external ramp 
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The bandwidth cannot be pushed higher, otherwise the phase margin will be less than 60 

degrees for the working condition of Vin=6V, Vo=1.2V and Io=0.5A (trace 8, high-lighted 

with thicker traces in Figure 3-5). 

 

 

Figure 3-5 Bode plot of the loop gain curves with fixed external ramp, zoomed in to 10kHz - 100kHz 
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As can be seen from Figure 3-5, the worst case bandwidth is 16kHz (trace 7, Vin=6V, 

Vo=1.2V, Io=5A), which is only about 1/12 of the switching frequency. If the external 

ramp can be adjusted automatically instead of fixed, can it improve the control bandwidth? 

 

If the external ramp Se can be adjusted, it means 1 e
c

n

S
m

S
   can be changed. Based on 

Equation (3.1) , changing mc will affect the ( )vcG s  function in three aspects: the DC gain 
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p c

T
m D

CR LC
    for ( )pF s , and 

the quality factor 
1

( 0.5)c

Q
m D  

  for ( )hF s . To see these three effects, the 

approximated ( )vcG s  function in (3.1) can be separated into two terms as listed in (3.2) 

and (3.3) 
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The first term is a one-pole one-zero transfer function. The pole is generated by the 

parallel connection of the output capacitor and the load resistor while the inductor is like 

a current source. The zero is from the output capacitor and its ESR. The second term is 

from the sample-and-hold effect. These two terms can be plotted separately to show their 
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effects on the big variation in ( )vcG s . The first term is plotted in Figure 3-6. In the 

intended crossover frequency range (0.1*fsw to 0.2*fsw), we can see that all the 

_ _ ( )vc first termG s  curves have only negligible variation in terms of magnitude, while the 

variation in phase is about 10 to18 degrees. 

 

 

Figure 3-6 Bode plot of the first term of Gvc(s) with fixed external ramp 
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But, as can be seen from Figure 3-7, in the intended crossover frequency range (0.1*fsw to 

0.2*fsw), the 
_ sec _ ( )vc ond term sG  in Equation (3.3) has about 2 to 4dB variation in magnitude 

and 19 to 22 degrees variation in phase using fixed external ramp Se. The variation of the 

second term is more significant than that of the first term. 

 

 

Figure 3-7 Bode plot of the second term of Gvc(s) with fixed external ramp 
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As mentioned before, a big variation in magnitude and phase of the ( )vcG s  transfer 

functions means there will be difficulty in designing one fixed compensator for high 

bandwidth. The question is how to eliminate the variation. The variation in the first term 

_ _ ( )vc first termG s  shows up almost only in the phase, which is mainly determined by the 

frequency of the pole 
1

( 0.5)s
p c

T
m D

CR LC
    of ( )pF s . Once the output capacitor is 

calculated and selected, this pole is mainly determined by the load resistance R , which is 

normally a design specification instead of a design option. So it is not something that can 

be controlled by the designer. 

 

However, the designer can have more choice in designing the second term 
_ sec _ ( )vc ond term sG . 

By observing Equation (3.3), noticing that n
sT

   is the same for all cases, if the quality 

factor Q  can be designed in such a way that it is the same for all working conditions, the 

variation for the second term can be eliminated. Therefore, the external ramp Se should be 

adaptive such that 
1

( 0.5)c

Q
m D  

  is a constant, which means cm D  should be a 

constant. According to [ 28 ], Q  should be less than 1 to ensure the current loop won’t 

oscillate. On the other hand, if Q  is too small, the external ramp Se is much larger than 

the sensed current ramp Sn. The control loop will behave more like voltage mode control 

instead of current mode control, and the advantages of current mode control is lost. A 

good choice is 2 /Q  , which means 1cm D  . An interesting result is that Se is 

proportional to Vo with this choice of Q , which may be easier to implement the adaptive 
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Se by using a voltage-controlled-current-source to charge a capacitor and to reset its 

voltage at the beginning of each cycle. This seems to reach the same implementation as 

that in [ 25 ]. But, different from [ 25 ], to make Se proportional to Vo is not the only 

choice to minimize ( )vcG s  variation. As long as Q  can be kept the same for all operating 

conditions, the variation of _ sec _ ( )vc ond termG s  can be eliminated. Q  can be other values 

instead of 2 / , but it is more difficult to implement. 

 

With this adaptive Se control scheme, the second term 
_ sec _ ( )vc ond term sG  will be the same for 

all working conditions as shown in Figure 3-8. 

 

And the variation for the first term is about the same as that of a fixed external ramp in 

the frequency range of (0.1*fsw to 0.2*fsw) as shown in Figure 3-9. 
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Figure 3-8 Bode plot of the second term of Gvc(s) with adaptive external ramp 
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Figure 3-9 Bode plot of the first term of Gvc(s) with adaptive external ramp 

 

With the adaptive external ramp control scheme, the big variation in ( )vcG s is reduced in 

the frequency range of (0.1*fsw to 0.2*fsw) as shown in Figure 3-10. Looking at this 

frequency range, the difference in the magnitude is negligible, while the difference in the 

phase is about 8-20 degrees. Both are less than those shown in Figure 3-3. 
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Figure 3-10 Bode plot of the Gvc(s) with adaptive external ramp 

 

Because the variation of ( )vcG s is reduced, it allows a new compensator 
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  to be used while keeping at least a 60 degrees phase 

margin for all working conditions. The new set of loop gain curves and the zoom-in view 

are shown in Figure 3-11 and Figure 3-12, respectively.  
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Figure 3-11 Bode plot of the loop gain curves with adaptive external ramp 

 

Now the worst-case bandwidth is improved to 31kHz for trace 3 (Vin=24V, Vo=1.2V, 

Io=5A) and trace 7 (Vin=6V, Vo=1.2V, Io=5A), which is about twice as high as before. 

And that will improve the load transient response as shown later in this Chapter. 
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Figure 3-12 Bode plot of the loop gain curves with adaptive external ramp, zoomed in to 10kHz - 

100kHz 

 

3.3 Verification with SIMPLIS 
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The above analysis is verified using the SIMPLIS software, which has been considered as 

a powerful tool in recent years to verify transfer functions of switch mode power supplies. 

The reason is that it can obtain transfer functions directly from time domain simulation 

without using the average models. The simulation circuit is shown in Figure 3-13. 

 

 

Figure 3-13 SIMPLIS simulation circuit with adaptive external ramp control 

 

All the loop gain curves in Figure 3-4 and Figure 3-11 have been verified with SIMPLIS 

simulation, and one of the plots is shown in Figure 3-14 for the case of Vin=6V, Vo=1.2V 

and Io=0.5A. Up to 100kHz (0.5*fsw), the small signal model matches the SIMPLIS result 

very well. 
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Figure 3-14 Loop gain comparison between the small signal model (red dashed line) and the 

SIMPLIS simulation (blue solid line) 

 

 

3.4. Experimental verification 
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To show the advantage of the proposed adaptive external ramp control, a demonstration 

board has been built and tested on the bench with the same wide operation range 

mentioned in Section 3.2: Vin=6V-24V, Vo=1.2V-5V, Io=0.5A-5A, fsw=200kHz, C=100uF, 

Rc=10mΩ, L=10uH, and current sense gain Ri=0.1V/A. Figure 3-15 shows a photo for 

this PCB board. The control loop is fixed for the whole operation range except the value 

of a resistor Rbias connected between the inverting input of the error amplifier and the 

circuit ground for setting different Vo. The amplitude of the external ramp is 

automatically controlled by the circuit itself to extend the control bandwidth. 

 

 

Figure 3-15 Photo of the demonstration board with adaptive external ramp control 

 

The steady state operation waveform for the case of Vin=6V, Vo=1.2V, Io=5A is shown in 

Figure 3-16. While the steady state operation waveform for the case of Vin=24V, Vo=5V, 

Io=0.5A is shown in Figure 3-17. 
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Figure 3-16 Steady state operation waveform at Vin=6V, Vo=1.2V, Io=5A 

 

Figure 3-17  Steady state operation waveform at Vin=24V, Vo=5V, Io=0.5A 
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The steady state operation waveforms in Figure 3-16 and Figure 3-17 demonstrate that 

the controller with the adaptive external ramp can work stably for a wide operating range 

with the proposed automatically self-adjusted external ramp method. 

 

The channel 2 waveforms, sum of the sensed current waveform and the adaptive external 

ramp, in Figure 3-16 and Figure 3-17, deserve more explanation. To avoid adding more 

parasitic components to the loop composed of the top switch, the bottom switch, and the 

input capacitor, the current sensing is done for the inductor current [ 33 ] instead of the 

top switch current. So both the rising slope Sn and the falling slope Sf are added to the 

external ramp Se. With the choice of 2 /Q  , the external ramp Se is automatically 

equal to the negative value of the falling slope Sf.  So, during the time of bottom switch 

conduction (D’·T), the external ramp Se and the down slope Sf cancel out, and the channel 

2 waveforms in Figure 3-16 and Figure 3-17 are flat during D’·T. During the time of top 

switch conduction (D·T), the channel 2 waveform should be the sum of the rising slope Sn 

and the external ramp Se.  As indicated by the cursor measurement results shown on the 

right side of each waveform, the summation slopes are 60.87kV/s and 240.7kV/s, 

respectively, which are very close to the theoretical values of 60kV/s and 240kV/s. The 

external ramp capacitor’s voltage is reset at both the rising edge and the falling edge of 

the PWM signal. 

 

To compare the load transient response, the two compensators 
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  are implemented 

for the fixed Se control and for the adaptive Se control, respectively.  
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Figure 3-18 Load transient test waveforms for the adaptive external ramp method 

 

Figure 3-19 Load transient test waveforms for the fixed external ramp method 
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The load transient test results for the case of Vin=6V, Vo=1.2V and Io=0.6A1.8A 

with the adaptive Se control scheme is shown in Figure 3-18, while the test result with the 

fixed Se control is shown in Figure 3-19. Based on these two figures and the measurement 

results comparison listed in Table 3-2, the adaptive external ramp control scheme has a 

better transient response because of its higher control bandwidth. 

 

Table 3-2 Transient response comparison between the adaptive Se control method and the fixed Se 
control method 

 

 

Undershoot 

when 

Io=0.61.8A 

Time to 

recover to 

95% of Vo 

Time to 

recover to 

98% of Vo 

Overshoot 

when 

Io=1.80.6A

Time to 

recover to 

105% of 

Vo 

Time to 

recover to 

102% of 

Vo 

Adaptive Se 

control with 

_ ( )comp newG s  

88mV 48us 416us 88mV 40us 368us 

Fixed Se 

control with 

( )compG s  

136mV 216us 568us 136mV 224us 576us 

 

3.5. Summary of Chapter 3 

 

An adaptive external ramp control scheme is proposed to extend the loop gain bandwidth 

for wide operation range Buck converters using the PCM control. Theoretical analysis 
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shows that the Q  of the second term of ( )vcG s  needs to be identical in order to make 

( )vcG s  more similar to each other for wide operation range PCM Buck converters. By 

doing so, using a fixed compensator, the control bandwidth of the PCM Buck converter 

can be extended significantly compared to the control bandwidth using a fixed external 

ramp. The SIMPLIS simulation verifies the theoretical analysis, and experimental results 

show the benefit of the proposed adaptive external ramp control method. 
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Chapter 4 . Controller design issues and solutions for 

Buck converters with phase shedding and AVP 

 

In this chapter, the controller design issues and solutions for multi-phase Buck converters 

with phase shedding and AVP functions will be discussed. 

 

4.1. Introduction to the phase shedding function 

 

Many applications require the DC-DC converter to deliver a large amount of current to 

the load. One example is the Voltage Regulator (VR) for computer processors. The recent 

design guidelines for the VR asks for a 100A or more current to be delivered to the CPU 

[ 1 ]. For such a high output current application, it is neither practical nor optimal to use a 

single-phase Buck converter because the power loss generated from the devices is too 

much. 

 

To solve this problem, the multi-phase Buck converter is proposed and becomes a 

common practice in the industry. The advantage is that the thermal stress can be 

distributed to the devices in each phase. So, it is easier to do thermal management. At the 

same time, it brings other benefits. The output ripple is reduced with multi-phase 

interleaving. The RMS current for the input capacitor can be reduced too. 
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The circuit diagram of a multi-phase Buck converter is shown in Figure 4-1. The driving 

signal for each phase is shifted and equally distributed within a switching cycle. 

 

 

Figure 4-1 Multi-phase Buck converter 

 

To reduce the conduction loss, small on-state resistance (Rds,on) devices are used in the 

VRs, especially for the bottom switch. Devices with small Rds,on normally have a large 

gate charge, which causes the driving loss and the switching loss to be high. To meet the 

stringent transient response requirement, the switching frequency of the converter is 

normally in the range of hundreds of kHz, or even in the range of MHz. A high switching 

frequency causes the switching loss and the driving loss to be high as well. 
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The CPU or similar loads can remain in the idle state or other light load state for a long 

time. In the light load condition, the conduction loss is not significant, but the switching 

loss and the driving loss are still high due to the afore-mentioned reasons. It causes the 

light load efficiency to be poor. 

 

As mentioned before, the light load efficiency is becoming a more and more important 

specification for many DC-DC converters. For a multi-phase converter to improve the 

light load efficiency, one method is to shut down some phases during the light load 

condition. This function is called phase shedding. The idea can be seen in Figure 4-2. 

 

 

Figure 4-2 Phase shedding 
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Many papers ([ 1 ] -[ 2 ] and [ 5 ] - [ 8 ]) have shown theoretical and experimental data to 

demonstrate that the light load efficiency can be improved significantly with phase 

shedding. 

 

4.2. Introduction to the AVP function 

 

There are two types of characteristics for the output regulation of the DC-DC converters. 

The first type of characteristic tries to regulate the output voltage to a defined voltage, no 

matter what the load current is. The second type is called Adaptive Voltage Positioning 

(AVP). The characteristic is shown in Figure 4-3. 

 

 

Figure 4-3 Output characteristic of the AVP function 
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For the AVP characteristic, the output voltage is not intended to be regulated at a fixed 

voltage regardless of the output current. Instead, the output voltage is dependant upon the 

output current. More specifically, the output voltage is regulated to be a little lower than 

the upper limit of the tolerance window at no load, and a little higher than the lower limit 

of the tolerance window at full load. Therefore, the equivalent circuit of the Buck 

converter with the AVP output characteristic is an ideal voltage source Vmax in series with 

a load-line resistor Rdroop as shown in Figure 4-4. 

 

 

Figure 4-4 Equivalent circuit for converters with the AVP function 

 

There are two advantages to the AVP characteristic. Firstly, it can make better use of the 

regulation window. For example, if the output needs to be regulated in the window of 

1.45V to 1.55V, and if the controller tries to regulate it at 1.5V, then there is a 0.05V 
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window for load step-up, and there is a 0.05V window for load step-down. But, if the 

output is regulated to 1.55V at no load and regulated to 1.45V at full load, then there is a 

0.1V window for load step-up, and there is a 0.1V window for load step-down too. The 

second advantage is that the AVP can reduce the thermal dissipation at full load. 

 

To design the Buck converter with the AVP characteristic at the output, the controller 

needs to be designed in different ways compared to the controller for conventional Buck 

converters. Many papers [ 34 ] - [ 43 ] in the literature have provided compensator design 

guidelines to allow Buck converters to have the AVP characteristic. 

 

As mentioned before, it is reported that the light load efficiency can be improved 

significantly by doing phase shedding. However, with phase shedding, the inductors in 

some phases do not conduct current. Therefore, the power stage parameters such as the 

total equivalent inductance are changed, which means that the control plant is changed for 

the feedback control. It is very normal to question how this change impacts the feedback 

compensator design. As mentioned before, many papers provide design guidelines for 

AVP. When phase shedding is implemented, will these design guidelines still work well? 

Will it affect the transient response as shown in Figure 4-5? So far, very little literature 

can be found to provide an answer to this question. 
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Figure 4-5 Possible worse transient response for Buck converters with AVP and phase shedding 

 

In some applications, the command of phase shedding comes from the load, for example, 

the Power State Indicator (PSI#) pin from the Intel processors [ 1 ]. However, it occupies 

a pin for the processors. Also, not every type of load provides a way like the PSI# pin to 

communicate with the converter. More importantly, in most cases, it is difficult for the 

load itself to sense the current which it consumes and to determine how many phases to 

shut down. On the other hand, current sensing is normally implemented in every phase of 

the converter. Therefore, if we can use the information from the current sensing circuits in 

each phase to do phase shedding, while design the feedback controller so that the AVP 

function can still be implemented without affecting the transient response, it will be a 

good solution for these two techniques (phase shedding and AVP) to work well together. 

This is the main purpose of the research in this Chapter. 

 

The active droop control and the Peak Current Mode (PCM) control are two methods that 

can implement the AVP function. The analysis for both methods is provided in this 
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Chapter. Section 4.3 provides the analysis for the active droop control, and Section 4.4 

provides the analysis for the PCM control. 

 

4.3. Controller design for phase shedding Buck converters with 

active droop AVP 

 

Active droop is one common method to implement the AVP function. As shown in Figure 

4-6, when the output current increases, the reference voltage decreases accordingly so that 

the output voltage decreases too. 

 

 

Figure 4-6 Circuit diagram of a Buck converter with AVP function using active droop method 
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The small-signal block for the active droop AVP Buck converter is shown in Figure 4-7. 

 

 

Figure 4-7 Small-signal block of a Buck converter with AVP function using active droop method 

 

Many references ([ 34 ] - [ 35 ] and [ 37 ] - [ 41 ]) provide controller design guidelines to 

realize AVP with the active droop method. For high output current Buck converters such 

as the VRs for the micro processors, the switching frequency is still not so easy to be 

pushed to the MHz range with high efficiency. So, capacitors with large capacitance such 

as the OSCON capacitors are still used in a lot of converters working in the hundred-kHz 

range. Also they are cheaper than the ceramic capacitors for the same amount of 

capacitance. In most of these papers, the controller is designed in such a way that the 

outer loop gain T2’s bandwidth is the same as the output capacitor’s ESR zero frequency 

for these capacitors. 
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In [ 34 ] - [ 35 ], a type-II compensator is used in the control loop for active droop AVP, 

where its transfer function is listed as in (4.1).  
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        ( 4.1) 

 

The compensator zero z  is placed at the same frequency of the system’s double pole 

frequency (the resonant frequency of the inductor and the output capacitor), and the 

compensator pole p  is placed at high frequency to attenuate the switching noise. The 

value of K  is to let the crossover frequency of the outer loop T2 approximately equal to 

the ESR zero frequency of the output capacitor. 

 

Following this design guideline, a 4-phase Buck converter circuit is simulated with the 

following parameters: Vin=12V, Vout=1.5V, fsw=500kHz, L=300nH (per phase) and 

C=5600uF/0.5mΩ, Iout changes between 0A and ILoad_max=80A in 5us. The load transient 

simulation waveforms without and with the phase shedding function are shown in Figure 

4-8 and Figure 4-9, respectively. The phase shedding function is implemented as follows: 

when the sum of the inductor current is less than 40A, phase 2 and phase 4 are turned off 

after a de-glitch timer expires; when the sum is greater than 40A again, phase 2 and phase 

4 are turned on immediately (without a de-glitch time).  

 

It needs to be pointed out that this is done automatically and doesn’t require a command 

from the CPU pin such as the PSI# pin. It is difficult for the load itself to accurately sense 
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how much current it requires, while the current sensors in each phase can do the job 

accurately, determine the optimum phase number, and save the PSI# pin. 

 

As can be seen from Figure 4-8, following the design guidelines in [ 34 ] - [ 35 ], the AVP 

function can be obtained. However, if the phase shedding function is implemented, using 

the same compensator, there is a voltage dip at load step-up transient as shown in Figure 

4-9. The voltage dip is 17mV, which is significant compared to the 40mV AVP voltage 

drop for an 80A load current. 

 

Figure 4-8 Simulation of AVP function using active droop without phase shedding 
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Figure 4-9 Simulation of AVP function using active droop with phase shedding 

 

The following transfer function expressions are used for analysis. 
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where cR is the ESR of the output capacitor, and LR  includes the DC resistance of the 

inductor, the on-state resistance of the switches and the trace resistance. vdG is the transfer 

function from duty cycle to output voltage. idG is the transfer function from duty cycle to 

inductor current. iiG  is the transfer function from inductor current to load current. mF  is 

the gain of the PWM modulator. vT  is the voltage loop gain. iT  is the current loop gain. 

2T  is the outer loop gain. oZ  is the output impedance when both the current loop and the 

voltage loop are open. oiZ  is the output impedance when the current loop is closed and 

the voltage loop is open. ocZ  is the output impedance when both the current loop and the 

voltage loop are closed. To implement the AVP characteristic, the magnitude of ocZ  

should be as flat as possible in the frequency domain. 
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Actually, when phase 2 and phase 4 are shut down, the equivalent inductance is 

Leq=300/2=150nH, while it is Leq=300/4=75nH without phase shedding. So the double 

pole frequency is lower with phase shedding, therefore z should be changed in (4.1). 

Also, because the Gvd, Gid and Gii transfer functions are changed for the same reason, a 

different K value should be used in (4.1) to make T2’s crossover frequency the same as 

the ESR zero frequency. The ideal solution is to change z  and K dynamically. However, 

this is not easy to implement with analog control. 

 

As can be seen from the circuit diagram in Figure 4-6, the steady state value of Vout 

doesn’t depend on the value of z  or K . As long as the Ai=Rdroop is designed properly 

and the compensator has infinite DC gain, there is no steady state error. And the load 

step-down case is the same as that without phase shedding because a de-glitch timer can 

be used. In other words, the moment of shutting down phases can be a little later than the 

moment of load step-down. Therefore, the compensator should be modified so that it can 

handle the load step-up moment with phase shedding. At the load step-up moment, the 

converter is working with two phases. If the compensator is modified based on the power 

stage parameters of a 2-phase operation, it should be good enough to implement AVP 

with phase shedding. 
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Figure 4-10 Simulation of AVP function using active droop with phase shedding and modified 

compensator 

 

Using the conventional design guideline, the compensator 

is 5
_

(1 / 48800)
3.9 *10 *

* (1 /1571000)v conventional

s
A

s s





, while the modified compensator is 

5
_ mod

(1 / 34500)
5.85*10 *

* (1 /1571000)v ified

s
A

s s





 based on the 2-phase power stage. Using 

_ modv ifiedA , 

Figure 4-10 illustrates the transient simulation. The 17mV dip is eliminated. 
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This problem can be investigated in the frequency domain too. Figure 4-11, Figure 4-12 

and Figure 4-13 illustrate the control loop transfer functions including the close loop 

output impedance magnitude |Zoc| for the three cases: 4-phase power stage with 
_v conventionalA , 

2-phase power stage with 
_v conventionalA  and 2-phase power stage with 

_ modv ifiedA . 

 

 

Figure 4-11 Transfer functions of Buck converter with active droop AVP --- 4-phase power stage 

with _v conventionalA  
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Figure 4-12 Transfer functions of Buck converter with active droop AVP --- 2-phase power stage 

with _v conventionalA  

 

Figure 4-13 Transfer functions of Buck converter with active droop AVP --- 2-phase power stage 

with _ modv ifiedA  
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As can be seen in Figure 4-11, with _v conventionalA , the |Zoc| plot without phase shedding is 

quite flat. The DC value is -66dB (0.5mΩ) and the peak is -64dB (0.6mΩ). 

 

Figure 4-12 corresponds to the case of phase shedding with a conventional compensator 

design. The |Zoc| peak value is increased to -61dB (0.9mΩ), which explains the voltage 

dip in Figure 4-9. 

 

Figure 4-13 corresponds to the case of phase shedding with a modified compensator 

design that is based on the number of phases after phase shedding. The |Zoc| plot is quite 

flat and the peak value is -64dB (0.6mΩ) again. So, the conclusion is that the 

compensator needs to be designed for the number of phases after phase shedding. 

 

To verify the above analysis and simulation, a demonstration board has been built and 

tested. The specification is listed in Table 4-1, and a photo is shown in Figure 4-14. 

 

Table 4-1 Specification of the demonstration board of phase shedding Buck 
controller with active droop AVP 

 
Input  DC voltage 12V 

Output DC voltage 1.5V 

Number of phases 4 phases for Iout>40A; 2 phases for Iout<40A. 

Switching frequency 500kHz 

Cout 560uF with ESR=5mΩ, 10 in parallel 

Lout in each phase 300nH 
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Figure 4-14 Photo of the demonstration board for phase shedding Buck converter with active droop 

AVP. 

 

In correspondence to the simulation waveforms shown in Figure 4-8, Figure 4-9 and 

Figure 4-10, experimental waveforms are collected as illustrated in Figure 4-15, Figure 

4-16 and Figure 4-17 to show the behavior of different controller designs for a phase 

shedding Buck converter with an active droop AVP function. 

 

The waveform in Figure 4-15 is from a compensator design following the conventional 

design guidelines in [ 34 ] - [ 35 ]. Similar to the waveform in Figure 4-8, the AVP 

function is realized for the 4-phase converter without phase shedding.  There is about an 
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8mV overshoot and undershoot at load step-up and load step-down. This may be caused 

by the fact that the practical ESR value of the output capacitor is slightly greater than the 

data sheet value, 5mΩ, due to the parasitic resistance of the leads and the PCB. Another 

possible reason is that some additional filtering has been inserted between the RC lossless 

current sensing circuits and the input of the differential amplifier and in other places of 

the control loop in order to obtain clean current sensing waveform. This additional 

filtering may slow down the control loop response as well. 

 

 

Figure 4-15 Test waveforms of phase shedding Buck converter with active droop AVP, no phase 

shedding, _v conventionalA . 

 

The waveform in Figure 4-16 is obtained from the same compensator as in Figure 4-15 

following the conventional design guidelines. The phase shedding function is 

implemented in Figure 4-16. Similar to the waveform in Figure 4-9, a voltage dip of 
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19mV shows up at the load step-up transient. So, if the compensator design is still based 

on a four-phase operation, the transient response will be worse than that of Figure 4-15. 

 

 

Figure 4-16 Test waveforms of phase shedding Buck converter with active droop AVP, with phase 

shedding, _v conventionalA . 

 

The waveform in Figure 4-17 is from the modified compensator, which is designed based 

on the previous analysis. As can be seen from Figure 4-17, the transient response 

performance is almost the same as that in Figure 4-15. So, using the modified 

compensator, the phase shedding function can be achieved without affecting the transient 

response speed. 
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Figure 4-17 Test waveforms of phase shedding Buck converter with active droop AVP, with phase 

shedding, _ modv ifiedA . 

 

The above analysis is for the phase shedding change between a 4-phase operation and a 2-

phase operation. It is shown that the 2-phase compensator works well in this situation. If 

the phase number is further reduced to one, does the 2-phase compensator still work well? 

 

Figure 4-18 shows the close loop output impedance magnitude plots with a 2-phase 

compensator and a different number of active phases. As described before, the 2-phase 

compensator can produce constant output impedance up to the bandwidth or the ESR zero 

frequency for the 4-phase power stage and the 2-phase power stage. But, when the phase 

number is reduced to one phase, the impedance magnitude has a bump with 0.9Ω peaking 

(the dashed brown line), which is not desirable and will cause a worse transient response. 
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Figure 4-18 Close loop output impedance magnitude with 2-phase compensator and different number 

of active phases 

 

Figure 4-19 Close loop output impedance magnitude with 1-phase compensator and different number 

of active phases 
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Now, if the compensator is designed based on the 1-phase power stage, the close loop 

output impedance magnitude can be kept flat up to the ESR zero frequency as shown in 

Figure 4-19. Based on the close loop output impedance magnitude curves in Figure 4-19, 

it is expected that the 1-phase compensator can provide AVP output characteristics for all 

of the 4-phase, the 2-phase, and the 1-phase power stages under the phase shedding 

operation. The simulation waveforms in Figure 4-20 to Figure 4-22 verify that the 

compensator designed based on the 1-phase power stage can obtain the AVP 

characteristic for any transition between 1-phase and 2-phase, 2-phase and 4-phase, or 1-

phase and 4-phase (through 2-phase briefly). 

 

 

Figure 4-20 Simulation waveform of 1-phase compensator design for phase shedding Buck with 

active droop AVP, load change between 0A and 30A (between 1-phase and 2-phase) 
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Figure 4-21 Simulation waveform of 1-phase compensator design for phase shedding Buck with 

active droop AVP, load change between 30A and 80A (between 2-phase and 4-phase) 

 

Figure 4-22 Simulation waveform of 1-phase compensator design for phase shedding Buck with 

active droop AVP, load change between 0A and 80A (between 1-phase and 4-phase) 
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At the same time, it is to be noticed that the loop gain T2 has a different bandwidth when 

the number of active phases is changed. Figure 4-23 shows the loop gain T2’s magnitude 

when a different number of active phases works with the 1-phase compensator. The 1-

phase compensator allows the loop gain T2 of a 1-phase power stage to have a bandwidth 

at the ESR zero frequency. But when the number of active phases is increased to 2-phase 

or 4-phase, the loop gain T2’s bandwidth is increased significantly although the T2’s 

curves at low frequencies are identical. And it can also obtain AVP characteristics as 

shown in Figure 4-20 to Figure 4-22. In other words, the design guideline in previous 

papers (to design T2’s bandwidth at the ESR zero frequency) is not a single solution. It is 

ok to design T2’s bandwidth higher while keeping the same characteristics at low 

frequencies. This is a new result which has not been pointed out or emphasized in 

previous papers ( [ 34 ] - [ 35 ] and [ 37 ] - [ 41 ] ). 

 

 

Figure 4-23 Loop gain T2 magnitude with 1-phase compensator and different number of active phases 
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4.4. Controller design for phase shedding Buck converters with 

PCM controlled AVP 

 

The AVP function can be implemented with the PCM control too. As shown in Figure 

4-24, the reference voltage is constant but the compensator has a finite DC gain. The 

control voltage Vc determines the peak value of the phase current. When the load current 

is increased, Vc needs to be raised. Because of the finite DC gain compensator, the output 

voltage is reduced, so the AVP function is realized. 

 

 

Figure 4-24 Circuit diagram of a Buck converter with AVP function using peak current mode control 
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The papers [ 35 ] - [ 36 ] provide the design guidelines for conventional PCM controlled 

Buck converters to obtain the AVP characteristic. The papers [ 42 ] - [ 43 ] propose and 

analyze a high gain PCM control to improve the regulation accuracy for steady state 

output voltage. 

 

 

Figure 4-25 Small-signal block of a Buck converter with AVP function using peak current mode 

control 

 

The small-signal block for the PCM AVP Buck converter is shown in Figure 4-25. The 

term _ /(2 )r i eq eq sk R L f    has the same definition as that in Chapter 3. According to 

[ 36 ], the compensator for a PCM Buck with AVP should be designed as (4.12). 
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where _i eqR is equal to the current sense gain of each phase divided by the number of 

active phases. 

 

The following transfer function expressions are used for analysis of AVP with the PCM 

control. 
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With the phase shedding function implemented, the number of active phases is changed 

dynamically, which affects the value of _i eqR . To keep the same _i eqR , the current sense 

gain of each phase, iR , needs to be changed accordingly, and as quickly as possible. 

 

The simulation waveforms in Figure 4-26, Figure 4-27, and Figure 4-28 verify the above 

analysis with a 12V/1.2V/100A four-phase PCM Buck converter with C=5.6mF, 

Rc=0.5mΩ, Ri=0.04V/A, fs=500kHz and L=288nH in each phase. Figure 4-26 shows the 

simulation waveform with the AVP function and without phase shedding. The AVP 

function is accomplished by using the design guideline in [ 36 ]. 

 

 

Figure 4-26 Load transient simulation of a four-phase PCM Buck converter with AVP, constant Ri, 

without phase shedding. 



 81

 

Figure 4-27 shows the same PCM Buck with the phase shedding function. Because the iR  

of each phase stays the same, a 30mV voltage dip shows up at load step up. 

 

 

Figure 4-27 Load transient simulation of a four-phase PCM Buck converter with AVP, constant Ri, 

with phase shedding 

 

Figure 4-28 shows the PCM Buck with the phase shedding function and dynamically 

adjusted Ri. As soon as phase 2 and phase 4 are shut down, the current sense gain of 

phase 1 and phase 3 is changed to half of the original value. With this modified design, 

the 30mV voltage dip is eliminated. Because the sum of the current ripple is different for 

the 4-phase operation and the 2-phase operation, there is a slight offset at the output. 
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Figure 4-28 Load transient simulation of a four-phase PCM Buck converter with AVP, adaptive Ri, 

with phase shedding. 

 

The controller design for the PCM Buck with an AVP function can be investigated in the 

frequency domain too. Figure 4-29, Figure 4-30, and Figure 4-31 illustrate the control 

loop transfer functions including the close loop output impedance magnitude |Zoc| for 

three cases: 4-phase power stage with constant iR , 2-phase power stage with constant  iR  

and 2-phase power stage with adaptive iR . 

 

As can be seen in Figure 4-29, without the phase shedding function, the control loop can 

de designed such that the |Zoc| plot is flat following the previous design guidelines. 
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Figure 4-30 corresponds to the case of phase shedding while still using the same constant 

current sensing gain iR . The magnitude of the |Zoc| has been increased to -60dB (1mΩ) at 

low frequency, which causes the worse transient response in Figure 4-27. 

 

 

Figure 4-29 Control loop transfer functions for phase shedding Buck converter with PCM control, 

constant Ri, without phase shedding 
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Figure 4-30 Control loop transfer functions for phase shedding Buck converter with PCM control, 

constant Ri, with phase shedding 

 

Figure 4-31 corresponds to the case of phase shedding with an adaptive current sensing 

gain iR , where the |Zoc| plot is flat and the value is -66dB (0.5mΩ) again. So, the 

conclusion is that the controller needs to have an adaptive current sensing gain to allow 

the PCM controlled Buck converters to have the phase shedding functions without a 

worse transient response. 
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Figure 4-31 Control loop transfer functions for phase shedding Buck converter with PCM control, 

adaptive Ri, with phase shedding 

 

4.5. Summary of Chapter 4 

 

The controller design issues for multi-phase Buck converters with phase shedding and 

AVP functions are discussed. With the phase shedding function, the transient response 

will have a worse performance if based on previous design guidelines only. The reasons 

are analyzed, and the solutions are proposed. For the active droop AVP, the compensator 

needs to be designed based on the number of active phases after phase shedding. For the 

PCM AVP, adaptive current sense gain is required to obtain the AVP function with phase 

shedding. Simulation and experimental results verify the analysis. 
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Chapter 5 . Adaptive device size to improve the light load 

efficiency of regulated charge pump converters 

 

5.1. Introduction 

 

Inductors are widely used in DC-DC converters such as the Buck converters discussed in 

Chapter 2 to Chapter 4. Boost converters and Buck-Boost converters also need inductors. 

However, inductors are often the most bulky components in these converters. One 

example is the IRU3039 evaluation board shown in Figure 5-1. The most bulky 

components shown on the top of the photo is the inductor for this Buck converter. It is 

much bigger than any other components in the PCB. 

 

Figure 5-1 IRU3039 evaluation board 
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As an alternative solution, the charge pump converter is another type of DC-DC converter. 

It does not have an inductor. It is also called the switched capacitor converter. It can 

provide regulated DC output voltage with only capacitors and semiconductor devices. 

Figure 5-2 shows a photo of an EVM board of a charge pump converter TPS60255. Other 

than the connectors in the peripherals, the converter only includes four capacitors and the 

TPS60255 IC. The size of the converter is very compact because no inductor is used. 

 

 

Figure 5-2 TPS60255 EVM board 

 

Although the charge pump converter has its own limitations, it fits the needs of many 

applications, such as low voltage low power applications [ 44 ], LED drivers [ 45 ], the 

first stage of the two-stage VRs [ 46 ], and so on. 

 

Because the charge pump converter does not have an inductor, it is easier to do 

integration. It is a good candidate for either system-in-a-chip integration or system-in-a-
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package integration. The first type of integration has the capacitors within the 

semiconductor IC, while the second type of integration has discrete capacitors but they 

are integrated in the same package. To study this type of converter and its potential for 

integration, the following case study is selected with its specifications shown in Table 5-1. 

This regulated charge pump is to be designed with the IBM7RF process. 

 

Table 5-1 Target specification of the regulated charge pump converter 

 
Vin 2.7-4.5V 

Vout 5V 

Iout,max 500mA 

Output ripple 20mV or as best as it can be 

Average efficiency 80% or as best as it can be 

Size of the package 4mm*4mm 

 

5.2. Power stage design 

 

As mentioned in many references such as [ 47 ] and [ 48 ], the efficiency of a regulated 

change pump is Vout/(N*Vin), where N is the conversion ratio of an unregulated charge 

pump with the same power stage configuration. This is based on the assumption that the 

driving loss, the switching loss and the leakage loss are negligible, which is normally true 

in heavy load or full load conditions. A lot of commercial ICs of regulated charge pumps 

implement multi-mode operations for similar input and output voltage ranges, but most of 

them only have a 2x mode and a (3/2)x mode for the Vin and Vout ranges listed in Table 
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5-1. Considering the highest input voltage Vin=4.5V, if a (3/2)x mode is used, the ideal 

efficiency is 5/(1.5*4.5)=74.1%. However, if one more mode, (4/3)x, is implemented, the 

ideal efficiency can be improved to 83.3%. This improvement is about 9% and it is true 

for all input voltages greater than 3.9V. 

 

Based on the above analysis, a multi-mode charge pump is designed in the IBM7RF 

process with the power stage shown in Figure 5-3. It includes three flying capacitors (C1, 

C2, and C3) so that the (4/3)x mode can be realized. To facilitate the change between 

different modes (2x, (3/2)x and (4/3)x), nine PMOS switches (MP1 to MP9) are used, and 

one NMOS (MN1) is controlled by the error amplifier output voltage to serve as a current 

source with a 50% duty cycle [ 49 ]. 

 

 

Figure 5-3 Power stage of the regulated multi-mode charge pump converter 

 

By analyzing the voltage at the node between C1 and MP1, it is found that the voltage of 

this node can be greater than Vin during some operations, while less than Vin during some 

other operating conditions. To avoid undesirable body diode conduction, a dynamic bulk 
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biasing scheme is used for MP1 so that its bulk voltage is always connected to the higher 

potential of its drain and source [ 50 ]. The same dynamic bulk biasing scheme is also 

used for MP5 and MP6 for similar reason. 

 

When the input voltage is between 3.9V and 4.5V, the charge pump works in the (4/3)x 

mode. The operation is shown in Figure 5-4. For simplicity, the PMOS devices are 

replaced with ideal switches. 

 

 

 

 

Figure 5-4 The charge pump’s operation in (4/3)x mode 
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In the first half of a switching period, MP1, MP5, and MP6 are turned on, so that C1, C2, 

and C3 are charged by a controlled current determined by the gate voltage of MN1 [ 49 ]. 

In the second half of the switching period, MP1, MP5, MP6, and MN1 are turned off, and 

all other 6 PMOS switches are turned on to pump the charge stored in C1, C2, and C3 to 

Cout. These three flying capacitors are charged in series and discharged in parallel. The 

voltages across them can be controlled through the MN1 current. Therefore, Vout can be 

regulated. Ideally the charging current is 2/3 of the load current. 

 

When the input voltage is between 3.5V to 3.9V, the charge pump works in the (3/2)x 

mode. The operation is shown in Figure 5-5. In the first half of a switching period, MP2, 

MP5, and MP6 are turned on, so that C2 and C3 are charged by the controlled current of 

MN1. MP1 is turned on as well to avoid a floating node of high impedance. Other PMOS 

switches are off. In the second half of the switching period, MP3, MP4, MP8, and MP9 

are turned on to pump the charge stored in C2 and C3 to Cout. MP1 and MP2 are turned 

on as well to avoid floating nodes. And all other PMOS and NMOS devices are turned off. 

C2 and C3 are charged in series and discharged in parallel. Ideally the charging current is 

equal to the load current. 
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Figure 5-5 The charge pump’s operation in (3/2)x mode 

 

When the input voltage is between 2.7V to 3.5V, the charge pump works in the 2x mode. 

The operation is shown in Figure 5-6. In the first half of a switching period, MP3 and 

MP6 are turned on, so that C3 is charged by the controlled current of MN1. MP1, MP2, 

and MP5 are turned on as well to avoid floating nodes. Other PMOS switches are turned 

off. In the second half of the switching period, MP4 and MP9 are turned on to pump the 

charge stored in C3 to Cout. MP1, MP2, MP3, and MP5 are also turned on to avoid 

floating nodes. And all other PMOS and NMOS devices are turned off. Only C3 is 
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involved in the charge transfer but not C1 or C2. Ideally the charging current is twice that 

of the load current. 

 

 

 

 

Figure 5-6 The charge pump’s operation in 2x mode 

 

With the power stage topology determined as shown in Figure 5-3, the next questions are 

how to design the sizes of PMOS switches and MN1, and how to design the value of the 

flying capacitors and the output capacitor. 
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When designing a DC-DC converter with inductors, a common way to design the sizes of 

MOSFET switches is to analyze their switching-related loss and conduction loss. When 

the device size is too small, the conduction loss is much larger than the switching-related 

loss. When the device size is too large, the switching-related loss is much larger than the 

conduction loss. When the switching-related loss is equal to the conduction loss, the 

device size is considered as optimum [ 51 ]. However, this methodology cannot be 

applied to regulated charge pumps. The reason is that the conduction loss is intentionally 

introduced to fill the gap between Vout and N*Vin, otherwise Vout cannot be regulated. 

This is similar to the linear regulators. The ideal efficiency for a Buck converter or a 

Boost converter can be 100%, however, the ideal efficiency for a regulated charge pump 

can only be Vout/(N*Vin) due to the intentionally introduced conduction loss. Whatever 

the switching-related loss for the circuit in Figure 5-3, this loss will further decrease the 

real efficiency to be less than Vout/(N*Vin). 

 

The design methodology proposed in this work is to design the device sizes and the 

capacitors based on the Vout ripple requirement and the output current Iload requirement. 

 

The ripple of Vout is determined by the reduction of the voltage across Cout during the first 

half of the switching period. In the first half, the flying capacitors are charged while the 

output capacitor is discharged. Given the 20mV ripple requirement and the 500mA output 

current requirement, with fsw=1MHz, the output capacitor needs to be at least 12.5uF. 

 

When designing the transistor sizes and the flying capacitors, one needs to consider the 

worst case operation. As mentioned before, the charging current in the 2x mode is greater 
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than that of the (3/2)x mode and that of the (4/3)x mode for the same load. Also, when 

Vin=2.7V, there is only a 0.4V gap left between N*Vin and Vout. So the worst case is 

Vin=2.7V and ILoad=500mA. The 0.4V gap is occupied by the voltage drop across MP3, 

MP6, MN1 and the ripple of C3. Since the charging current is approximately 1A when 

ILoad=500mA in the 2x mode, the sum of the on-state resistances of MP3, MP6, and MN1 

needs to be smaller than 0.4Ω even if the ripple of C3 is very small, which implies that 

big size PMOS and NMOS need to be used. 

 

To further determine the on-state resistances and the values for the flying capacitors, it is 

better to have analytic equations. The reference [ 52 ] describes a method to obtain such a 

set of equations. Using a similar method, two equations can be obtained for the first half 

of the switching period based on the simplified equivalent circuit diagram shown in 

Figure 5-7. 
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where V1 and V2 are the voltage on the flying capacitor C3 and the voltage on the output 

capacitor Cout at the beginning of the first half of the switching period, respectively. 
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Figure 5-7 Simplified equivalent circuit for 2x mode operation in the first half switching period 

 

Another two equations can be obtained for the second half of the switching period based 

on the simplified equivalent circuit in Figure 5-8. 

 

 

Figure 5-8 Simplified equivalent circuit for 2x mode operation in the second half switching period 
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where -V3 and V4 are the voltage on the flying capacitor C3 and the voltage on the output 

capacitor Cout at the beginning of the second half of switching period, respectively. And 

AA, BB, CC, DD, EE, FF, N2, N4, s1 and s2 are coefficients determined by the on-state 

resistances, the load resistor, the flying capacitor, and the output capacitor with similar 

forms of those in [ 52 ]. 
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The values of these coefficients can be found if estimated values are given to the on-state 

resistances, C3, and Cout. Knowing that the sum of the on-state resistances of MP3, MP6, 

and MN1 needs to be smaller than 0.4Ω, we can give a small value like 0.075Ω as the 

first round estimated value for the on-state resistances of MP3, MP6 and MN1, while the 

estimated values for Cout  and C3 can be 10uF*2 and 10uF, respectively. With the above 

equations, the four unknowns V1, V2, V3, and V4 can be found as 2.427V, 5.006V, -

2.477V, and 4.993V respectively. It is necessary to check the value of V2 to see if it is 

greater than 5.0V. If not, it means the on-state resistances needs to be further reduced, or 

the capacitance of the flying capacitor needs to be increased. Also, it is necessary to 

verify if there is enough headroom left for MN1 by checking the following inequality. 

 

arg _ 3 _ 6 3 _ 1,min arg( ( ) ( ))in ch e ON MP ON MP ON MN ch eV i R R V R i                      ( 5.17) 

 

If the left side of (5.17) is negative, the on-state resistance needs to be further reduced, or 

the value of the flying capacitor needs to be increased. 
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Based on the above method, with several iterations, the following values are determined 

for the power stage. 

 

Ron_PMOS=0.075 Ω at maximum |Vgs| 

Ron_MN1=0.073 Ω at maximum Vgs 

C1=C2=C3=10uF 

Cout=10uF*2 

 

To realize these low on-state resistances, assuming 1/3 of the Ron is from the metal 

connection and package resistance, the PMOS switches MP5-MP9 and MP1 need to have 

the size of W=150um, L=0.6um, and Number of Fingers (NF)=800 each, while the 

PMOS switches MP2-MP4 need to have the size of W=150um, L=0.6um, and NF=1200 

each because the maximum |Vgs| is only 2.7V or 3.5V. While the NMOS MN1 needs to 

have the size of W=150um, L=0.7um, and NF=250. 

 

5.3. Design of the error amplifier 

 

The output voltage of the charge pump is regulated by the feedback control of the gate 

voltage of MN1. So the gate voltage of MN1 can be controlled by an error amplifier as 

shown in Figure 5-9. But the gate of MN1 should be connected to the error amplifier 

output only in the first half of the switching period. In the second half of the switching 

period, the gate of MN1 should be connected to the ground. Therefore, the error amplifier 
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for driving the gate of MN1 needs to have a strong driving capability (in the mA range) 

so that the gate of MN1 can be charged from zero volts to the error amplifier output 

voltage (Vc) as quickly as possible. However, after the gate of MN1 is charged to Vc, the 

quiescent current should be small. For example, if the quiescent current for the error 

amplifier is 1mA, the efficiency at the 10mA load will be 10% lower than expected. 

 

 

Figure 5-9 Using the error amplifier to control the gate of MN1 

 

To enable the error amplifier to have a strong driving capability while consuming a small 

amount of quiescent current, the structure as shown in Figure 5-10 can be used [ 53 ]. 

 

The Op Amp in Figure 5-10 has a combined common-drain (MN12 and MP18) and 

common-source (MN17 and MP19) output stage. In the steady state, the common-source 

output devices MN17 and MP19 are kept off due to the intentionally introduced OFFSET 

voltages at the input of the amplifiers A1 and A2. At this time the Op Amp is a two-stage 

amplifier with a common-drain output stage. At the beginning of the first half of the 

switching period, the output of the Op Amp is connected to the gate of MN1. Because the 

gate capacitance (Cg) of MN1 is quite large, the voltage at the output node of the Op Amp 
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is pulled down from Vc towards the ground. Because the voltage at the node X in Figure 

5-10 remains at Vc, if the output node is pulled down to one VOS below Vc, the amplifier 

A1 will activate MP19 and provide a strong current to charge the gate of MN1 to Vc in a 

very short time. Towards the end of the charging process, MP19 is turned off again due to 

the offset voltage VOS. With Ibias=10uA, the total quiescent current for the error amplifier 

is less than 250uA, but the transient pull-up current at the output node is greater than 

5mA. 

 

 

Figure 5-10 Simplified schematic of the error amplifier 

 

Table 5-2 Device sizes of the error amplifier 

 
Device Size (um) Device Size (um) Device Size (um) Device Size (um) 

MP11 12/3.6 MP16 60/0.6 MN11 56/1.4 MN16 84/0.7 

MP12 24/3.6 MP17 48/1.2 MN12 200/1.4 MN17 280/0.7 

MP13 48/3.6 MP18 240/1.2 MN13 21/0.7   

MP14 48/3.6 MP19 600/0.6 MN14 21/0.7   

MP15 60/0.6   MN15 84/0.7   
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The device sizes of the Op Amp are listed in Table 5-2. The Op Amp has a 66dB DC gain 

and a greater than 2MHz crossover frequency when connected to the gate of MN1. 

 

5.4. Use adaptive device size method to improve light load 

efficiency 

 

According to Section 5.2, large size transistors are needed for the PMOS switches and 

MN1, which implies large value of gate capacitances (Cg) for them. The power consumed 

by driving Cg is Pdrive=Cg*VDD
2*fsw. This power consumption will make the practical 

efficiency of the regulated charge pump worse than the ideal value of Vout/(N*Vin). The 

larger the Pdrive, the less the practical efficiency will be compared to the ideal value 

Vout/(N*Vin). This efficiency drop may not be significant when the charge pump is 

supplying a full load or a heavy load, but it is significant when the charge pump is 

supplying a light load. 

 

To improve the light load efficiency, the value of Pdrive needs to be reduced. One way to 

do that is to reduce fsw. Some commercial regulated charge pumps implement a burst 

mode control, which shuts down the internal driving signals when the light load condition 

is detected, and enables the driving signals again when the output voltage falls below a 

certain threshold. There are two disadvantages of this burst mode method. Firstly, the 

ripple magnitude at the output can be much larger compared to that of the normal 

operation. Secondly, the frequency of the burst operation is load dependent. Therefore, 
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the generated EMI noise will show up in a broad frequency range, which is difficult to be 

filtered out. 

 

This section proposes to use the method of adaptive device size to reduce the loss of Pdrive 

by reducing Cg at light load. Actually, this method has been used for Buck converters or 

other DC-DC converters with inductors [ 54 ]. And the similar method can be applied to 

the regulated charge pump in this work. This method can be illustrated as shown in Figure 

5-11. 

 

 

Figure 5-11 Light load efficiency improvement method --- adaptive device size 
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As can be seen in Figure 5-11, each PMOS switch has two sets of devices in parallel. 

They are 9 times different in size, and approximately 9 times different in the value of Cg 

too. During a heavy load operation, both the 9x devices and the 1x devices are switched 

on and off to deliver enough charge to the output. During the light load operation, the 9x 

devices are disabled, and only the 1x devices are switched on and off. Because the 1x 

devices have a smaller Cg, the value of Pdrive is reduced during a light load condition. 

Therefore, the light load efficiency can be improved. Compared to the burst mode 

operation, this method can maintain the same fsw, so the output voltage ripple is not 

enlarged. 

 

One of the challenges in utilizing the adaptive device size method is how to determine the 

light load condition. 

 

One possible method is to use the error amplifier output voltage, Vc, to determine the 

light load condition. In a certain operation mode (2x, (3/2)x or (4/3)x), when the load 

current decreases, the error amplifier output voltage decreases as well to drive the gate of 

MN1 with a lower voltage. Therefore, the Vc voltage can be used to determine the light 

load condition. However, there are some disadvantages to this approach. Firstly, for the 

same load current and the same operation mode, the required Vc voltage level is different 

at different temperatures. When the process variation is taken into account, it is more 

difficult to set a proper comparison threshold to determine the light load condition in each 

mode. Secondly, the voltage of Vc actually has a significant ripple. The reason is that the 

gate of MN1 is grounded in the second half of the switching period. When the gate of 

MN1 is connected to the error amplifier output at the beginning of the first half of the 
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next switching period, the error amplifier output is shorted to the gate capacitance of 

MN1 that has an initial voltage of 0V. This will cause a significant ripple in the waveform 

of Vc. For this reason, a low pass filter has to be used if the Vc voltage is used for light 

load determination. 

 

Based on the above discussion, a better method is preferred for light load determination. 

As shown in Figure 5-4 to Figure 5-6, in the first half of the switching period, the drain 

current in MN1 is proportional to the load current. If the drain current of MN1 can be 

sensed accurately, it should provide the information needed for light load determination. 

In analog IC design technology, the current mirror is a common technique to obtain a 

current that is proportional to the drain current of a MOSFET. Based on the current mirror 

concept, a Sense FET can be placed close to MN1 with their gate terminals shorted and 

their source terminals shorted as shown in Figure 5-12. The size of Sense FET is 

proportional to but much smaller than the size of MN1, for example, 1/500. 

 

 

Figure 5-12 Using a Sense FET to sense the current in MN1 to determine light load condition 
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Since the sensed current is to be used for light load detection, it is preferred that the drain 

current of MN1 can be sensed accurately. In the first half of the switching cycle, 

depending on its drain to source voltage, MN1 can work in either the saturation region or 

the triode region. It is required that the drain current of MN1 can be sensed accurately in 

both the saturation region and the triode region. 

 

The drain current equation of an N-type MOSFET in the saturation region is shown in 

(5.18). 
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The drain current equation of an N-type MOSFET in the triode region is shown in (5.19). 
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Based on these two equations, if the drain voltage of the Sense FET can be controlled to 

be the same as that of MN1, the drain current of the Sense FET should be exactly 

proportional to the drain current of MN1 based on their size ratio, no matter if they are in 

the saturation region or the triode region. For example, if the size of the Sense FET is 

1/500 the size of MN1, the drain current of the Sense FET should be 1/500 that of MN1. 

 

The circuit in Figure 5-13 is used to sense the current in MN1 [ 55 ] - [ 58 ]. The Sense 

FET is TN337. Its gate and source are connected to MN1’s gate and source, respectively. 
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Figure 5-13 Current sensing circuit 

 

The pin of the Sense_point is connected to the drain of MN1, and the pin of the 

Sense_Enable is connected to the input voltage. 

 

In the first half of the switching cycle, MN1 is conducting. The drain of MN1 is at a 

voltage much lower than the input voltage, so the NMOS TN333 is turned on. The 

voltage at the node of Va is the same as that at the drain of MN1. The two NMOS devices 

TN335 and TN336 both have the same amount of drain current that is determined by the 

current mirror including TP3311, TP335, and TP336. Also, TN335 and TN336 have the 

same size, so they have the same VGS voltage. In this way, the drain voltage of the Sense 

FET TN337 is the same as the drain voltage of MN1. This causes the drain current of 

TN337 to be 1/500 of the drain current in MN1, no matter if MN1 is in the triode region 

or in the saturation region. 
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In this half cycle, the voltage at the pin of the G6s is low, and the voltage at the pin of the 

G4s is high. The two NMOS devices TN334 and TN338 are both off. Because the drain 

current of the Sense FET TN337 is much greater than that of TN336, the drain current of 

TP3310 and TP3312 is almost the same as that of TN337. So the drain current in MN1 is 

mirrored to the PMOS TP3313 with a ratio very close to 1/500. The drain current of 

TP3313 generates a voltage, Vsense, across the resistor for light load determination. 

 

In the second half cycle, the voltage at the pin of the Sense_point is Vin, so the NMOS 

TN333 is off and the node Va is disconnected from the drain of MN1. The voltage at the 

pin of the G6s is high, which turns on TN334 and TN338 and provides paths for the drain 

currents of TP335 and TP 336 with MN1 and TN337 being off. The voltage at the pin of 

the G4s is low, which turns on TP3314 and turns off TP3310. This cuts off the current in 

the PMOS devices TP3312 and TP3313. 

 

As shown in Figure 5-14, the sensed current in TN337 is proportional to the drain current 

of MN1 (TN330) and they have almost the same shape. 

 

Since the drain current of MN1 can be accurately measured, the next step is to do the light 

load determination. The circuit in Figure 5-15 is used for this purpose. The voltage of 

Vsense is compared to a reference voltage that is generated by a current source flowing 

through a resistor. The process and temperature variations of these two resistors can be 

cancelled out. The current source is from the band gap reference, so it is very accurate 

and independent of temperature and supply voltage variations. 
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Figure 5-14 Current sensing circuit simulation result 

 

 

Figure 5-15 Light load determination circuit 
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When the charge pump works in a heavy load condition, Vsense is greater than the 

reference voltage in the first half of the switching cycle. So the output of the first 

comparator is high for 50% of the switching cycle. This provides enough time to 

discharge the voltage across the capacitor to zero volts. Although the capacitor’s voltage 

is charged up again in the second half of the switching period, it cannot reach the 

threshold of the second comparator in the time duration of half switching period. So the 

output of the second comparator stays low, which indicates that the 9x MOSFET devices 

should be kept switching. 

 

When the charge pump works in a light load condition, Vsense is less than the reference 

voltage all through the switching cycle. The output of the first comparator is kept low. 

The capacitor’s voltage is being charged continuously. After several switching cycles, the 

capacitor’s voltage becomes greater than the reference voltage of the second comparator. 

The output of the second comparator goes to high, which indicates the light load 

condition. At this time, the 9x MOSFET devices should be disabled. 

 

5.5. Transistor level simulation result 

 

A transistor-level simulation of the regulated charge pump has been done to obtain time 

domain waveforms and the efficiency curves at different input voltages and different 

loads. 
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The time domain waveform at Vin=2.7V and Iload=500mA is shown in Figure 5-16. The 

ripple voltages of Cout and C3 are 13mV and 51mV, respectively, which are very close to 

the theoretical analysis in Section 5.2. There is a slight shift between the theoretical 

calculation values of V1, V2, V3, and V4 and the simulated values, which is caused by 

the fact that the simulated charging current is not exactly the same as that for the 

theoretical analysis. 

 

 

Figure 5-16 Time domain waveform at Vin=2.7V and Iload=500mA. (From top to bottom: MN1 current, 

Vin, Vout and C3 voltage.) 

 

The efficiency curves are shown in Figure 5-17. The average efficiency is about 80% at 

full load (500mA). Two efficiency curves are shown for Iload=50mA. One is without the 

adaptive device size method, which is about 20-40% worse than the full load curve. With 
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the proposed adaptive device size method, the efficiency is 10-30% better than it is 

without the adaptive device size method. 

 

 

Figure 5-17 Transistor-level simulation result of the multi-mode charge pump efficiency 

 

5.6. Experimental verification with PCB prototype 

 

To verify the power stage operation and the proposed adaptive device size method, a PCB 

prototype is built and tested with similar specifications listed in Table 5-1 (except the size) 

before the IC tape-out. The hardware of the charge pump has been tested with the 

following devices.  
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Large PMOS: AO3401;  

Small PMOS: FDN352;  

NMOS: BSO250N03.  

 

The large PMOS and the small PMOS are used to emulate the 9x and 1x devices in 

Figure 5-11.  A photo of the PCB is shown in Figure 5-18. The purpose of the PCB is to 

verify the multi-mode operation and the benefits of the adaptive device size method. Its 

power density will be far less than the monolithic integration approach because all the 

PMOS devices, the NMOS, the drivers, and the controller are discrete components. 

 

 

Figure 5-18 Photo of the demonstration board for the multi-mode charge pump with discrete devices 

 

The steady state full load operation waveform at Vin=2.8V is shown in Figure 5-19. The 

traces labeled as Vn5 and Vn6 are the voltages across C3. Because two PMOS AO3401 are 



 114

used for MP6, its total Rds,on is greater than that of the calculated value in Section 5.2. So, 

the voltage at the gate of MN1 will begin to saturate at around a 2.75V input voltage. 

 

 

Figure 5-19 Steady state operation waveform at Vin=2.8V (2x mode) 

 

The steady state full load operation waveform at Vin=3.6V is shown in Figure 5-20. The 

traces labeled as Vn3 and Vn4 are the voltages across C2. The steady state full load 

operation waveform at Vin=4.5V is shown in Figure 5-21. The traces labeled as Vn1 and 

Vn2 are the voltages across C1. 
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Figure 5-20 Steady state operation waveform at Vin=3.6V ((3/2)x mode) 

 

Figure 5-21 Steady state operation waveform at Vin=4.5V ((4/3)x mode) 
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From the waveforms shown in Figure 5-19, Figure 5-20, and Figure 5-21, the output 

voltage can be regulated at 5V at all three operation modes. So, the multi-mode operation 

is verified. 

 

The efficiency curves at full load are shown in Figure 5-22. The measured efficiency is 

very close to the ideal efficiency Vout/(N*Vin) if not including the driving loss. However, 

with driving loss, the efficiency drops about 6-10% more. Even with the driving loss, the 

average efficiency is around 75%. When the same topology is implemented with a 

monolithic approach such as the IBM7RF process, the gate driving loss can be reduced. 

Because it is a low voltage process, smaller Qg is needed for the same Rds,on. So the 

efficiency has a good chance to meet the 80% target. 

 

 

Figure 5-22 Experimental efficiency curves at full load 



 117

 

The efficiency comparison of with and without the adaptive device size method is shown 

in Figure 5-23. The proposed method can improve light load efficiency by 20-30% for 

Iout=50mA. 

 

 

Figure 5-23 Efficiency curves of with and without the adaptive device size method 

 

5.7. Summary of Chapter 5 

 

The design of a regulated multi-mode charge pump is presented. The methodology for 

designing the transistor sizes and the capacitors has been developed. An operational 

amplifier with a low quiescent current and a strong driving capability is designed to drive 

the NMOS to serve as a controlled current source with a 50% duty cycle. The method of 
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adaptive device size is used to improve the light load efficiency without sacrificing the 

output ripple. The simulation results show that the charge pump has good efficiency over 

a wide input voltage range for both heavy load and light load. To verify the multi-mode 

operation and the proposed adaptive device size method, a demonstration board has been 

built with similar specifications. The experimental results verified the operation and the 

benefits of the proposed light load efficiency improvement method. 
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Chapter 6 . Conclusions and future work 

 

6.1. Conclusions 

 

In this research work, major contributions have been made in proposing novel techniques 

and improving previous techniques to enhance the performance of the wide operation 

range DC-DC converters. 

 

The frequency spread spectrum function is a popular technique to reduce EMI for DC-DC 

converters, but the output voltage of the converters can have a large variation when this 

function is enabled. The input voltage feed-forward function is a very good technique for 

voltage mode Buck converters with a wide input voltage range. Both of these two 

techniques constitute new requirements that cannot be fulfilled by conventional basic 

clock and ramp generation circuits. Moreover, very little literature included these two 

functions together in the same controller. To solve the problem when the spread spectrum 

function is enabled, an adaptive slope control scheme is proposed for the PWM ramp. 

Also this practical clock and ramp generation circuit can easily implement both of these 

two functions in a controller IC. 

 

For peak current mode controlled Buck converters with a wide operation range, a novel 

adaptive external ramp control method is proposed based on systematic analysis using the 

small signal model. Assuming a fixed compensator design, this control method can 
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improve the worst case control bandwidth significantly. Because of the higher bandwidth, 

the transient response speed can be improved too. Simulation and experimental results 

verify the advantage of this proposed method. 

 

For multi-phase Buck converters with a wide load range, phase shedding is a common 

method to improve light load efficiency. However, this can cause a worse transient 

response for converters with AVP output characteristics. To solve this problem, new 

control design guidelines are derived and proposed to eliminate the voltage dip at the load 

step-up transient for both the active droop AVP method and the peak current mode 

controlled AVP method.  

 

Charge pump converters are another type of DC-DC converter that can accomplish power 

conversion without using inductors. A regulated charge pump converter is analyzed in 

this work. To maintain high efficiency over the wide input range, a multi-mode operation 

is used. The method for designing the power stage parameters is developed. To improve 

the light load efficiency, an adaptive device size method is proposed to be applied for this 

regulated charge pump, which can improve the light load efficiency significantly. 

 

6.2. Future work 

 

To make this research more comprehensive, the following work can be continued in the 

future. 
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In Chapter 2, more research can be done to further minimize the PWM ramp variation 

when the frequency spread spectrum function is enabled. 

 

In Chapter 4, the analysis is based on OSCON output capacitors. But sometimes the 

output capacitors are ceramic capacitors, especially for CPU voltage regulators working 

at MHz range switching frequency. These ceramic capacitors often have smaller ESR. 

Future work can include the analysis for phase shedding Buck controller design based on 

ceramic capacitors. 

 

In Chapter 5, the multi-mode charge pump is planned to be implemented with a 

monolithic integration approach. However, at the time of the writing of this dissertation, 

this work has not been finished yet. More work can be done along this path to 

demonstrate a high efficiency multi-mode charge pump with a high power density. 
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