
ABSTRACT 
 

DUAN, XIAOMING. High Performance Integrated Controller with Variable Frequency 

Control for Switching DC-DC Converters. (Under direction of Dr. Alex Q. Huang.) 

 

Development of digital core chips poses serious challenges to the power supply design. 

High performance switching DC-DC converter must meet requirements of high current, 

low voltage tolerance, fast transient response, high power efficiency, small profile and 

low cost. The conventional PWM control with constant switching frequency has 

limitation to improve both transient response and power efficiency because there is a 

conflicting requirement on switching frequency. The control scheme with variable 

frequency has promising features to achieve better overall performance, but the issues in 

the reported design approaches limit their usefulness in the practical applications. This 

dissertation reviews and summarizes the issues and the design considerations in the high 

current switching DC-DC converters. To improve the system performance, novel control 

architecture with variable switching frequency and novel implementation of the 

integrated controller are proposed in this dissertation. The proposed control architecture 

is modeled and analyzed. Fully differential circuits are designed to implement the control 

core functions. The design methodology and the design considerations are discussed. The 

control concept and the proposed circuits are verified by the prototype controller chip. 
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Chapter 1 Introduction 
 

1.1 Power consumption in high performance computer systems 

In modern computer systems, great amount of power is consumed by the digital core 

chips for intensive data computation. A good example of such chips is the high 

performance microprocessor (CPU). When transistor technology moves into the 

nanometer scale, power demand of microprocessors could be even higher because more 

transistors are integrated and the leakage current of the transistor increases 

[Agerwala’05]. Another driving force of increasing power consumption in digital core 

chips is demand of high throughput in the computing devices. For example, the clock 

frequency in Intel’s CPUs has been continuously increased for three decades to improve 

the system performance. 

Power consumption in computer systems emerges as a serious concern for several 

reasons. First, huge power dissipation causes severe thermal burden to the system. 

Adding or enlarging heat sinks and cooling fans are undesirable for increasing size and 

weight of the system. Secondly, since portable devices have gained significant share of 

market, power-efficient design becomes critical in business competition. Battery lifetime 

is now a key metric of performance for most portable devices. Thirdly, supplying 

required power into the core chips is getting more difficult than before. As shown in Fig. 

1.1, the current in Intel’s CPUs was rapidly increasing in the past decades while the 

supply voltage kept scaling down [Aygun’05]. The tolerance window of the voltage 

shrinks to less than 100 mV, at the same time, the current slew rate reaches more than 

hundreds Amperes per micro second during CPU transitions [Stanford’04]. For the power 
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supply designers, it is a nightmare to supply such huge dynamic current with the voltage 

tightly regulated [Lee’99]. Besides, due to the parasitic components inside the package 

and the chip, stabilizing voltage inside the chip is also troublesome even though the 

voltage outside the chip is constant. As we know, the supply voltage is crucial for 

maintaining chip functionality. The voltage higher than the top limit may physically 

damage the chip, and the voltage under the bottom limit may violate the delay 

requirement of the digital circuits [Saint-Laurent’04].  

 

Figure 1.1 Trends of current, voltage and technology feature size of Intel’s microprocessor 

 

1.2 Power distribution and voltage regulators in computer systems 

In most computer systems, electrical energy comes from the centralized power source, 

such as the silver box, the power adaptor or the battery. Requirements of power in 

various chips are quite different. For example, LED drivers for the display usually require 

higher voltage and less current, but the digital core chips require lower voltage and much 

more current. To meet requirements of the whole system, a large number of voltage 

regulators are used to process the power to accommodate different loads [Mammano’93]. 

Fig. 1.2 shows a typical power management system in a mobile computer [TI]. 
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Among the voltage regulators, the switching voltage regulators (or the switching DC-DC 

converters) are mostly used for supplying high current to the loads for high efficiency. 

The Voltage Regulator Module (VRM) for supplying power to CPUs on the motherboard 

is one of such applications. In today’s industry, most high current converters are designed 

based on the multi-channel synchronous Buck converter shown in Fig. 1.3 [Zhou’00]. In 

the circuit, each channel that comprises a main switch (or a high side switch), a 

synchronous rectifier (or a low side switch) and a power inductor, manipulates current 

flows by turning on and off the switches. By connecting all channels in parallel, the 

currents in all channels are added up to supply the load current. The output voltage is 

maintained at required level by using a controller that generates the switching driver 

signals or the duty cycle signals. Large amount of output capacitors are used to reduce the 

voltage ripples and maintain voltage regulation during load current transient. In desktop 

and laptop computers, the DC-DC converter is built around the CPU on the motherboard. 

The CPU power management system is made up of the power source, the DC-DC 

converters, the motherboard and power management circuits inside the CPU itself. 
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Switching DC-DC convertersSwitching DC-DC converters
 

Figure 1.2 Power management system in a mobile computer 

 

Main switch Synchronous 

rectifier

 

Figure 1.3 A multi-channel DC-DC converter for powering microprocessors 
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 1.3 Tradeoff between high efficiency and fast load transient response 

High efficiency and fast load transient response are two major requirements in high 

current DC-DC converters design [Panov’01].  

Although power efficiency of the switching converters is considered high compared with 

other voltage regulators such as the linear regulator and the switching capacitor regulator, 

power loss in the power supply circuits adds up to be a significant portion of total power 

consumption in the computer system. From experimental results shown in Fig. 1.4, 10 

percent of power is consumed by the power supply in a mobile computer running a test 

bench program [Chinn’03]. In contrast, only 6 percent of power is consumed by the CPU 

itself. In fact, power consumption of CPUs has been significantly reduced in mobile 

computer systems by adopting power management techniques and new computer 

architecture design [Intel-1’04]. There is strong motivation to improve power efficiency 

of power supply circuits in mobile systems. 

 

Figure 1.4 Average power distribution in a mobile computer 

Power efficiency of the typical multi-channel Buck converter is determined by many 

factors including design parameters, operation conditions and component characteristics. 
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For instance, power efficiency is affected by the switching frequency, the load current, 

the input voltage, the output voltage, the on-resistance and the gate capacitance of power 

switches and the parasitic resistance of inductors. Although most of them are related to 

the power stage design that is not focus of this dissertation, the control strategy and the 

controller implementation also have significant impact to power efficiency. One of the 

most important design parameters is the switching frequency. In general, relatively low 

switching frequency is preferred for power efficiency because many power losses in the 

switching converters, such as switch turn-on loss, switch turn-off loss and deadtime loss, 

increase with the switching frequency [Bai’03]. Fig. 1.5 shows a typical power loss 

breakdown of a synchronous Buck converter with switching frequency at both 300 KHz 

and 1 MHz [Ren’05-1]. Significant degradation of power efficiency from 300 KHz to 1 

MHz was measured as shown in Fig. 1.6.  

 

Figure 1.5 Power loss breakdown in a VRM with input voltage 12 V,  

output voltage  0.8 V and load current  80 A 
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Figure 1.6 Measure efficiency vs. output current of a VRM [Ren’05-1] 

 

However, lowering switching frequency is not a perfect solution since it might 

compromise another important target of design, i.e. load transient response. As we know, 

the DC-DC converters are controlled by closed-loop feedback so that the output voltage 

can be accurately regulated. The converter’s response to dynamic load current is 

governed by both the closed-loop feedback and the open-loop output characteristics, 

especially, the impedance of output capacitors. For the conventional control scheme with 

constant switching frequency, feedback loop design needs deal with the sampling effect 

and switching noises. The closed-loop bandwidth is usually designed below one fifth of 

the switching frequency in order to guarantee stability at steady state [Mitchell’01]. If the 

control bandwidth is not high enough, large amount of output capacitors is needed to 

reduce output impedance beyond the control bandwidth and to keep voltage spikes within 

the tolerance window. For the VRMs, large amount of output capacitors are not cost 

effective in the design. More importantly, the output capacitors occupy large real estate 

on the motherboard as shown in Fig. 1.7, which is precious in mobile computer systems. 
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Bulk Capacitors

Decoupling 
Capacitors

 

Figure 1.7 VRM components and CPU socket on the motherboard 

 

1.4 Research motivations 

Improving dynamic response without sacrificing power efficiency is one of the most 

popular topics in the filed of switching power supply design. Different approaches were 

proposed based on either the circuit topology or the control strategy.  

For the topology approaches, the basic topology shown in Fig 1.2 is modified with  

additional circuits added to realize better overall performance. For example, the approach 

proposed in [Ren’05-1] introduced two stages in which the first stage converts the input 

voltage to an intermediate bus voltage and the second stage converts the intermediate bus 

voltage to the output voltage. By the two-step conversion, the design requirements on 

both stages are somehow relaxed. Since the ratio of the input voltage to the output 

voltage is reduced in both stages, some losses related to switching transitions is 

significantly reduced, which makes it possible to use much higher switching frequency 

without sacrificing too much of power efficiency. Another example of the topology 
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approaches is using the circuits that only work during the transient, such as the active 

clamp [Li’06]. With these approaches, the switching DC-DC converter is designed only 

to supply the static current while the dynamic current is handled by the clamping circuits. 

Since the requirement of transient response on the switching DC-DC converter is 

reduced, it is possible to use relatively low switching frequency to achieve higher 

efficiency. In practical design, the power loss in the clamping circuits should be well 

limited so that the overall efficiency is not degraded too much by the clamping circuits. 

Compared with the control approaches, the topology approaches have more flexibility in 

design, but adding the extra circuits may increase design complexity, the cost and the size 

of the system. 

For the control approaches, a key idea is to separate load transient response with steady 

state performance in the switching DC-DC converters. One of the methods is introducing 

non-linear control functions in addition to the linear control function. For example, the 

transient response can be simply improved by saturating the duty cycle when the load 

transient is detected. However, because of its non-linear nature, it is difficult to build the 

proper model for the system, and system operation may vary significantly under different 

situations. Another approach to solve the dilemma of the switching frequency is to 

implement the control with variable switching frequency.  As shown in Fig. 1.8 and Fig. 

1.9, the switching frequency changes dynamically during load transients. If the system 

operates in steady state for most of the time, the average switching frequency is mainly 

determined by the steady state switching frequency. Therefore, lower switching 

frequency can be designed to improve power efficiency. The transient response of the 

system is no longer constrained by the steady state switching frequency. It is possible to 
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achieve good dynamic response without sacrificing power efficiency. If the control of the 

variable frequency is implemented with linear circuits, the system can be well modeled 

and analyzed with simple linear models. Robustness of design can be achieved in the 

design. Besides, power efficiency in the light load condition can be dramatically 

improved by reducing the switching frequency. The control technique with variable 

frequency can cover both the light load condition and the heavy load condition and give 

smooth transition between them. On the contrary, in the typical constant frequency 

controls, a dedicated control for light load condition, such as burst mode control, pulse-

skipping control, is designed in addition to the normal control mode for heavy load. The 

transition between the two controls is always headache in the design. 

Although control architecture with variable frequency has shown promising features, it is 

challenging to implement the variable frequency control with circuit techniques. For 

example, because of the wider range of the switching frequency, the signal dynamic 

range is extended and higher bandwidth up to tens of MHz is sometimes required in the 

control circuits. Because switching is no longer periodically controlled, the noise 

spectrum is expanded. The control circuits need to live with the wideband noise. 

Furthermore, there is no clock signal available in the design; the synchronization of the 

multiple channels is no longer straightforward. It is the motivation of this dissertation to 

propose and analyze a control scheme with variable switching frequency and present 

novel design approaches to deal with the practical issues and achieve better performance. 
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Figure 1.8 Variable switching frequency changing with load current 
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Figure 1.9 Plot of frequency versus time in variable frequency control 

 

1.5 Outline of dissertation 

In Chapter 2, the conventional PWM control with constant switching frequency is 

reviewed. The limitation and design tradeoffs of conventional control design are 

identified. A new control scheme based on current mode control with variable switching 

frequency is proposed. The control system is analyzed with small signal models. The 
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design guidelines are derived to meet the system specifications. In Chapter 3, the 

integrated controller for switching DC-DC converters is introduced. Design 

methodologies to implement the integrated circuits,  the issues with noise in the DC-DC 

converters and current sensing techniques are discussed. In Chapter 4, the core control 

circuits for the proposed control scheme are presented. Fully differential architecture is 

proposed. Some practical issues related to current sensing, noise immunity and regulation 

accuracy are addressed in the circuit design. In Chapter 5, the required design tasks in the 

multi-channel controller, interleaving and current sharing, are discussed. The traditional 

design techniques are reviewed. The design approaches for the proposed controller are 

proposed. In Chapter 6, design of the prototype two-channel controller is briefly 

introduced. Some of the simulation and test results are summarized. Finally, Chapter 7 

concludes the dissertation and provokes a discussion on future work. 
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Chapter 2 Current Mode Variable Frequency Control 
 

2.1 Background and review of conventional PWM control 

A DC-DC converter can be partitioned into two parts: the power stage and the controller. 

A single channel Buck converter is shown in Fig. 2.1 as an example. The power stage is a 

multiple-input single-output system. The system inputs are the driver signal )(td and the 

input voltage )(tvin , and the system output is the output voltage )(tvout . The state of 

system can be represented by two state variables, the output voltage )(tvout  and the 

inductor current )(tiL . The purpose of the control is to maintain the output voltage 

constant and equal to the reference voltage refV .  

Power stage

L

Co

)(td

)(tvin

)(tvout

)(tiL

refV

)(tio

Drivers

Controller

S1

S2

 

Figure 2.1 Block diagram of a DC-DC converter 

Since the DC-DC converter is connected to the pre-regulated power supply or the battery, 

the input voltage )(tvin can be modeled as a voltage source with certain output impedance. 

The driver signal )(td is a series of pulses. In each pulse cycle, during on time the main 
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switch S1 is conducting the current from the input source to the load; during off time the 

synchronous rectifier S2 is conducting the free wheeling current in the inductor. If the 

period of the pulse cycle, sT , is constant, )(td can be represented by the duty cycle or the 

pulse width (or the on time ont ):  

son

s

on

offon

on ft
T

t

tt

t
dutycycle ==

+
=                         (2.1) 

If switching frequency is constant, the pulse width is modulated in the control. In this 

dissertation, control with constant switching frequency is referred as the Pulse Width 

Modulation (PWM) control. In fact, most of commercial switching DC-DC converters 

are designed with the PWM control. Varieties of PWM control methods have been 

developed. The implementation of the PWM control has standard design procedures 

[Patel’85]. 

Existing PWM control methods can be categorized by signals used in the feedback: 

voltage mode controls only use output voltage feedback; current mode controls use 

feedback of both the output voltage and the current [Dixon’85]. Fig. 2.2 shows a simple 

implementation of the voltage mode control, where the circuit that transfers the error 

signal )(tve  into the driver signal is the PWM modulator. For current mode controls, 

many implementation methods have been developed. The current mode control methods 

can be roughly categorized by implementations of current sensing: the Instantaneous 

Current Mode control (ICM control), the Average Current Mode control (ACM control) 

and the indirect current mode control. Specifically, the ICM control senses instantaneous 

current waveforms in either the inductors or the switches. The examples of the ICM 

control include Standard Control Module (SCM) implementation, the peak current 
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control (or the current injection control), the valley current control, etc [Dixon’85]. An 

implementation of the peak current control is shown in Fig. 2.3. The ACM control senses 

averaged current information, which means AC ripples in the inductor current are 

reduced by filtering and only low frequency components of the current signals are used 

for control [Tang’93-2]. An example of ACM is the active droop control [Yao’03-2] 

shown in Fig. 2.4. The indirect current mode control uses the current information in 

alternative forms. For example, integration of the current is used in the charge control 

[Tang’93-1]. Sometimes, sensing the current indirectly saves much effort in circuit 

implementation. Each implementation approach of the current mode control has its own 

advantages and limitations. Proper choice of the control depends on the specific 

application. The control discussed in this dissertation falls into the first category, the 

instantaneous current mode control. 
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Figure 2.2 An implementation of voltage mode PWM control 
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Figure 2.3 An implementation of peak current control 
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Figure 2.4 An implementation of active droop control 

 

Modeling and analysis of the control system in switching DC-DC converters is usually 

done by small signal analysis in frequency domain [Ridley’88]. Since the system in 

nature is a mixed-signal system with both discrete signals and continuous signals, 
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approximation is needed before the system can be simply modeled as a continuous linear 

system. A useful method of approximation is averaging in which switching ripples are 

omitted and only averaged signals are considered in the model. It should be noted that the 

averaged model is accurate only if the interested frequency is much lower than the 

switching frequency [Ridley’88]. With this assumption, the system is linearized and 

characterized by the transfer functions. The system block diagram can be used to analyze 

the feedback loops. Fig. 2.5 and Fig. 2.6 show the system block diagrams of the voltage 

mode control and the peak current control system, respectively.  
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Lî

EA(s)Fm

Vref

 

Figure 2.5 System block diagram of a DC-DC converter with voltage mode control 
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Figure 2.6 System block diagram of a DC-DC converter with peak current control 

 

Here, )(sGvd , )(sGid , )(sGii and )(sZ o are transfer functions of the power stage. The 

definitions and equations of these transfer functions in the Buck converter under 

Continuous Conduction Mode (CCM) are listed as in Table 2.1. )(sEA  is the transfer 

function of the error amplifier. mF  and iR are small signal gains of the PWM modulator 

and the current sensing gain, respectively. In Fig. 2.6, )(sHe models the sampling effect 

in the instantaneous current mode control [Ridley’90].  
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Table 2.1 Transfer function gains in small signal models 
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With the small signal model, important characteristics of the control system, such as open 

loop gains and output impedance, can be calculated.  

mvdv FsEAsGsT )()()( =                               (2.2) 

)()()( sHFRsGsT emiidi =                            (2.3) 

)()(1

)()(
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Here, )(sTv and )(sTi are the voltage loop gain and the current loop gain, respectively. 

)(sT  is the overall voltage loop gain with current loop closed. )(sZ oc is the closed-loop 

output impedance. In Equ. 2.5, the approximation is valid in voltage mode control ( 0=iT ) 

and at frequency range where 1>>iT  in the current mode control. In the typical design 

approaches, system stability and dynamic response is designed by choosing proper gains, 

including )(sEA , iR and mF . Bode plots can be used to evaluate system characteristics 

[Erickson’01]. 

2.2 Design considerations of load transient response 

In high current DC-DC converters, such as VRMs, transient response is extremely 

important. The voltage spikes during load current transient must be limited within the 

tolerance window. To understand the constraints of the transient response in the 

converters, three major limiting factors are analyzed.  

1. Switching frequency 

Switching frequency determines the sampling rate in the PWM modulation. As illustrated 

in Fig. 2.7, )(tve is sampled every clock cycle. To avoid aliasing effects, the system 

bandwidth must be less than half of the switching frequency. In real implementation, 

large amount of noise exists at the frequency band close to the switching frequency. 

Because of non-linearities in the circuit, the noise could be transferred to low frequency 

through inter-frequency modulation.  The control bandwidth must be further reduced to 
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improve system robustness under influence of the noise. It is common practice to design 

the loop gain bandwidth less than one fifth of the switching frequency [Mitchell’01]. 

Furthermore, the switching frequency also affects system transient response by the action 

delay effect that is not reflected in the small signal model [Wong’02-1]. If the transient 

event occurs after the switch is turned off, the converter needs to wait until next 

switching cycle to take any action. If the switching frequency is low, this delay could be 

long enough to cause significant voltage drop during step-up transient of the load current. 

Some design modifications were reported to improve transient response by introducing 

duty cycle saturation in PWM modulation [Panov’01]. For example, by modifying the 

PWM modulator, the duty cycle is changed to zero or maximum duty cycle immediately 

after )(tvout or )(tve is out of the preset boundaries. Because of nonlinear nature of this 

design, system stability cannot be predicted by the developed linear models. Tuning of 

the circuit parameters is necessary to guarantee system stability in all conditions.  

)(tve

)(td

 

Figure 2.7 Sampling control signal with constant ramp signal 

2. Output inductor 

If all parasitic elements are ignored, the output filter is simplified as in Fig. 2.8. Voltage 

variation during the load transient is determined by the charge unbalance in the output 

capacitor [Wong’98]. From simplified current waveforms in Fig. 2.8, the voltage spike is 

estimated as: 
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The maximum slew rates of the inductor current for step up and step down are 

determined by the input voltage, the output voltage and the inductance value: 
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Here, VVdiode 7.0≈ is the voltage drop on the body diode of the synchronous rectifier. 

Since the slew rate of the inductor current is limited by the inductance value, reducing 

inductance helps improving system response to the load transient. The relation of the 

inductance and the control bandwidth was analyzed in [Wong’02-2]. In practice, there are 

more considerations on the inductor design. For instance, relatively large inductance is 

sometimes needed to improve the power efficiency or to reduce the voltage ripple. For 

the control design, letting the inductor currents slew with maximum slew rates during the 

transient gives the best performance of transient response. In another words, faster 

transient response can be obtained by saturating duty cycle during large load transient. 

However, saturated control circuits may cause trouble in stabilizing the system. 
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Figure 2.8 Output filter and current waveforms during transient 
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3. Power delivery network 

Power delivery network (PDN) is the physical network from the power stage of the 

switching converter to the internal power bus of the load circuit [Ren’05-2]. Physical 

connection between the VRM and the microprocessor is shown in Fig. 2.9. A circuit 

model of PDN is shown in Fig.2.10. Because high current goes through PDN, the 

parasitic inductance and resistance in PDN play important role during the current 

transient. High frequency impedance made by the PDN between the power supply and 

the load circuits could cause excessive voltage variations or even resonance on the 

internal voltage bus excited by high frequency current transients [Muhtaroglu’04]. 

Comprehensive design efforts are needed to maintain low impedance over required 

frequency range, including power supply design, motherboard design, chip package 

design and on-chip power bus design [Ji’05] [Arabi’04]. For power supply design, the 

issue is usually reduced to designing the control system with proper output capacitors and 

optimizing layout of the power path on the motherboard. To simplify the power supply 

design, the load is usually modeled as a dynamic current source instead of the complex 

PDN. The effect of PDN is represented by the slew rate of the current source. For 

example, a current source with slew rate of 100 A/µs connected to the decoupling 

capacitors is used to model the CPU load with typical motherboard layout.  
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Figure 2.9 Simplified connection between VRM and CPU on motherboard 
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Figure 2.10 A circuit model of power delivery network between VRM and CPU 

 

 

2.3 Design with adaptive voltage positioning  

Adaptive Voltage Positioning (AVP) is a design approach that helps to improve load 

transient response of the switching DC-DC converters and reduce the amount of output 

capacitors required to meet the specifications [Waizman’01]. With AVP design, the 

output voltage varies with the load current as shown in Fig. 2.11. Compared with non-

AVP design, the allowed voltage variation for full swing load transient is doubled with 

AVP design. The effective output impedance in ideal AVP design behaves like a constant 

resistance over certain frequency range. Fig. 2.12 is the load line at steady state. The 

slope of the load line is referred as the load line resistance or the droop resistance droopR . 

The typical value of the droop resistance is in range of 0.5 mΩ to 3 mΩ. As the CPU 
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voltage gets lower, the trend of the droop resistance is getting smaller. The output voltage 

at steady state can be expressed as: 

drooporefout RIVV −=                                           (2.8) 

iOiO

∆∆∆∆Vp-pW/O AVP ∆∆∆∆Vp-pW/O AVP VO
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W/ AVP

0.5·∆∆∆∆Vp-p

W/ AVP

0.5·∆∆∆∆Vp-p0.5·∆∆∆∆Vp-p

 

Figure 2.11 Transient voltage waveforms w/ and w/o AVP design 
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Figure 2.12 The load line of the output voltage 

Implementation of AVP design is studied in [Yao’04]. The principle of AVP design is to 

make closed-loop output impedance flat over certain frequency range. The partial model 
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of the PDN is shown in Fig. 2.13. Usually, large volume electrolytic capacitors are used 

as the bulk capacitors, and small volume Multi-Layer Ceramic Capacitors (MLCC) are 

used for the high frequency decoupling capacitors. The impedance of the bulk 

capacitors CbZ and the impedance of the decoupling capacitors CeZ are plotted in Fig. 2.14. 

Because of eo CC >> , the PDN impedance is dominated by CbZ at low frequency. The 

PDN impedance at high frequency is determined by both CeZ and other components in 

PDN. With feedback control, the closed loop output impedance ocZ is regulated at 

frequency below the bandwidth. As shown in Fig. 2.14, a good approach to achieve 

flat ocZ is to design the control bandwidth of 2T  at 
oc

ESR
CR

1
=ω and droopc RR = . 

According to  (2.5), the transfer function of 2T should be designed as: 

oC

ESR

CsRs
T

1
2 ==

ω
                      (2.9) 

It should be noted that, in current mode control, 1>>iT  is required within bandwidth of 

2T  to satisfy approximation in  (2.5).  
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Figure 2.13 Partial model of the power delivery network 



    27  

oc

ESR
CR

1
=ω

CbZ CeZ

ocZ

s
T ESRω

=2

ESLω

droopC RR =

Frequency in 
logarithm

Amplitude 
in dB

 

Figure 2.14 Plots of impedance for AVP design  

2.4 Control with variable switching frequency 

If the switching frequency is no longer constant in control, one more variable is 

controllable than in the constant frequency control, which gives more flexibility to the 

control design. The control method with variable switching frequency is sometimes 

referred as Pulse Frequency Modulation (PFM) control. The implementation of variable 

frequency control can be either single-edge or double-edge. In the single-edge control, 

either on time or off time is modulated while the other is kept unchanged. The examples 

of the single-edge variable frequency control are constant-on-time control and constant-

off-time control [Ridley’90]. In the double-edge control, both on time and off time are 

modulated in control. The examples of double-edge variable frequency control include 

hysteretic voltage control [Abu-Qahouq’04], sliding mode control [Giral’00] and Delta-

Sigma control [Rao’02]. 
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2.4.1 Constant on time control 

Choosing single-edge control or double-edge control is tradeoff between control 

flexibility and control complexity. For VRM applications, constant on time control has 

several advantages in practical design.  

First, the input voltage of VRMs is in the range of 12 V to 20 V, and output voltage in the 

range of 0.5 V to 2 V. High input-voltage-to-output-voltage ratio indicates that the duty 

cycle is small and the on time is short at steady state. The on time of some applications 

could be as low as 50 ns. In circuits design, the minimum controllable time is limited by 

delays in the drivers and other control circuits. It is not practical to modulate the on time 

when the on time is close to the minimum controllable time. Besides, the current sensing 

circuits have limited bandwidth, usually below 10 MHz. It is difficult to sense the 

instantaneous current waveforms within such short on time. However, the off time is ten 

times longer than the on time. If the off time is modulated, it is much easier to implement 

the control circuits and current sensing circuits. Since high frequency switching noise has 

been well damped during off period, the control robustness to noise can be significantly 

improved with off time modulation. Secondly, the system reliability is enhanced with 

fixed on time. The duration of the on time determines the amount of energy transferred 

from the input voltage source to the load in each cycle. By fixing the on time, limited 

energy flows into the converter in each cycle, which helps protecting the load and the 

power switches when system malfunction or overloading happens.  

2.4.2 Frequency regulation at steady state 

In DC-DC converter design, it is beneficial to keep the steady-state switching frequency 

constant for simplifying power stage design and controlling noise spectrum in the 
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converter. For constant-on-time control under CCM, the switching frequency at steady 

state varies with the input voltage and the output voltage. Since the input voltage and the 

output voltage are varying slowly, it is possible to regulate the steady-state switching 

frequency by adjusting on time accordingly. If all power loss is ignored, the steady-state 

switching frequency of the Buck converter under CCM is: 

onin

ref

onin

out

s
tV

V

tV

V
f

11
=≈                            (2.10) 

If ont is designed linearly proportional to
in

ref

V

V
, the dependency of sf on the input voltage 

and output voltage can be removed. The value of sf can be adjusted by changing the 

coefficient in Equ. 2.10. Circuit implementation will be discussed in Section 4.4. 
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2.5 Proposed control scheme with variable switching frequency 

2.5.1 System architecture 

The proposed control scheme employs constant-on-time current-mode control with novel 

system architecture illustrated in Fig. 2.15. Here sR is the current sensing gain; )(sLPF is 

the transfer function of the low pass filter. The current sensing amplifier and the voltage 

error amplifier have constant gain up to their bandwidths. Because of the 3-dB 

bandwidths of the amplifiers are designed much higher than the system bandwidth, the 

gains of the current sensing amplifier and the voltage error amplifier are simplified as the 

constants: iA and vA , respectively. 

To understand the control system, the system is divided into a main control loop and an 

error correction loop as shown in Fig. 2.16. In the main feedback loop, the driver signal 

)(td is generated by comparing the outputs of the current sensing amplifier and the 

voltage error amplifier. Because of high bandwidth in this loop, fast transient response 

could be achieved. Besides, the switching frequency can instantaneously change during 

the transient. The transient response is no longer limited by the steady-state switching 

frequency. Lower steady-state switching frequency could be designed to improve the 

efficiency.  However, the output voltage accuracy is affected by the current ripple, offset 

of the comparator, and delays in the loop. The additional error correction loop is added to 

remove the static error. With the integrator in the error correction loop, the error is 

amplified and injected back into the main feedback loop. A small offset added to the 

comparator compensates the static error introduced in the main feedback loop. Since the 

high frequency load transient is mainly related to the main feedback loop, the frequency 

response of the error correction loop can be designed much slower to guarantee the 
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system stability. The frequency characteristics of the two loops are illustrated in Fig. 

2.17. 
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Figure 2.15 System schematics with proposed control scheme 

 

Therefore, the proposed control scheme combines the advantages from traditional current 

mode control and constant-on-time variable frequency control to provide good tradeoff 

between transient response and steady state performance. In the proposed control 

architecture, the traditional compensator is replaced by several simple blocks, such as the 

low pass filter and the integrator, which simplifies the system design. Furthermore, the 

proposed control scheme provides a good approach to implement AVP design, as 

discussed in Section 2.5. 
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Figure 2.16 Simplified diagram showing two control loops 
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Figure 2.17 Frequency characteristics of the two control loops 

2.5.2 AVP design 

In Fig. 2.18, the simplified control system is drawn resembling a fully differential 

amplifier in a closed-loop configuration. The voltage error amplifier and the current 

sensing amplifier are equivalent to two input stages with finite gains. Combination of the 

comparator, the modulator and the power stage behaves like an output stage with high 

gain. The error correction loop built inside the comparator effectively removes the 
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systematic offset. Therefore, the differential error between the two inputs of the output 

stage is reduced to zero in average by the high gain. Since the outputs of the two input 

stages are equal in the average, the following equation is obtained: 

isLvoutref ARiAvV >=<>−<                      (2.11) 

Hence: 
v

i

sLrefout
A

A
RiVv ><−>=<           (2.12) 

Compared with (2.8), 

v

i

sdroop
A

A
RR =                                              (2.13) 

It is noticed that the droop resistance is determined by sR and a ratio of two gains,
v

i

A

A
. 

This arrangement has advantages to implement accurate droopR with integrated circuits. As 

discussed in Chapter 4, the gain is determined by the on-chip components, such as the 

resistors. The ratio of the gains is determined by the size ratio of these components. If 

circuit structures of the two amplifiers are symmetric and good layout matching is 

achieved, it is possible to cancel the gain variations from process variations and 

temperature drifting. Although the droop resistance is influenced by tolerance of the 

sensing gain sR , (2.13) implies that the tolerance of sR  can be simply compensated by 

tuning the gain of one of the amplifiers. By designing variable gain circuits, the droop 

resistance can be adjusted with high precision. Moreover, it is possible to reduce the 

value of sR  to save power loss in the current sensing circuits by designing higher gain 

ratio. 
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Figure 2.18 Simplified system block diagram for AVP design 

 

2.5.3 Small signal analysis  

The small signal model for the proposed control architecture is shown in Fig. 2.19. 

Here, )(sFc is added to model the phase lead effect in the constant-on-time control 

[Ridley’90], and )(sINT is the gain of the integrator in the error correction loop. 

2'

)( sTsD

c esF =               (2.14) 

s
sINT iω

=)(                 (2.15) 
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Figure 2.19 Small signal model of proposed control scheme 

From the developed model, the overall voltage loop gain T can be derived: 
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1
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21 sINTFARFGsHARFG

AFFGsINTsLPF

TT
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cismideismid

vmcvd

ii

v

++

+
=

++
=              (2.16)      

The voltage loop gain, vT , and the two current loop gains, 1iT and 2iT are defined as 

followings: 

vmcvdv AFFGsINTsLPFT ))(1)(( +=          (2.17) 

)(1 sHARFGT eismidi =                                       (2.18) 

)(2 sINTFARFGT cismidi =                                (2.19) 

With typical design parameters, the magnitudes of two current loop gains are relatively 

small at low frequency, as shown in Fig. 2.20. 
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Figure 2.20 Plot of the voltage loop gain and the current loop gains 

At low frequency, the overall loop gain T can be approximated as: 

vmvdvmcvd AFGsINTsLPFAFFGsINTsLPFsT )()())(1)(()( ≈+≈    (2.20) 

By substituting vdG from Table 2.1 and (2.15), T  is further simplified at low frequency 

where 0ωω < : 
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From the discussion in Section 2.3, the ideal loop gain in AVP design is 
ocCsR

T
1

= . 

In (2.21), the ideal loop gain can be obtained by choosing: 
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Since mF and vA  are the parameters that are related to the circuits inside the controller chip, it is 

better to replace them with external parameters. 
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The modulation gain of the constant-on-time control is approximated as: 
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Hence, the value of iω can be calculated from all external parameters: 
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Figure 2.21 Bode plot of open loop gains  

With the design guidelines in (2.22) and (2.25), implementation of control loop is 

simplified to design a first-order low pass filter and an integration capacitor. Once the 

parameters, such as droopR , sT , L , are decided in design, output capacitance oC  can be 

chosen as a variable to determine the system bandwidth and to calculate the rest of design 
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parameters. Fig. 2.21 shows an example of designed loop gain. It is noticed that the phase 

margin is significantly boosted by the phase leading effect in the constant-on-time 

control. The designed loop gain is very close to the ideal loop gain.  

At the high frequency range that is close or beyond half of the steady state switching 

frequency, the assumption of the small signal model is no longer valid. Furthermore, the 

small signal analysis presented above assumes the switching frequency is constant, which 

is not accurate to predict large signal transient. As shown in Fig. 2.22, the switching 

frequency is significantly changed when large perturbation is applied during large load 

transient. 
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Figure 2.22 Current transient waveforms under small and larger perturbations 

Therefore, a new model is used to predict the system response with large signal transient. 

The assumption of the model is that the inductor current will follow the envelop 

generated by the voltage error amplifier, and the difference between the average value 

and bottom envelop value of the inductor current is negligible. This assumption is 

satisfied only if the duty cycle is not saturated (or the duty cycle does not reach its 
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maximum or minimum boundaries during the transient), and the perturbation amplitude is 

much larger than the ripple of the inductor current. Once the assumption is satisfied, the 

inductor current is simplified as a voltage-controlled current source with the gain of 

droopR

1−
, as shown in Fig. 2.23. The output impedance can be derived as: 
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Figure 2.23 Simplified feedback loop to analyze transient response 

 

By substituting (2.22) and assuming cdroop RR = , the output impedance in (2.26) is 

simplified as droopoc RZ = . From the new model it is concluded that, given the assumption 

is satisfied, the system can maintain the output characteristics as required for large load 

transient. The prediction of transient response by the model is verified by comparing 

circuit simulation results and model simulation results at the transient, as shown in Fig. 

2.24. 
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Figure 2.24 Comparison of results of circuit simulation and model simulation at transient 

2.5.4 Comparison with peak current control  

A case study was performed to compare the performance of the proposed control scheme 

and the traditional peak current control. Two control systems were designed with the 

same parameters listed in Table. 2.2: 

Table 2.2 Parameters for control system design 

Input voltage 12 V 

Output voltage 1 V 

Steady-state switching frequency 300 KHz 

Inductor 150 nH 

Maximum load current 20 A 

Current sensing gain sR  2 mΩ 

Lumped ESR of output capacitors cR  2 mΩ 

AVP droop resistance droopR  2 mΩ 
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The simulation models were built with Simulink in Matlab, as shown in Fig. 2.25 and 

2.26. 

Vi1
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Figure 2.25 Simulation diagram for proposed control  
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Figure 2.26 Simulation diagram for peak current control 

Here, iA  and vA are modeled as the unit gain amplifiers with 3-dB bandwidth at 1 MHz: 
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The low pass filter LPF and the integrator INT in Fig. 2.23 are designed as followings: 
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According to [Yao’04], the compensator for peak current control, cG , is designed as: 
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As non-idealities in the circuits, 10 mV offset voltage and 10 ns delay time were added to 

the modulators in both systems. 

The systems were simulated with the output capacitance oC as a variable. In Fig. 2.27, the 

waveforms show that both systems have stable switching with output capacitance equal 

to 1 mF. However, the system with the peak current control has apparently larger voltage 

error at steady state than the system with the proposed control. The DC error in the peak 

current control system is caused by low DC gain in the feedback loop. 

Output voltages

Inductor currents

Proposed control

Peak current control

load current

DC error

 

Figure 2.27 Simulation waveforms with output capacitance of 1 mF 

The internal control signals, i.e. outputs of current sensing amplifiers and error 

amplifiers, are plotted in Fig. 2.28. It is noticed that the ripples on Ve2 have larger 

amplitude than that on Ve1. The larger ripples on the control signal make the system with 

the peak current control more sensitive to the noise. Because the compensation in the 
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peak current control (Equ. 2.30) is designed with one zero added at half of the switching 

frequency, less attenuation is resulted for high frequency noise. Since in this design 

approach [Yao’04] the zero is intentionally added to help system stability by increasing 

phase lead in the loop, high bandwidth is not adequate for poor noise immunity. 
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Figure 2.28 Internal control signals in two systems (Co=1mF) 

The value of output capacitance was further reduced to test the system performance at 

higher frequency. With output capacitance equal to 0.4 mF, the results in Fig. 2.29 show 

that the system with the peak current control was no longer stable. However, the system 

with the proposed control is still stable and shows good regulation and load transient 

response. 
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Figure 2.29 Simulation waveforms with output capacitance of 0.4 mF 
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It is shown by the comparison study that the proposed control scheme has apparent 

advantages over the peak current control, including static regulation and system 

dynamics. Most importantly, with the proposed control scheme, it is possible to achieve 

higher control bandwidth without requiring higher switching frequency. 

2.5.5 Power efficiency and control bandwidth 

As mentioned in Chapter 1, the tradeoff of the power efficiency and the control 

bandwidth is a fundamental problem for the switching DC-DC converters. From previous 

discussion, the ideal bandwidth of control to achieve constant output impedance is 

oc

ESR
CR

1
=ω . Given that cR , ESR of the output capacitor, is fixed in the design, the less 

output capacitance is used, the higher control bandwidth is required. The highest control 

bandwidth that can be achieved in the design is related to the switching frequency and the 

control scheme. In general, the higher switching frequency is used, the higher control 

bandwidth can be designed. The ratio of the highest control bandwidth, cf , and the 

averaged switching frequency, sf , is denoted as λ : 

s

c

f

f
=λ                         (2.31) 

From the comparison in Section 2.5.4, the proposed control scheme has higher ratio 

factor λ  than the peak current control. 

On the other hand, the power efficiency has opposite trend with the switching frequency. 

The power loss of the DC-DC converter can be expressed as: 

      (2.32) )()( 21 sconconsswl fPPfPP ++=
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Here, swP is the switching loss caused by the voltage and current overlaps during 

switching, deadtime between conduction of high side and low side switches, the loss in 

the driver, etc. These losses are related to switching events, so they are roughly 

proportional to the switching frequency. 

sswsw fEP =         (2.33) 

Here, swE is the total energy loss in one switching cycle. 

In (2.32), 1conP  is the part of the conduction loss that is independent of the switching 

frequency, and 2conP  is another part of the conduction loss that is related to the ripple of 

the current. The conduction loss is the resistive loss when the current flows through the 

switches and the inductor. Since the RMS value of the current changes with the ripple 

amplitude, the conduction loss is related to the switching frequency through the changes 

of the ripple amplitude. To show this dependency clearly, the conduction loss is divided 

into two portions: 1conP  is determined only by the DC level of the current, 2conP  is 

determined only by the ripple amplitude, rippleI : 

2

1 ototalcon IRP =              (2.34) 

22

22

2

2
12

)(
3

1

s

intotal

srippletotalcon
fL

VDR
fIRP ==      (2.35) 

Here, 
in

out

V

V
D = is the duty cycle; oI is the load current in the steady state; totalR  is the total 

resistance on the current path, including the on resistance of the high side switch, hionR _ , 

the on resistance of the low side switch, lowonR _ , and the resistance of the inductor and 

metal traces, LR . 
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Llowonhiontotal RRDRDR +⋅−+⋅= __ )1(    (2.36) 

From (2.32) through (2.35), the total power loss is estimated as: 
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The power efficiency is: 
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A set of typical parameters listed in Table 2.3 is used to calculate the power efficiency 

under different switching frequency. Note that swE in Table 2.3 is empirical data 

measured from the simulation with the device models. 

Table 2.3 The list of parameters to calculate the efficiency 

Vin Vout Io D 
hionR _  lowonR _  LR  L 

swE  

12V 1V 20A 1/12 8mΩ 2mΩ 2 mΩ 400nH 13uJ 

 

Fig.2.30 plots the calculated power efficiency versus the switching frequency. It is shown 

that power efficiency peaks at the frequency, optsf _ , about 60KHz with the parameters 

listed in Table 2.3. It is concluded that the switching loss (the first term in Equ. 2.32) is 

the dominant power loss when the switching frequency is beyond optsf _ , and the ripple-

introduced loss (the third term in Equ. 2.32) is the dominant power loss when the 

switching frequency is below optsf _ . 
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Figure 2.30 Efficiency versus switching frequency 

 

By combining (2.31) and (2.38), the relation of the power efficiency and the control 

bandwidth can be derived. If the control bandwidth is design as 
oc

c
CR

f
π2

1
= , the 

relation of the power efficiency and the output capacitance can also be derived. Fig. 2.31 

shows the calculated power efficiency versus the output capacitance with the ratio factor 

λ varying from 
10

1
 to 

3

1
.  

In Fig. 2.31, it is clearly shown that the higher power efficiency can be obtained by 

increasing the ratio factor λ . It confirms the advantage of the proposed control scheme 

since the proposed control scheme has higher λ  than the conventional control with 

constant switching frequency. The improvement is more significant when less output 

capacitor is used or the higher control bandwidth is designed. With the proposed control 

scheme, the control bandwidth can even been pushed close to half of the steady state 
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switching frequency without getting into instability.  Although the model used in analysis 

may not be accurate at such high frequency, the qualitative trend is evident. 
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Figure 2.31 Efficiency versus output capacitance 

 

After all, the control bandwidth is not only limited by the switching frequency, but also  

by some other factors, such as circuit performance, noise immunity and duty cycle 

saturation. Some of these limitations are discussed in Section 2.5.6. 

2.5.6 Bandwidth limitations  

1. Noise in the control signals 

With higher control bandwidth, more noise could be coupled into the feedback loop. As 

shown in Fig 2.28, the ripples on the control signal from the error amplifier is 

considerably large at steady state. Although in the simulations the noise could be damped 

in the feedback loop, circuit nonlinearity in the real system could mix the noise with low 

frequency control signal and cause abnormal switching behavior at steady state. To 

attenuate the noise effectively, it is better to design the control bandwidth less than one 
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third of the switching frequency or even less. Since system’s sensitivity to noise is largely 

related to the real implementation of control circuits and power stages, the circuits 

presented in Chapter 4 intend to improve noise immunity so that larger control bandwidth 

could be achievable in the practical design. 

2. Duty cycle saturation 

The system transient response not only depends on the control bandwidth, but also the 

output inductor. When the duty cycle is saturated during the transient, the inductor 

current slews with its maximum rates, as shown in Fig. 2.8. From the critical inductor 

theory in [Wong’02-2], the control bandwidth that makes duty cycle saturate during large 

transient is determined as: 

max

)2/(
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∆

≈
π

ω                  (2.31) [Wong’02-2] 

Here, maxD∆ is the maximum variation of duty cycle during the transient.  

For the step-down transient in which the load current steps from maximum level to zero, 

the critical bandwidth is much less because maxD∆ is much smaller than in the step-up 

transient. With the parameters in the Table 2.2, the critical bandwidth is about 100 KHz. 

A useful strategy in the design is to choose the control bandwidth equal to the critical 

bandwidth so that the system utilizes the maximum potential at transient response. 
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2.6 Summary of Chapter 2 

In Chapter 2, the background of the PWM control is reviewed. The conventional control 

architectures for the PWM control and the small signal model used for analyzing the 

control system are discussed.  Because the load transient response is the most important 

specification for the control design, the limiting factors of the load transient response are 

identified and discussed, including the switching frequency, the output inductor and the 

power delivery network. An important technique to improve transient performance, AVP 

design, is discussed. 

For overcoming the limitation of the constant frequency PWM control, the control 

architecture based on current mode and variable switching frequency is proposed in this 

Chapter. This control architecture features a unique method to implement the AVP 

design. The symmetric structure provides practical way to implement the control with the 

integrated circuits. A small signal analysis is performed to analyze the system dynamics 

and provide the design guidelines. Finally, the comparison between the proposed control 

scheme and the conventional peak current control is studied. The study proves the 

advantages of the proposed control over the peak control. Some further considerations 

regarding bandwidth limitation and duty cycle saturation are discussed. 
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Chapter 3 Integrated Controller for Switching DC-DC 
Converters 

 

3.1 Introduction  

Typical high current multi-channel switching DC-DC converters are implemented with 

several integrated chips and some discrete power components, as shown in Fig. 3.1 

[Intersil-2]. The choice of this configuration results from tradeoff of the cost, technology 

capability and application requirements. Because the power switches are traditionally 

manufactured with vertical technology to obtain good device performance, currently they 

are not compatible with the lateral technology used for driver chips and controller chips. 

However, packaging level integration of drivers and power switches is feasible and 

becomes a trend in industry nowadays [Renesas]. Since the controller and the drivers are 

implemented with similar technology, there is no technical obstacle to integrate both of 

them on the same dies. The tradeoffs are design flexibility and the cost. 

The controller is circuit implementation of the control schemes such as the examples 

shown in Fig. 2.3 and Fig 2.4. Major blocks of the current mode controller include the 

error amplifier, the current sensor and the modulator. Specifically, the error amplifier 

senses the voltage signals from the power stage and amplifies the voltage error. Typical 

error amplifiers (also called compensators) are low pass filters with high gain at low 

frequency and phase compensation at certain frequency range. Frequency characteristics 

of the error amplifier are critical for system performance such as stability and transient 

response. The current sensing circuit measures the current in the inductors or the switches 

for control and protection purposes. The current sensing circuit is often challenging in 

design because the circuit must deal with the issues, such as low signal-to-noise ratio, 
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variation tolerance, temperature drifting. With sensed current signals and amplified 

voltage error signals, the modulator is used to generate the pulse signals as the outputs of 

the controller. To some degree, the modulator is similar to Analog to Digital Converter 

(ADC) since the modulator also converts signals from continuous-time domain to 

discrete-time domain under certain rules. The comparator is a basic element to implement 

both the modulator and ADCs. In the multi-channel controllers, the collaboration 

between different channels, such as the current sharing and the phase interleaving, are 

also required. 

 

Figure 3.1 Two-channel DC-DC converter designed with commercial chips 

Besides the basic functions, the commercial controller usually has to include protection 

functions for both the load and the power supply itself, for instances, short circuit 

protection, over voltage protection, input under voltage protection and over temperature 

protection. To have smooth operation at initial period after the converter is started, soft 
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startup function is also needed in the controller.   The voltage reference and the current 

reference in the controller are generated with high precision bandgap circuit. 

Additionally, the Digital to Analog Converter (DAC) that produces dynamic reference 

voltage controlled by the digital signals from the CPUs is required in the VRM 

applications. Since the output voltage of the DC-DC converter need be very accurate in 

VRM applications, the trimming circuits are often necessary to reduce errors from 

process variation and temperature drifting. Fig. 3.2 shows an example of functional 

blocks of a commercial 4-channel controller. 

 

Figure 3.2 Block diagram of a commercial controller chip (HIP6301) 
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For the controller design, the basic objective is to meet all specifications required by the 

load of the DC-DC converter, such as Intel’s Pentium 4 CPU. The details of these 

specifications include power efficiency, accuracy of static output voltage, amplitude of 

the voltage ripples, slew rate of dynamic output voltage, voltage variation under load 

transient, etc [Intel-2’04]. Besides, other important objectives in the controller design 

include simplifying the application design and reducing the application cost. To achieve 

these, the controller design should minimize sensitivity to parasitic effects and noise from 

external circuits, and also the controller should minimize the number of external 

components in the applications. In the commercial controllers, most of functions are 

implemented with analog integrated circuits. The methodology of the analog circuit 

design for the controller is discussed in Section 3.2. Issues with noise and current sensing 

are discussed in Section 3.3 and 3.4. Finally, the implemented controller is introduced in 

Section 3.5. 

3.2 Design methodology of control circuits 

Analog circuits design for the controller was historically dominated by the voltage 

approach in which signals are represented by the voltage. The usage of Operational 

Amplifiers (OpAmp) greatly enhanced the capability of the analog design. Various 

functions can be synthesized by the OpAmps connected with on-chip or off-chip passive 

components, such as resistors and capacitors. For example, Fig. 3.3 shows a voltage 

subtraction circuit designed with the OpAmp. The closed-loop OpAmp-based circuits 

enjoy good linearity and accuracy partially due to high voltage gain of the OpAmp. 

However, the circuits’ dynamic performance is limited by characteristics of the OpAmps. 

In a closed-loop amplifier implemented with the OpAmps, the gain-bandwidth product of 



    55

the amplifier is limited and determined by the OpAmp. Therefore, the bandwidth is lower 

when high DC gain is required. With conventional 0.5µm CMOS technology, the gain 

bandwidth product of the OpAmp is around tens of Mega Hertz with reasonable power 

consumption of the circuits. Low gain design is more preferable for high bandwidth 

amplifier.  Besides, implementation of complex functions with voltage approach might 

not be cost effective because much of silicon area is needed to realize on-chip resistors 

and capacitors. Especially, high value resistors are sometimes necessary to reduce power 

consumption or to increase input impedance.  
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Figure 3.3 A voltage subtraction circuit implemented with OpAmp 

 

Alternatively, analog circuits in the controller can be designed with the current approach 

in which signals are represented by currents. Since the transistor by nature is a voltage-

controlled current source or a transconductor, circuit design for processing current signals 

could be much simpler than its counterpart for processing voltage signals [Lee’04]. As an 

example, Fig. 3.4 shows a current-mode adder. With the current approach, some 

complicated non-linear circuits, such as analog multiplier and nonlinear gain amplifiers, 
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can be implemented with relatively lower cost [Chen’03]. More importantly, the 

frequency response of current mode circuits is much faster than voltage mode circuits. It 

has been shown that the transistors can be used approximately up to intrinsic 

frequency Tf  [Toumazou’90]. Because of low voltage swing at internal nodes of the 

current mode circuits, parasitic capacitance has less influence on circuits’ frequency 

response. The current mode circuits designed with CMOS technology has been used 

around 100 MHz [Nauta’92]. Besides, with the current approach the requirement on the 

supply voltage is reduced. Since polarity of the current signal can be simply defined by 

its direction, dynamic range of the signals is doubled without using bi-directional supply 

voltage. Because maximum swing of the signals is mainly determined by the bias current 

instead of the supply voltage, lower supply voltage is possible in the current mode 

circuits [Pennisi’02].   
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Figure 3.4 A current subtraction circuit  

However, there are disadvantages with the current approach [Toumazou’90]. For 

example, large signal linearity and gain accuracy of the current mode amplifier are 

usually poor in the design. Tuning circuits are sometimes necessary to achieve good 

accuracy. Noise immunity could be a problem in high bandwidth current mode circuits. 
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Sometimes more power consumption is resulted to increase amplitude of the current 

signals.  

The good design practice is to combine the merits of both voltage mode circuits and 

current mode circuits. As discussed in Chapter 4, the most important circuits in the 

controller in terms of accuracy and noise sensitivity are the control core circuits that 

include the current sensing amplifier, the voltage error amplifier and the modulator. 

These circuits form the feedback loop in the whole converter and fulfill the basic function 

of the controller. To have optimal performance, the frond-end of the control core circuits 

can be designed with voltage mode amplifier with low DC gains. Because these voltage 

amplifiers are interface between power stage and the controller, noise must be shielded 

by these amplifiers from going inside the controller. After the front-end voltage amplifier, 

the signals are converted into currents by transconductance amplifiers. By taking 

advantages of these preconditioned current signals, following circuits in the controller, 

such as the modulator and the current balancing circuits, are greatly simplified. Because 

the current signals can be transferred without being affected by the transistor mismatches, 

the current signals can travel long distance from blocks to blocks on the die. Therefore, 

complicate functions and internal communication are implemented with current mode 

circuits. Finally, before the signals go out of the controller, they are converted back to 

voltage because traditionally most chip-to-chip interface is designed with voltage signals 

only. 

3.3 Noise issue in integrated controllers 

Compared with other analog integrated circuits, power management circuits have severe 

working environment due to noise. In fact, noise is one of major reasons for design 
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failure of the power management circuits. It is important to understand the mechanism 

how noise is generated and transferred in switching DC-DC converters. In this Section, 

three types of the noise coupling from ambient to the controller chip are discussed. 

The first type of noise coupling is through signal sensing circuits. Shown in Fig. 3.5, 

stray resistance pR  and stray inductance pL  in the PCB interconnections are in the order 

of milli-Ohm and nano-Henry, respectively. With high static current and high current 

slew rate dtdi / going through these elements, voltage spikes and steps are generated at 

inputs of current and voltage sensing circuits. The noise amplitude is comparable or even 

higher than the real signals. Fig. 3.6 shows measured waveforms on two input terminals 

of the current sensor. The amplitude of common mode noise is more than five times 

larger than the actual signal, the differential voltage between the two inputs. If the noise 

is not well attenuated, the control signals inside the chip can be significantly distorted and 

chaotic switching could occur as a result [Tse’03]. Fig.3.7 shows an example of the 

control signal corrupted by the noise.  
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Figure 3.5 The parasitic elements that generate noise in current and voltage sensing 
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Inductor current

Voltage signals on two inputs of current sensor

 

Figure 3.6 Measured signals at inputs of current sensor 

 

Figure 3.7 Sub-harmonic switching caused by noise in error signal 

The second important path for noise coupling is through the power supply of the 

controller, especially through grounding connections. In practical design, the load, the 

input power source and the power supply of the controller are electrically connected on 

the PCB. As shown in Fig. 3.8, the PCB metal trace introduces parasitic resistance and 

parasitic inductance on the current paths. The signal ground and the power ground are 

coupled through resistive connection and parasitic capacitance.  Although most of noise 
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in the power supply of the controller is generated as common mode noise, the noise could 

be converted into differential-mode noise by asymmetric impedance in the internal nodes. 

It is helpful to add decoupling capacitors between VDD and the ground. Since the 

decoupling capacitors provide a low impedance path between VDD and ground at high 

frequency, high frequency noise can be significantly reduced. However, the effectiveness 

of the decoupling capacitors is limited by the series resistance and the series inductance 

from the capacitor terminals to the internal power nodes. Usually, it is necessary to 

separate the ground pins for the power ground and the signal ground. From control circuit 

design perspective, the controller must have high immunity to the supply noise to survive 

excessive noise in the supply.  
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Figure 3.8 The circuit model showing parasitic elements in ground connection 
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The third important path for noise coupling is Electromagnetic (EM) coupling 

[Mugur’01]. Because of high current switching in the power stage, considerably high EM 

energy is radiated into the ambient. The metal objects, such as the metal trace on the PCB 

and the metal frame in the chip package, collect EM noise by the antenna effect. The 

collected high frequency noise then mixes with real signals inside the controller. Because 

it is difficult to model the EM field, this type of noise coupling cannot be well predicted 

in simulation. The common practice to reduce this type of noise coupling includes 

reducing the area of noise emitters and noise collectors and adding proper shielding to the 

sensitive parts in the circuits. For example, the switching nodes between two power 

switches are major noise emitters. It is better to reduce the area of these nodes on the 

board. To reduce the noise collection at voltage or current sensors, the trace of two input 

nodes should be closely located so that the loop area is reduced. By this way, the EM 

noise is limited to common-mode noise that is much easier to be filtered out than the 

differential-mode noise. Sometimes a ground plane is added in PCB to isolate the 

switching nodes from the input traces of sensing circuits.  

In order to deal with large amount of noise, the controllers could be designed 

conservatively with low bandwidth. If the system bandwidth is designed much lower than 

the switching frequency, much of the noise could be attenuated by the loop. However, the 

low bandwidth design obviously sacrifices dynamic response of the system. The more 

effective way to deal with the noise issues is to develop circuit techniques that give better 

noise immunity without sacrificing the speed. In Chapter 4, fully differential architecture 

is adopted in the integrated controller. Some circuit techniques will be discussed to 

optimize the system performance on noise immunity. 
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3.4 Current sensing design  

Sensing current is commonly required in the switching DC-DC converter design. In 

current-mode control, the current signal is a part of feedback signals. Especially, for the 

proposed control scheme, feedback control requires instantaneous current waveform to 

generate the duty cycle signal, and AVP design requires accurate value of average current 

in the inductor. Even though only voltage is needed to close the feedback loop in the 

voltage-mode control, the current signal is still needed for protection purposes. Sensing 

current is one of the critical tasks of the controller. This Section provides a brief review 

on the current sensing design. 

A number of methods were developed to sense the current in the DC-DC converters. 

These methods can be roughly categorized as three types. As shown in Fig. 3.9, the first 

type of current sensing methods is using sensing resistors. A precision resistor is added in 

series with the inductor so that the voltage on the resistor can be measured as the current 

signal [Ridley’02]. This simple method provides current signal of good quality. However, 

adding resistance in the current path decreases power efficiency severely. In typical VRM 

application, adding 1 mΩ sensing resistance will lower the efficiency by 1% to 2%. To 

maximize the efficiency, minimal sensing resistor must be used. On the other hand, low 

sensing resistance causes poor Signal-to-Noise Ratio (SNR) in the sensed signals. For 

instance, the worst SNR of the sensor input signals could be as low as –30 dB to –40 dB 

when 1 mΩ sensing resistance is used, which poses great challenges to the current 

sensing amplifier design. Alternative way to sense the current with sensing resistor is to 

add the resistor in series with one of the switches, as shown in Fig. 3.10. By this means, 

the power consumption on the sensing resistor could be reduced. Since sensed current 
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waveform is not continuous, average current need to be extracted from the pulse signals 

by using techniques like sample-and-hold. An issue with sensing the switch current is that 

the current in the switch is a narrow pulse signal when on time of the switch is short. 

Especially, for the top switch S1, the oscillation from the parasitic components in the 

switches causes much of troubles in current sensing design. 
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Figure 3.9 Current sensing method – sense inductor current with a resistor 
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Figure 3.10 Current sensing method – sense switch current with a resistor 

The second type of current sensing methods is using signals across the inductor 

[Lenk’99]  [Dallago’00], as shown in Fig. 3.11 to 3.13. The basic idea of this approach is 
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that the current signal in the inductor can be restored from the voltage signal on the 

inductor.  For example, in Fig. 3.11, the voltage on the capacitor C1 can be calculated as: 

sCR

R

L
sRi

v
p

pL

s

111

)1(

+

+

=                   (3.1) 

From (3.1), the DC value of sv is proportional to the inductor current with the gain equal 

to pR  that is the series parasitic resistance in the inductor. To get the exact waveform of 

sv that is proportional to the inductor current, the condition in (3.1) is: 

11CR
R

L

p

=                                   (3.2) 

Therefore, the inductor current waveform can be restored as the voltage on C1 when the 

time constants of the L-R and R-C networks match each other. 

This current sensing method, or so-call DCR sensing, has shown practical advantages on 

reducing the power consumption and providing current signal of high quality. In practice, 

when only average current is needed in the design, large time constant in R-C network 

can be adopted to reduce the noise in the sensed signal.  

Fig. 3.12 is an alternative way to implement DCR sensing where a transconductor 

amplifier is used to sense the voltage signal across the inductor. In this design, the gain is 

scaled by the transconductance and the resistor R1 [Zhang-1’05]. It has been shown that 

the noise sensitivity in the design is better than the design in Fig. 3.11. However, the 

performance of the transconductor has significant impact on accuracy of the current 

sensing. The transconductor is required to handle wide range of the input signal. The 

frequency response of the transconductor needs to be high enough to deal with the high 

frequency ringing in the input signal. 
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The limitation of DCR sensing arises from the tolerance of Rp and L. The typical value 

of Rp is around 1mΩ to 2mΩ. The tolerance of Rp and L can be as high as 20% in the 

commercial inductors. To improve the accuracy in the current sensing, tuning circuits can 

be used in the sensing amplifiers. In [Forghani-zadeh’05], the current sensing gain is 

adaptively adjusted in the initial period when the converter is started up. 
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Figure 3.11 Current sensing method –inductor DCR sensing 
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Figure 3.12 Current sensing method -  improved DCR sensing 
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Figure 3.13 Current sensing method – alternative implementation of  DCR sensing 

The third type of the current sensing methods is using the voltage drop on the switches, 

as shown in Fig. 3.14 and 3.15. As the drain to source voltage on the switch is 

proportional to the switch current if the on resistance of the switch is constant, this 

current method is called Vdson sensing. 

As shown in Fig. 3.14, the voltage on the bottom switch is selected by two switches, S3 

and S4, at input of the amplifier. By adding S3 and S4, the high voltage on the S2 can be 

blocked from the input of the amplifier. In Fig. 3.15, S4 is replaced by a resistor, R1 

[Yuvarajan’91]. If R1 is much larger than the on resistance of S3, the voltage on R1 is 

approximately equal to the voltage on S2. 

The Vdson sensing methods have advantage of low power consumption. But the sensed 

signal is contaminated by the switching noise at drain voltage of S2, similarly as in Fig. 

3.10. Another issue with this method is that the on resistance of the power switches is 

varying with temperature and manufacturers. Temperature compensation is necessary to 

have enough accuracy in the design. 
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Figure 3.14 Current sensing method – sense switch current by Rdson 
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Figure 3.15 Current sensing method – sense switch current with sensor FET 
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3.5 Overview of the implemented controller 

Fig.3.16 shows the circuit block diagram of the controller. According to their functions, 

the whole chip can be partitioned into four functional units: control core unit, multi-

channel control unit, sleep mode control unit and reference generation unit.  

Control core blocksControl core blocks

Reference generation blocksReference generation blocks

Multi-channel 

functions

Multi-channel 

functions

Sleep mode controlSleep mode control

 

Figure 3.16 Circuit block diagram of implemented controller 

 

The control core unit, including the current sensing amplifier, the voltage error amplifier 

and the modulator, is the key functional unit that generates the duty cycle signal from the 

signals sensed in the power stage and form the closed-loop feedback. The circuit 

characteristics of the control core unit, such as noise rejection and frequency response, 

have significant impacts on system static and dynamic performance. The details of the 

control core unit design are discussed in Chapter 4.  
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The multi-channel control unit is the circuit unit that generates the driver signals for all 

individual channels. The input signal of the multi-channel control unit is the duty cycle 

signal from the control core unit. By manipulating the timing and the pulse width of the 

duty cycle signal for each channel, the different channels have proper interleaving and 

current balancing. The design of these functions is discussed in Chapter 5.  

In portable applications, the system runs in standby mode or low power mode for 

considerable amount of time. The system power efficiency in these modes is one of the 

most important concerns in portable system design. Therefore, a dedicated control unit is 

designed for the sleep mode.  

Besides the control functional units, there are some additional functions required by the 

applications, such as dynamic reference. According to Intel’s IMVP specifications, the 

output voltage of VRM should be controlled by digital signals from the CPU in certain 

fashion. For example, the output voltage in the active mode and the sleep mode are 

shifted with a constant voltage; the slew rate of the voltage transition should be tightly 

limited in certain range. These requirements are fulfilled by the reference generation unit 

that includes a bandgap reference, 6-bit DAC and slew rate control circuits.  

3.6 Summary of Chapter 3 

In Chapter 3, the integrated controller for DC-DC converter is introduced. The key 

functions of the controller are identified. The methodology to design a high performance 

controller is discussed. Having the advantages and the disadvantages of both the voltage 

mode and the current mode circuit design, the optimal approach is to take advantage of 

both of them and avoid their drawbacks. This principle is practiced in the circuit design 

presented in Chapter 4. The noise and the current sensing are two major challenges in the 
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controller design. The design considerations on three types of noise coupling, including 

signal sensing noise, power supply noise and electromagnetic noise, are discussed. In the 

proposed controller, the full differential circuits are used to overcome the noise problems. 

The techniques to sense the current are reviewed. The inductor DCR sensing is shown to 

be the promising way in the practical design. The design considerations of DCR current 

sensing methods are discussed. Finally, the block diagram of the implemented controller 

is presented. The major functions of the controller are described. 
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Chapter 4 Fully Differential Control Core Circuits 
 

4.1 Introduction 

The control core circuits are illustrated in Fig. 4.1 that has three major blocks: the voltage 

error amplifier, the current sensing amplifier and the modulator. The current sensing 

design is illustrated with the current sensing resistor; however, in the real 

implementation, it can be implemented with any methods of DCR current sensing. In this 

case, sR is the effective current sensing gain.  

Both the current sensing amplifier and the voltage error amplifier have finite DC gains. 

As discussed in Chapter 2, the gain ratio is a critical parameter to control the accuracy of 

the AVP droop resistance. As mentioned before, the two amplifiers should have good 

gain matching so that the variation of gain can be well cancelled.  

The proposed implementation of control core circuits is based on fully differential 

architecture. Because both the voltage error amplifier and the current sensing amplifier 

are at front-end of the controller that receives signals from the noisy power stage, noise 

must be well attenuated before it is passed to other circuits inside the controller. Fully 

differential circuits have been proven to have superior performance over their signal-

ended counterparts. For example, fully differential circuits provide a larger output voltage 

swing and less susceptible to common-mode noise. The even-order nonlinearities are not 

present in the differential output of a balanced circuit. However, fully differential circuits 

have not been reported in power management circuits design. In this Chapter, the design 

of control core circuits is systematically gone through. Some of design considerations are 

discussed. Simulation and test results are presented to verify the circuit performance. 
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Figure 4.1 Control core circuits in the controller 

4.2 Current sensing amplifier  

As discussed in Section 3.4, current sensing is one of most challenging circuits in the 

controller. No matter what method is used to sense the current, the current signal always 

has small amplitude and poor noise contamination. As a result, the most important 

requirement of the sensing amplifier is good noise rejection. Besides, input signal range 

and gain linearity are also important in the design. The target of input signal range is 

from 1 mV to 100 mV, which covers the sensing resistance from 1 mΩ to 5 mΩ. 

Although the accuracy of absolute gain value is less important for controlling the AVP 

droop resistance, the gain matching between two current sensing amplifiers for two 

channels, and gain matching between current sensing amplifier to the voltage error 

amplifier are required. With above considerations, the current sensing amplifier is 

configured with three fully differential stages, shown in Fig.  4.2.  
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Figure 4.2 Circuit structure of current sensing amplifier 

 

The input stage shown in Fig. 4.3 is a voltage mode amplifier with resistive feedback. 

The primary design goals of the input stage are noise rejection and signal conditioning. 

Benefited from low gain design (nearly 18 dB) and voltage feedback, the input stage has 

wide common-mode input range and high linearity. With common-mode feedback 

(CMFB), the common-mode voltage is maintained at a constant level, which eases the 

design of the following stages. The DC gain in the input stage helps boost the total gain 

of the amplifier, which saves power consumption in the second stage.  

Frequency response of the input stage is designed with two considerations. On one hand, 

the input stage serves as a bandwidth limiter that prevents high frequency noise from 

passing through into the second stage. By taking advantage of voltage mode design, small 

amount of compensation capacitance (1 pF) at output nodes controls the bandwidth of the 

input stage. On the other hand, the bandwidth of the input stage should be high enough to 

avoid excessive phase delay. Fig. 4.4 shows the sketched waveforms of input and output 

signals.  Although exact shape of the current waveform is not required by control, 

excessive phase delay of the current signal will cause instability at steady state, especially 
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when the delay is comparable to the on time. To guarantee the system robustness, the 

phase delay at the maximum switching frequency (800 KHz) is designed less than 25 

degree. The 3-dB bandwidth of the input stage is about 3 MHz. The simulated frequency 

response of the input stage is shown in Fig. 4.5. 
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Figure 4.3 Input stage of current sensing amplifier 
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Figure 4.4 Input and output waveforms of the current sensor 
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Figure 4.5 Frequency response of input stage in current sensing amplifer 

The second stage of the current sensing amplifier shown in Fig. 4.6 is a linear 

transconductor that converts the differential voltages into the differential currents.  

)(1 −+−+ −=− ininmoutout VVGII                     (4.1) 

Since differential input range of the transconductor is as large as ± 1 V, large signal 

linearity is required in design. In Fig. 4.6, two feedback loops are formed by Mn1~4 and 

Mn5~8. The high loop gain forces the differential voltage on the resistor to follow the 

input differential voltage [Johns’97]. Therefore, linear transconductance is obtained: 

R
Gm

1
1 ≈                                                 (4.2) 

The gain linearity over the input voltage is plotted in Fig. 4.7. From simulation, the gain 

variation is less than 5%. 

To maintain the stability of the two loops, dominant pole compensation is added to nodes 

A and B. The simulated frequency response is shown in Fig.4.8. The gain bandwidth is 

about 10 MHz. 
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Figure 4.6 Transconductor stage of current sensing amplifier 
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Figure 4.7 Gain linearity of the transconductor stage 
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Figure 4.8 Frequency response of transconductor stage 

 

The output stage of the current sensing amplifier is the current buffers formed by 

Mn9~12 and Mn13~16 in Fig. 4.6. The output impedance is boosted by the common gate 

configuration. Multiple outputs are simply obtained with current mirrors. Additional gain 

can be produced by increasing the ratios of the current mirrors.  

Since the whole circuit is completely symmetric, the ideal gain from the common mode 

input to the differential output and the ideal gain from the power supply noise to the 

differential output are both zero. Variation of the common mode output is reduced by the 

common mode feedback circuits. After all, the output common mode signals have little 

effect on the system control because the circuits following the amplifier are also fully 

differential circuits. Practically mismatches in the layout and device properties cause 

differential noise at the output, but the mismatches can be minimized by drawing the 

layout with good symmetry. The simulation and test results shows that the designed 

circuits have high immunity to the common mode input noise and the power supply 

noise.  
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The overall transconductance of the current sensing amplifier is about 1.6 mS with 

bandwidth about 3 MHz. The simulation waveforms with current sensing inputs are 

shown in Fig. 4.9. 
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Figure 4.9 Simulation waveforms of current sensing amplifier 

4.3 Voltage error amplifier 

The structure of the voltage error amplifier is shown in Fig. 4.10. For good gain 

matching, most of circuits in the voltage error amplifier are implemented with the same 

circuits in the current sensing amplifier except that the voltage error amplifier has four 

input signals instead of two input signals, and the additional variable gain cell. 

As discussed in Section 3.3, parasitic resistance and inductance in the interconnection 

cause significant voltage variations on the ground. To sense the exact voltage on the 

CPU, differential voltage is sensed between the CPU supply voltage and the CPU ground. 

Inside the controller, the reference voltage can be generated differentially to further 

improve noise rejection to power supply noise. With two sets of differential inputs, the 
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voltage error amplifier is actually a Differential Difference Amplifier (DDA) with a 

linear gain mG : 

)]()[( −+−+−+ −−−=− outoutrefrefmoo VVVVGii                   (4.3) 

The schematic of the input stage is shown in Fig. 4.11.  

If let 41 RR = , 52 RR = and 63 RR = , the linear gain is obtained: 
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The ratio of the output voltage and the reference voltage can be adjusted by changing 

2

1

R

R
. In this design, 1

2

1 =
R

R
 is chosen to keep the output voltage equal to the reference 

voltage. 
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Figure 4.10 Circuit structure of voltage error amplifier 
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Figure 4.11 Input stage of voltage error amplifier 

The gain cell in Fig. 4.10 is added to tune the gain of the voltage error amplifier. The 

schematic of the gain cell is shown in Fig. 4.12, where the output of the gain cell is 

summed with the input currents to increase total transconductance. The output of the gain 

cell is calculated as: 

)1)((
2

1

I

I
iiii ininoo +−=− −+−+                                           (4.5) 

Here, 1I is the bias current in 1Q and 2Q , and 2I  is the bias current in 3Q and 4Q .  The 

gain is adjusted by adjust the current in Mn1. 

For tuning the droop resistance, the transconductance of the voltage error amplifier is 

designed variable from 1.1 mS to 2.0 mS. As shown in Fig. 4.13, the transconductance 

has linear relation with the bias current.  The frequency response of the voltage error 

amplifier is similar to that of current sensing amplifier, as shown in Fig. 4.14. 
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Figure 4.12 Gain cell in voltage error amplifier 
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Figure 4.13 Transconductance vs. bias current in voltage error amplifier 
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Figure 4.14 Frequency response of voltage error amplifier 

 

4.4 Constant on time modulator 

The modulator is the circuit that converts the continuous control signal to the duty cycle 

signal. Depending on the control scheme, the implementation of the modulator is 

different. In the traditional PWM modulator, the duty cycle signal )(td is modulated by 

comparing the control signal )(tve with the ramp signal [Erickson’01], as shown in 

Fig.4.15. For the variable frequency control, constant ramp signal is not available for 

modulation. The modulator for the proposed control scheme is designed as in Fig. 4.16, 

where the rising edge of )(td is triggered by the output of the comparator, and the on time 

of )(td  is controlled by a delay block. 
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Figure 4.15 Conventional implementation of PWM modulator 
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Figure 4.16 Modulator designed for proposed control scheme 

As discussed in Section 2.4, the static error in the main feedback loop is corrected by the 

error correction loop. In circuit design, the error correction loop is realized by making 

two inputs of the comparator in Fig. 4.16 have equal average levels. Let −+ − AiAi ii be the 

differential signals from the current sensing amplifier, and let −+ − AvAv ii be the differential 

signal from the voltage error amplifier. The comparator compares the two differential 

signals, and the average values of the two differential signals are assumed equal: 
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−+−+ −=− AiAiAvAv iiii                 (4.6) 

The equation can rearranged as:  

+−−+ +=+ AiAvAiAv iiii                   (4.7) 

Let −++ += AiAvin iii , +−− += AiAvin iii  

It is equivalent to compare +ini and −ini , and make −+ = inin ii . 

The schematic of the comparator is shown in Fig. 4.17. Low impedance input stage is 

formed by Mn3~6. The cross-coupled active load Mp1~2 and the diode connection active 

load Mp3~4 help to reduce comparison delay to less than 10 ns. The integrator amplifies 

the difference between +ini and −ini , and the error signal is injected back by an offset 

current offseti . 
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Figure 4.17 Current comparator with injected offset for error correction 

 

The feedback gain of the error correction loop can be adjusted by the external capacitor 

1C  and the internal resistor 1R . With pFC 501 = and Ω= KR 501 , the simulation 
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waveforms are shown in Fig. 4.18. With the error correction loop, the DC error of the 

output voltage is reduced to less than 1 mV in simulation.  
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Figure 4.18 Simulation waveforms showing error correction by injecting offset current 

 

The delay block in Fig. 4.16 generates the on time, as discussed in Section 2.3.2, delay 

time should be proportional to
in

ref

V

V
to maintain the steady state switching frequency 

constant in CCM. The circuit of the delay block is shown in Fig. 4.19, where 1mG  and 

2mG are two transconductors. The delay time is: 

in

ref

m

m

delay
V

V
RC

G

G
t ⋅=

2

1                  (4.8) 

1mG is designed adjustable with an external resistor 1R ,as shown in Fig.4.20. 

1

1

1

R
Gm ≈                                     (3.9) 
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Therefore, the steady state switching frequency in CCM has no dependency on the input 

voltage and the output voltage, and it can be linearly adjusted by 1R . 

1

2

1 R
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Rf m

s ∝≈                        (3.10) 
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Figure 4.19 Voltage-controlled delay block 
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Figure 4.20 A transconductor with linear gain determined by R1 
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4.5 Summary of Chapter 4 

In Chapter 4, the circuits to implement the core function of the controller are presented, 

including the current sensing amplifier, the voltage error amplifier and the constant on 

time modulator. These circuits form a closed feedback loop to regulate the output 

voltage. The performance of these circuits directly determines the system speed, accuracy 

and stability. The two amplifiers are designed with fully differential structure. The 

current sensing amplifier has three stages. The design considerations and circuit 

performance are presented. The voltage error amplifier has similar structure as the current 

sensing amplifier to have good gain matching. In addition, the voltage error amplifier has 

the gain control function to adjust the AVP droop resistance. Fully differential or remote 

voltage sensing is incorporated in the voltage error amplifier without adding complexity. 

The constant on time modulator consists of a current comparator and a voltage controlled 

delay block. The current comparator provides automatic error correction by using the 

offset control. The voltage controlled delay block adjusts the on time according to the 

input voltage and the reference voltage so that the steady state switching frequency will 

not vary with the input voltage or the reference voltage. 
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Chapter 5 Design of Interleaving and Current Sharing 
 

5.1 Multi-channel DC-DC converters 

Multi-channel DC-DC converters have been proved to be a practical way to supply high 

current with today’s design capability. As an example, a two-channel Buck converter is 

shown in Fig. 5.1, where each channel consists of a pair of power switches, an inductor 

and some input capacitors. The output capacitor is usually located close to the load in 

order to minimize the parasitic elements between the power supply and the load. Because 

current capabilities of the power devices are limited by thermal and reliability issues, the 

maximum current for each channel is typically 20A to 30A. By paralleling more 

channels, high current can be achieved up to hundreds of Amperes [Bindra’02]. 
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Figure 5.1 Simplified diagram of a two-channel DC-DC converter  

If the output capacitor Co is divided and moved into each channel as shown in Fig. 5.2, 

the whole converter can be considered as two separated voltage sources connected in 
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parallel, as shown in Fig. 5.3. 1sR and 2sR  represent the source resistance of the two 

voltage sources. The overall impedance seen from the load is the parallel resistance 

of 1sR and 2sR . Therefore, the whole converter has lower output impedance and better 

voltage regulation is achieved when delivering high current. In this sense, multi-channel 

architecture is a useful way to obtain ultra-low output impedance without increasing 

design difficulties in each channel. 
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Figure 5.2 Two DC-DC converters in parallel with divided output capacitors 
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Figure 5.3 Simplified model of two-channel DC-DC converter 
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One of difference between the DC-DC converter and the ideal voltage sources in Fig. 5.3 

is that the currents in the DC-DC converter are not constant. In certain applications, the 

inductor current may have ripples as high as 50% of the average current. These large 

current ripples could cause intolerable voltage fluctuations at the input and the output of 

the DC-DC converter unless huge capacitors are used at the input and the output of the 

converter. One important technique to minimize the effects of these current ripples is 

referred as the multi-channel interleaving design that is widely adopted in most industrial 

products [Chin’95]. 

Another issue with multi-channel architecture is about the current distribution among 

channels. From Fig. 5.3, the current in each channel is determined by the effective output 

resistance of the channel, e.g. 1sR and 2sR . For ideal performance, the currents should be 

evenly distributed among all channels. Otherwise, excessive current flowing in any 

channel could introduce thermal and electrical stress on the devices. Reliability issues 

occur when the current exceeds the thermal limitation or the devices are exposed to the 

stress for an extended period. To guarantee current sharing under all operation conditions, 

current sharing control should be implemented in the controller. The simulation 

waveforms in Fig. 5.4 show the effectiveness of the current sharing control. 
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Figure 5.4 Simulation waveforms with and without current sharing 

5.2 Multi-channel interleaving 

5.2.1 Review of interleaving design 

Interleaving is one of the important advantages of the multi-channel configuration 

compared with the high current single-channel configuration in which high current 

capability is achieved by using multiple devices in parallel. With interleaving design, the 

switching phases of different channels are shifted from each other, as illustrated in Fig. 

5.5. Since all inductors are shorted at the output, the output current of the converter is the 

sum of each individual inductor currents. The ripple of the output current is reduced by 

the cancellation effect of interleaved currents, as shown in Fig. 5.6. The ripple frequency 

of the output current is effectively increased without increasing the actual switching 

frequency in each channel. This ripple cancellation effect is related to the duty cycle and 

the number of the channels. Fig. 5.7 shows calculated ripple reduction under different 

duty cycles and channel numbers assuming that the phases of all channels are evenly 

distributed [Wong’01]. For applications like the VRM, the duty cycle is usually small, 
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around 0.1. Therefore, better cancellation can be achieved by increasing the channel 

number. However, the optimal number of channels is determined by design 

specifications, design cost, design difficulties, etc. For the typical VRM applications in 

desktop and notebook computers, the channel number is from 2 to 4. 
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Figure 5.5 Clock signals with phase shifts 
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Figure 5.6 Ripple reduction from interleaving 

 

 

Figure 5.7 Calculated ripple cancellation v.s. duty cycle  
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To implement the interleaving design, duty cycle signals for individual channels need be 

synchronized with certain phase shift. For the control scheme that has clock signal 

available for synchronization, the interleaving design could be straightforward. A simple 

method is to use shifted ramp signals to generate the shifted duty cycle signals as shown 

in Fig. 5.8. Since the control signal is shared by all channels, only one feedback control is 

needed for the whole converter. Fig. 5.9 shows a circuit to generate interleaved ramp 

signals from a clock signal [Zhang-1’05]. The phase splitter can be implemented by the 

circuit in Fig. 5.10. Even phase shifting is guaranteed by periodicity of the input clock 

signal.  
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Figure 5.8 Duty cycle generated from shifted ramp signals 
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Figure 5.9 A circuit to generate interleaved ramp signals from a clock signal 
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Figure 5.10 A circuit to split the clock signal 

 

However, in the control schemes with variable switching frequency, there is no clock 

signal available for synchronization. The interleaving design is more challenging in these 

controls because the switching frequency and the switching phase are dynamically 

changing during operation. One design approach is to use the Phase Lock Loop (PLL) 
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circuit to dynamically synchronize the switching phases. A circuit  to implement the PLL 

is shown in Fig. 5.11. The duty cycle signal in one of channels can be used as the 

reference clock signal. The phases of other duty cycle signals are locked to the reference 

clock signal. The phase shift can be accurately controlled in the PLL circuit, but there are 

some disadvantages of this approach. For instances, the phase detector circuit usually 

requires a low frequency filter. If the switching frequency is very low in some conditions, 

external passive components are necessary to realize the low cutoff frequency in the 

filter, which adds cost to the controller chip. Besides, the complexity of PLL circuits 

demand significant design efforts and silicon area. To overcome the problems with PLL 

approach, a much simpler design is proposed. 

  

Clock 
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Clock 

output 

 

Figure 5.11 A circuit diagram to implement PLL 

 

5.2.3 Proposed interleaving design 

Fig 5.12 shows the proposed method to generate the interleaved duty cycle signals with 

variable switching frequency. The basic idea of the proposed design is to consider the 

multi-channel converter as a single-channel converter with increased switching 

frequency. In Fig.5.12, the “ON” pulse is the main switching signal controlled by the 

closed-loop feedback. The timing of the “ON” pulses is dynamically varying to keep the 
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output voltage within regulation. The duty cycle signals for each channel are selected 

from the “ON” signal by toggling the status of the multiplexer. In other words, the “ON” 

signal is passed to each individual channel one by one. If the pulses in the “ON” signal 

are periodic in the steady state, the phases of the duty cycle signals are evenly distributed 

among the channels. Similar design was reported in [Abu-Qahouq’04], however, the 

proposed design in Fig. 5.12 has advantage of glitch free and less delay from the “ON” 

signal to the output duty cycle signals. Because the T flip-flop is triggered by negative 

edges, the multiplexer changes status before the input pulse arrives. The delay from the 

input pulse “ON” to the output is reduced to one AND gate delay plus one RS-Latch 

delay.  
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Figure 5.12 A multiplexer to generate interleaved duty cycle signals 

 

 In Fig. 5.12, the signals “OFF1” and “OFF2” are individually generated for each channel 

to determine the falling edges of the duty cycle signals or the duration of the on time, as 

shown in Fig. 5.13. Therefore, in each duty cycle signal, the turn-on is initiated by the 

common “clock” signal, i.e. the “ON” signal, and the turn-off is initiated by the timers in 

each individual channel. As we discussed in Section 4.4, the timers are adjusted by the 

input voltage, the reference voltage to keep the steady state switching frequency constant. 
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As we will discuss in Section 5.3.2, the “OFF” signals are also adjusted for the current 

sharing control. Both the “ON” signal and the “OFF” signals are dynamically varying 

under control of the feedback loop. The whole system operates like a Voltage Controlled 

Oscillator (VCO) in which the input signals are static signals, such as the input voltage, 

the reference voltage, and the output signal is a series of the pulse signals, such as the 

duty cycle signals. This arrangement provides a simple way to implement the variable 

frequency control for the multi-channel DC-DC converters.  
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Figure 5.13 Timing diagram of the switching signals 

 

Furthermore, the interleaving design in the proposed control architecture has been greatly 

enhanced by inductor current feedback. As shown in Fig. 5.14, inductor currents are 

summed and compared with the control signal from the voltage error amplifier. Since 

inductor currents have the same phases as the switching signals, the current waveforms 

serve as the phase detection signals naturally generated to feedback the phase shift among 

different channels. These current signals work similarly as the ramp signals in Fig. 5.8. If 
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the delay in the current sensing is neglected, the current signals can maintain the even 

phase shifting. 
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Figure 5.14 The current and the voltage feedback signals used in the control 

 

However, the ripples in the control signal and the delays in current sensing circuits have 

significant impact to the interleaving performance. As shown in Fig. 5.15 (a), two current 

waveforms are perfectly interleaved with 180° phase shift when the control signal is 

stable, but in Fig.5.15 (b) the two current waveforms has uneven phase shifting when 

large ripples exist in the control signal. For the similar reason, delays in the current 

sensing amplifiers disturb the phase shifting by distorting the phase information. As rule 

of the thumb, the total delay in the current sensing circuits should be kept less than the on 

time of the switching cycle so that the delay has no deteriorating affect on interleaving 

performance.  

 



    99

 

(a) 

(b) 

Individual currents 

summed current 

Individual currents 

summed current 

Control signal 

Control signal 
 

Figure 5.15 Ideal interleaving (a) and imperfect interleaving with unstable control signal (b) 
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5.3 Multi-channel current sharing 

5.3.1 Review of current sharing design 

In multi-channel DC-DC converters, mismatches among circuits and components affect 

the current distribution in different channels. For example, in Fig 5.8, the mismatch of the 

ramp signals will make duty cycles unequal in different channels. Even though the 

mismatch of duty cycles from controller circuits is completely compensated or trimmed, 

the drivers in different channels still introduce mismatches on the duty cycles since they 

are made by individual chips. Besides, mismatches of power switches, power inductors 

and PCB layout also affect current sharing among channels. Therefore, current sharing 

must be actively enforced by the control circuits. Some of techniques to achieve current 

sharing control are briefly introduced in this Section. 

One simple method to maintain current sharing in the current mode control is to directly 

control the current level in each channel by a common control signal. As shown in Fig. 

5.16, the peak current control limits the peak amplitude of the inductor currents by a 

common control signal, “Verr”. If the comparator offsets and the mismatches of the 

external ramp signals (“Ext_ramp 1” ~ “Ext_ramp n”) are ignored, the peak inductor 

currents in all channels are equally controlled. This current sharing design is widely used 

since it is simply inherited in the main control architecture. Similarly, the valley current 

control or some average current controls provide excellent features to achieve current 

sharing design. However, the mismatches in the ramp signals can cause unacceptable 

current imbalance. Some techniques are developed to deal with this issue, such as the 

ramp generator with automatic matching proposed in [Zhang-1’05]. 
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Figure 5.16 Current sharing design with peak current control  

Some other techniques to achieve current sharing are using dedicated feedback loops for 

current sharing. These techniques are usually used together with the voltage mode 

controls in which no current signal is available in the main feedback loop. One example 

shown in Fig 5.17 has auxiliary circuits to calculate the average current of all channels 

and the error between the current in the individual channel and the average current. The 

error signals are injected back into the main control loop through the control signal, 

“Verr”. Because of high loop gain in the current sharing loops, the inductor current in 

each channel is regulated around the average current of all channels. With the common 

current bus, it is possible to add or remove some channels without affecting the function 

of the whole system. Therefore, this architecture is widely used in configurable power 

systems. The stability and the dynamics of such current sharing systems are studied in 

[Sun’06]. 
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Figure 5.17 Current sharing design with common current bus 

Fig 5.18 shows another example to use separated loop for current sharing. In this design, 

the current sharing control is built in the ramp generator. The current signals from 

different channels, “Vx1” to “Vxn”, are used to change the levels of ramps. Because the 

duty cycles are adjusted by the level of ramp signals, the unbalancing current is reduced 

by the negative feedback. 

 

 

Figure 5.18 Current sharing design by adjusting the level of ramp signals 

5.3.2 Proposed current sharing design  

The techniques reviewed in the early section are mostly useful in the constant frequency 

PWM control. In the proposed control architecture, the main control loop uses the 
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summed current and the output voltage to generate the “ON” signal. The balance of the 

individual current needs be enforced by additional control loop. As we know, duty cycle 

can be changed by modifying either the on time or the off time. In the proposed control 

architecture, the main control loop modulates the off time to regulate the output voltage 

while the on time is left constant. If current sharing control is made by modulating the on 

time, the current sharing control can be separated from the main control. In such way, the 

control design can be greatly simplified, and interference between the two control loops 

is minimized. Therefore, the proposed current sharing control is designed to control the 

on time for each duty cycle signals.  The design concepts and the circuit implementation 

are discussed in this section.  
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Figure 5.19 Current sharing design with on time modulation 

The basic idea to implement current sharing control with on time modulation is illustrated 

in Fig. 5.19. As discussed in Chapter 4, the inductor currents are sensed by the 

transconductance amplifiers. In Fig. 5.19, the outputs of the transconductance amplifiers 

are summed together with a capacitor. Any unbalanced current will accumulate charge in 

the capacitor. In other words, if the charge in the capacitor is balanced at a constant level, 
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the inductor currents are also balanced. By this means, the current balancing is 

transformed into the charge balancing. The objective of the feedback control is to 

maintain the constant charge in the capacitor.  

In Fig. 5.19, a gain stage is added within the current sharing loop to have high DC gain. 

The on time modulator is designed to add small variation to the fixed on time calculated 

from the voltage-controlled delay block in Fig 4.19. The adjusted on time varies when the 

voltage on the charging capacitor varies. With negative feedback, the current sharing is 

maintained between the two channels when the voltage on the charging capacitor is stable 

at a constant level. When there are more than two channels, one channel can be chosen as 

the reference channel. Each of the rest channels has its own current sharing loop to 

maintain its current equal to the reference channel. 
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Figure 5.20 Adjusting on time for current sharing 

The on time modulator is designed by adding small variation to the signal topV  as shown 

in Fig. 5.20.  The topV  signal is used to control the delay time in Fig. 4.19. As discussed in 

Section 4.4, the topV  signal is designed proportional to the reference voltage. When the 

reference voltage changes, the topV  signal changes to adjust on time and maintain the 

steady state switching frequency almost constant. With the current sharing control, the 



    105

topV  signal has additional function to adjust on time to remove current imbalance. Since 

the topV  signal has much smaller adjustment for the current sharing control, it does not 

affect the function to maintain the switching frequency constant. The schematic of the 

gain stage and the on time modulator is shown in Fig. 5.21. 
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Figure 5.21 Schematic of gain stage and on time modulator for current sharing 

The circuit has inputs of two differential current signals from the current sensing 

amplifiers. By crossing the polarity of the input currents, the difference between the two 

currents is extracted. The differential signal is amplified by a transconductance amplifier. 

To remove the ripples in the signals, 1C  is implemented with an external capacitor. The 

output of the gain stage adjusts the signal topV  through two resistors, 2R  and 3R . 
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5.3.3 Analysis of the current sharing loop 

Because there are multiple poles and high DC gain in the current sharing loop, the 

stability of the current sharing loop is an important concern in the design. Besides, the 

dynamic performance of the current sharing function sometimes is also important. For 

example, with slow response of the current sharing design, some channels may have 

higher current at beginning of the transient events. In the applications with frequent 

transients events, the channels frequently exposed to the high stress could have reliability 

problem. 
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Figure 5.22 Small signal model to analyze system dynamics of current sharing control 

 

To analyze the current sharing control loop, a small signal model is built as shown in Fig. 

5.22. In this model, one of the two channels is used as the reference for the other channel. 

The terms in the model are described as follows: 

2,1 dd : duty cycles for two channels; 

idG : transfer function from the duty cycle to the inductor current; 

is AR * : current sensing gain; 

mG : transconductance of the gain stage; 

topv

d
)

)

∂
∂

: modulation gain from topV to the duty cycle. 

The loop gain for the current sharing is  
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To simplify the estimation of the modulation gain 
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, frequency variation is ignored. 

With this assumption, the modulation gain is simply determined by the slope of the ramp 

in Fig. 5.20 and the steady state switching frequency: 
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Therefore, the loop gain of the current sharing loop is estimated as: 
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≈                     (5.3) 

In the design, most of the parameter in (5.3) is predetermined by other factors. The 

parameters used to design stable current sharing loop are transconductance of the gain 

stage, mG , and the charging capacitor, 1C .  In practical applications, some of parameters 

are fixed by the internal circuits. The system stability can be maintained by choosing 

proper value of 1C .   

5.4 Summary of Chapter 5 

Interleaving and current sharing are two important design requirements in the high 

current multi-channel DC-DC converter design. The techniques to implement 

interleaving and current sharing are reviewed in this Chapter. Most techniques are based 

on conventional constant frequency PWM control in which the switching can be 

synchronized by the clock signal. For the proposed control with variable frequency, the 

interleaving and current sharing design must base on the structure of the main control 

without adding too much of complexity. 
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The proposed design for interleaving uses an internal signal generated in the main control 

loop, the “ON” signal, as the clock signal. The phases of each channel is controlled by a 

glitch-free multiplexer. The even distribution of phases is enhanced by using the current 

sensing circuits as the phase detector for each channel. This design is much simpler than 

the design with PLL.  

The proposed current sharing design uses the current in one of the channels as the 

reference for the other channels. The current sharing loop is added to the main control 

loop by modulating the on time. The balance of the currents is detected by the charge 

balance in a capacitor. The circuit for the current sharing is described and a small signal 

model is presented to analyze the stability and dynamics of the current sharing loop.  
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Chapter 6 Simulation and Experimental Verification 

 

6.1 Prototype design 

A prototype controller was designed for the Voltage Regulator Modules (VRM) used in 

notebook computers. Compared with the VRM used in desktop computers, the mobile 

VRM is required to work with wider range of the input voltage and the output voltage, 

and there are more sophisticate mode transitions. For example, Intel introduced the Intel 

Mobile Voltage Position (IMVP) technology on Pentium mobile microprocessors.  With 

IMVP technology, the supply voltage of the CPU dynamically changes with its operation 

modes, such as the active mode, the deep sleep mode, the deeper sleep mode and the 

shutdown mode. The output voltage of the VRM in each mode and the slew rate during 

mode transition are specified by CPU’s manufacturers. The challenge of the controller 

design is to meet all these requirements while keeping high reliability, small profile, low 

cost, etc. The prototype controller was designed according to the IMVP-IV specifications. 

Some of the design targets are summarized in Table 6.1: 

Table 6.1 Specification parameters of the designed VRM controller 

Input Voltage 5 V ~ 20 V 

Output voltage 0.7 V ~ 1.7 V 

Load current 0 ~ 40 A 

Switching frequency at steady state 200 KHz ~ 600 KHz 

Channels 2 

Modes Active/ Sleep/Shutdown 

VID bits 6 

Supply voltage 5 V 
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The controller chip was implemented with 5V CMOS 0.5µm technology with bipolar 

options. The chip microphotograph is shown in Fig. 6.1. The chip package is TQFN-40. 

The pin arrangement of the controller chip is shown in Fig. 6.2. The description of the 

pins is listed in Table 6.2.  

 

Figure 6.1 Microphotograph of the controller chip 
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Figure 6.2 Pin-out of the prototype controller 

 

 



    111

Table 6.2 Pin descriptions of the controller chip 

Pin name Pin description 

VDD 5V power supply 

GND Ground of the controller chip 

PWM1, PWM2 Output of the duty cycle signal for each channel 

_DCMEN1, _DCMEN2 Output of DCM enable signals for sleep mode 

ISP1, ISN1, ISP2, ISN2 Input of current sensing signals 

FB Input of the feedback signal 

RemoteGND Input of the remote ground sensing 

EN Input of Chip enable signal 

SLPEN Input of sleep mode enable signal 

2CHANEN Input of channel 2 enable signal 

VBG Output of bandgap reference signal 

DACREF Output of DAC reference signal 

FSADJ Input to adjust switching frequency 

GAINADJ Input to adjust gain of voltage error amp. 

ILIMITADJ Input to adjust current limit 

VBAL Connection to current sharing capacitor 

INT Connection to integrator capacitor for error correction 

SOFT Connection to capacitor for soft reference transition 

VBAT Input of battery voltage sensor 

DACOUT Output of DAC 

VSLP Input of reference for sleep mode 

VID [0:5] Input of VID signals 

BGTRIM[0:3], 

DACTRIM[0:3] 

Trim inputs for bandgap and DAC 
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6.2 System simulation 

The designed blocks and the DC-DC converter system were simulated with HSPICE. The 

parasitic components, mismatches of external components and noise in the power stage 

were included in the top-level simulation to test the robustness of the circuits. Some of 

the simulation results are included in Fig. 6.3 to 6.7. 

Fig 6.3 shows the load transient response with load current from 0A to 40A. The 

simulation was performed with 1mF output capacitor and 300nH output inductor. The 

simulation results show desired AVP waveform with about 50 mV voltage drop. The 

performance of current sharing control is also verified by this simulation. 

 

Inductor currents 

Output voltage 

Load current 

 

Figure 6.3 Transient simulation results 

Fig. 6.4 shows the simulation waveforms of initial startup and mode transition between 

the active mode and the sleep mode. After the chip is enabled, the converter starts up with 
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the controlled slew rate so that the initial current does not beyond the safety limits. In the 

active mode, the inductor current is in CCM (Continuous Conduction Mode). After the 

sleep mode is enabled, the converter goes into DCM (Discontinuous Conduction Mode). 

The switching frequency in the sleep mode is much less than in the active mode. The 

output voltage in the sleep mode is lower than in the active mode to further save the 

power consumption of the CPU. 

 

Inductor currents
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Active mode Active modesleep mode

 

Figure 6.4 Simulation of mode transition between active mode and sleep mode 

 

Fig. 6.5 shows the simulation waveforms when the input voltage sweeps from 20 V to 5 

V. The converter works stably with the whole range of the input voltage. Since the 

switching frequency is regulated around 400 KHz by the on time control, the ripple of the 

inductor current decreases with the falling input voltage. 

Fig. 6.6 shows the simulation results of dynamic VID control. Since the reference of the 

converter is generated by the DAC with VID inputs, the output voltage of the converter is 

controlled by the VID inputs. In this simulation, the VID is transited between the 
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minimum (000000) to the maximum (111111), the output voltage sweeps between 1.7V 

and 0.7V with the controlled slew rate. The slew rate control is adjusted by an external 

capacitor. The maximum slew rate is limited by the maximum current allowed during the 

transition. 

Inductor currents

Input voltage

Switching frequency ≈≈≈≈ constant

 

Figure 6.5 Simulation with input voltage varying from 20 V to 5 V 
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Figure 6.6 Simulation of dynamic reference voltage 

 

 

 



    115

6.3 Experimental results 

The VRM test board shown in Fig. 6.7 is designed to test the controller chip. The 

components used in the test are listed in Table 6.3. 

Controller chip

Vin

Vout
Power stage

 

Figure 6.7 Test board for the controller 

 

Table 6.3 List of components used in the test 

Component Part name 

High side power MOSFET IRF7811 

Low side power MOSFET IRF7822 

Driver chip LM2722 

Output inductor 400nH/1.5mΩ 

Output bulk capacitor OSCON cap 270uF*4 

Decoupling capacitor Ceramic cap 47uF*4 

 

The steady state waveforms in the active mode and the sleep mode are shown in Fig. 6.8 

and Fig. 6.9, respectively. The system works stably with constant switching frequency at 

steady state. The test results show good current balancing and interleaving between the 
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two channels. Small output voltage ripples are achieved by ripple cancellation, as shown 

in Fig. 6.10. 

 

Figure 6.8 Active mode Vin=12V, Vout=1.2V, Io=10A 

 

 

 

 

Figure 6.9 Sleep mode, Vin=5V, Vout=1.2V, Io=5A 
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Figure 6.10 The output voltage ripple: Vin=12V, Vo=1V 
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Figure 6.11 Transition between active mode and sleep mode 

 

The voltage transition during mode transition and VID transition were tested, as shown in 

Fig. 6.12 ~ 6.13. The output voltage follows the reference voltage that transits with 

constant slew rate controlled by an external capacitor. 
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Figure 6.12 VID step-up transition 
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Figure 6.13 VID step-down transition 

 

The load transient were tested with maximum current slew rate of 50A/µs. As shown in 

Fig. 6.14, the controller has good response to load transient with output capacitance as 

low as 1 mF. Voltage spikes are well below the AVP window. The droop resistance of 

the AVP is adjustable from 1.5 mΩ to 3 mΩ. The trajectory of the output voltage and the 

load current is plotted in Fig. 6.15. 
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Figure 6.14 Load transient: Vin=12V, Vout=1.2V, Io=0~40A  
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Figure 6.15 The trajectory of output voltage and load current 
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The steady-state switching frequency was measured with input voltages varying from 5 V 

to 18 V. From the test results plotted in Fig. 6.16, the variation of switching frequency is 

less than 5%. 
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Figure 6.16 Steady-state switching frequency v.s. input voltage 

The output voltage error is measured as difference between the output voltage and the 

reference voltage. Fig. 6.17 shows test results with the reference voltage from 0.9 V to 

2.3 V. The output voltage error is limited less than ± 4 mV in the experiments. 
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Figure 6.17 Output voltage error v.s. reference voltage 
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6.4 Summary of Chapter 6 

In Chapter 6, the system level simulation, the prototype design and some of the test 

results are presented. The prototype controller is designed for two-channel 40A DC-DC 

converter for Intel Pentium mobile CPUs. The chip is tested with the input voltage from 

5V to 20V and the load current from 0A to 40A. The test results verified the major 

functions implemented in the controller, including two channel interleaving, current 

sharing, sleep and active mode, dynamic reference transition, frequency regulation. The 

measurements show the designed two-channel DC-DC converter has good load transient 

response, smooth mode transition, and accurate voltage regulation. Some of the test 

results are summarized in Table 6.4: 

Table 6.4 Summary of test results 

Maximum input voltage range 3 V ~ 20 V 

Output voltage  0.7 V ~ 2.3 V 

Maximum load current 40 A 

AVP droop resistance  1.5 mΩ ~ 3 mΩ  

Output voltage error < ± 4 mV 

Switching frequency at steady state 200 KHz ~ 600 KHz 

Maximum slew rate of output voltage  ≈ 50 mV/µs 

Switching frequency variation  

(Vin = 5 V ~ 18 V) 

< 5% 

Efficiency at 30 A (active mode, 300KHz) ≈ 85% 

Efficiency at 1 A (sleep mode) ≈ 87% 

 



    122

Chapter 7 Conclusion and Future Work 
 

7.1 Conclusion  

Development of digital core chips poses serious challenges to the power supply design. 

High performance switching DC-DC converter must meet requirements of high current, 

low voltage tolerance, fast transient response, high power efficiency, small profile and 

low cost. The conventional PWM control with constant switching frequency has 

limitation to improve both transient response and power efficiency because there is a 

conflicting requirement on switching frequency. The control scheme with variable 

frequency has promising features to achieve better overall performance, but the issues in 

the reported design approaches limit their usefulness in the practical applications. This 

dissertation presents novel control architecture with variable switching frequency and 

novel implementation of the integrated controller. The control concept and the proposed 

circuits are verified by the prototype chip designed for mobile VRM applications. The 

contributions of this work are summarized as followings: 

1. A novel implementation of current-mode variable-frequency control is proposed. 

The system architecture features a dual-loop feedback and a unique structure with 

symmetric signal paths for voltage and current signals. The symmetric structure 

provides practical advantages for integrated controller design to achieve accurate 

control on the AVP droop resistance. Compared with reported control techniques, 

the proposed control architecture has advantages of improved transient response 

without increasing steady-state switching frequency, simple compensation design 

and high feasibility for practical implementation. 



    123

2. The proposed control architecture is analyzed with a small-signal model. With the 

small-signal model, design guidelines are derived to achieve constant output 

impedance. The implementation of compensation is simplified to design a first-

order low pass filter and an integration capacitor. The model was verified by both 

circuit simulation and model simulation. 

3. Novel circuits based on fully differential structure are proposed to implement the 

control core function. The current sensing amplifier and the voltage error 

amplifier have features of high noise immunity, good gain matching and 

programmable gain ratio. The comparator in the constant on time modulator has  a 

feature of automatic error correction through offset control. These circuits are 

verified in the prototype controller. The techniques in these circuits can be used 

for other applications.  

4. The implementations of interleaving and current sharing for the proposed variable 

control are proposed. With the proposed interleaving design, even phase 

distribution among the interleaved channels is achieved without using PLL. In the 

proposed current sharing design, the current balance is maintained by the charge 

balance on the capacitor. The current sharing control is designed with simple 

circuit compatible with the main control structure. A small signal model is built to 

analyze the current sharing loop. 
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7.2 Future work 

Along with the development of semiconductor technologies, the requirement on the 

power supply is becoming more diverse and strict. In the whole system, the power 

management block becomes an important part that affects the reliability, the portability 

and the cost of the system. This dissertation tries to address the issues in the specific 

application, such as the VRM for the CPU, however, the design concepts have potential 

to be extended to other applications. There are some interesting research directions: 

1. The proposed control architecture and the circuit implementation have succeed to 

work with switching frequency up to 600 KHz at steady state. When the switching 

frequency is pushed even higher, the system stability becomes a severe issue 

because the delay and the noise in the circuits begin to interfere with the control 

signals. It is important to understand how the delay and the noise affect the 

system. With this knowledge, it is possible to design the control circuits more 

robust to the delay and the noise. 

2. In variable frequency control, switching frequency varies when there is load 

transient or input voltage variation. The noise associated with the switching 

frequency may affect some circuits that are sensitive to noise. To solve this 

problem, more sophisticate control on the switching frequency may be needed. 

One possible approach is to control the switching frequency according to the 

operation of the load system. The switching frequency itself can be a control 

variable to obtain optimal performance for the system.   

3. For the portable applications, the power consumption in the standby mode is an 

important concern to extend the battery lifetime. In the designed controller, sleep 

mode control reduces the switching frequency to improve the efficiency. To 



    125

further improve the efficiency, optimal control may be designed in the sleep 

mode.  For example, the peak amplitude of the inductor current can be adjusted 

according to load current, input voltage to achieve higher power efficiency.   

 



    126

References 
 

[Abu-Qahouq’04] Abu-Qahouq, J.; Hong Mao; Batarseh, I.; Multiphase voltage-mode 

hysteretic controlled DC-DC converter with novel current sharing, IEEE Transactions on 

Power Electronics, Volume 19, Issue 6, Page(s): 1397 – 1407, Nov. 2004 

[Agerwala’05] Agerwala, T.; Chatterjee, S.; Computer architecture: challenges and 

opportunities for the next decade, Micro, IEEE, Volume 25, Issue 3, Page(s): 58 – 69, 

May-June, 2005 

[Arabi’04] Arabi, T.; Gang Ji; Taylor, G.; Dampening high frequency noise in high 

performance microprocessor packaging, Proceedings of 8th IEEE Workshop on Signal 

Propagation on Interconnects, Page(s): 53 – 56, May 2004 

[Aygun’05] Aygun, K.; Hill, M.J.; Eilert, K.; Radhakrishnan, K.; Levin, A.; Power 

Delivery for High Performance Microprocessors, Intel Technology Journal, Vol. 09, 

Issue. 04, Nov. 9, 2005 

[Bai’03] Bai, Yuming, Optimization of power MOSFET for high-frequency synchronous 

Buck converter, Ph.D dissertation, Virginia Polytechnic Institute and State University, 

2003 

[Chen’03] Chuen-Yau Chen; Yuan-Ta Hsieh; Bin-Da Liu; Circuit implementation of 

linguistic-hedge fuzzy logic controller in current-mode approach, IEEE Transactions on 

Fuzzy Systems, Volume 11, Issue 5, Page(s): 624 – 646, Oct. 2003 

[Chinn’03] Chinn, G. etc. “Mobile PC platforms enabled with Intel Centrino Mobile 

Technology”, Intel Technology Journal, vol. 07, iss. 02, May 21, 2003 

[Dallago’00] E. Dallago, M. Passoni and G. SassoneE. Dallago, M. Passoni and G. 

Sassone, “Lossless Current Sensing in Low Voltage High Current DC/DC Modular 

Supplies”, IEEE Trans. Industrial Electronics, vol. 47, pp. 1249-1252, Dec. 2000. 

[Dixon’85] Dixon, L. Current-mode Control of Switching Power Supplies, presentation 

notes at Unitrode Design Seminar, 1985 

[Erickson’01] Erickson, R. W.; Maksimovic, D.; Fundamentals of Power Electronics, 

Book, Springer; 2 edition, January 1, 2001 

[Forghani-zadeh’05] Forghani-zadeh, H.P.; Rincon-Mora, G.A.;  “A lossless, accurate, 

self-calibrating current-sensing technique for DC-DC converters”, 32nd Annual 

Conference of IEEE  Industrial Electronics Society, IECON, Nov. 2005 pp. 6  

[Giral’00] Giral, R.; Martinez-Salamero, L.; Leyva, R.; Maixe, J.; Sliding-mode control 

of interleaved boost converters, Circuits and Systems I: IEEE Transactions on 

Fundamental Theory and Applications, Volume 47, Issue 9, Page(s): 1330 – 1339, Sept. 

2000 



    127

[Intel-1’04] Intel Corporation, Enhanced Intel SpeedStep Technology for the Intel 

Pentium M Processor, White paper, website: www.intel.com, March 2004 

[Intel-2’04] Intel Corporation, “Voltage Regulator-Down (VRD) 10.0 Design Guide For 

Desktop Socket 478”, website: 

http://www.intel.com/design/pentium4/guides/25288503.pdf 

[Intersil-1] Intersil Corporation, Datasheet of ISL6592, 6-Phase Digital Multiphase 

Controller, http://www.intersil.com/data/fn/fn9163.pdf 

[Intersil-2] Intersil Corporation, Datasheet and design guide of HIP6301, Microprocessor 

CORE Voltage Regulator Multiphase Buck PWM Controller 

[Ji’05] Gang Ji; Arabi, T.R.; Taylor, G.; Design and Validation of a Power Supply Noise 

Reduction Technique, IEEE Transactions on Advanced Packaging, Volume 28, Issue 

3, Page(s): 445 – 448, Aug. 2005 

[Johns’97] Johns, D.A. Martin, K. Analog Integrated Circuit Design, Book, John Wiley 

& Sons, Inc. 1997 

[Lee’04] Cheung Fai Lee; Mok, P.K.T.; A monolithic current-mode CMOS DC-DC 

converter with on-chip current-sensing technique, IEEE Journal of Solid-State Circuits, 

Volume 39, Issue 1, Page(s): 3 – 14, Jan. 2004 

[Lee’99] Lee, F.C.; Xunwei Zhou; Power management issues for future generation 

microprocessors, The 11th International Symposium on Power Semiconductor Devices 

and ICs, Page(s): 27 – 33, 26-28, May1999 

[Lenk’99] R. Lenk, “Application Bulletin AB-20 Optimum Current-Sensing Techniques 

in CPU Converters”, Fairchild Semiconductor Application Notes, 1999. 

[Li’06] Ding Li, “Modeling and design of a transient voltage clamp assisted voltage 

regulator ” Master thesis, North Carolina State University, 2006 

[Mammano’93] Mammano, B. Distributed Power Systems, presentation notes at Unitrode 

Design Seminar, 1993 

[Mitchell’01] Designing Stable Control Loops, presentation notes at Unitrode Design 

Seminar, 2001 

[Mugur’01] Mugur, P.R.; Roudet, J.; Crebier, J.C.; Power electronic converter EMC 

analysis through state variable approach techniques, IEEE Transactions on 

Electromagnetic Compatibility, Volume 43,Issue 2, Page(s): 229 – 238, May 2001 

[Muhtaroglu’04] Muhtaroglu, A.; Taylor, G.; Rahal-Arabi, T.; On-die droop detector for 

analog sensing of power supply noise, IEEE Journal of Solid-State Circuits, Volume 

39, Issue 4, Page(s): 651 – 660, April 2004 



    128

[Nauta’92] Nauta, B.; A CMOS transconductance-C filter technique for very high 

frequencies, IEEE Journal of Solid-State Circuits, Volume 27, Issue 2, Page(s): 142 – 

153, Feb. 1992 

[Panov’01] Panov, Y.; Jovanovic, M.M.; Design considerations for 12-V/1.5-V, 50-A 

voltage regulator modules, IEEE Transactions on Power Electronics, Volume 16, Issue 

6, Page(s): 776 – 783, Nov. 2001 

[Patel’85] Patel, R. Power Conversion Design Guide, presentation notes at Unitrode 

Design Seminar, 1985 

[Pennisi’02] Pennisi, S.; A low-voltage design approach for class AB current-mode 

circuits, IEEE Transactions on Circuits and Systems II: Analog and Digital Signal 

Processing, Volume 49, Issue 4, Page(s): 273 – 279, April 2002 

[Rao’02] Rao, A.; McIntyre, W.; Parry, J.; Moon, U.; Temes, G.; Buck-boost switched-

capacitor DC-DC voltage regulator using delta-sigma control loop, IEEE International 

Symposium on Circuits and Systems, Volume 4, 26-29 Page(s):IV-743 - IV-746 vol.4, 

May 2002 

[Ren’05-1] Ren, Y., High frequency high efficiency two-stage approach for future 

microprocessors, Ph.D dissertation, Virginia Polytechnic Institute and State University, 

2005 

[Ren’05-2] Yuancheng Ren; Kaiwei Yao; Ming Xu; Lee, F.C.; Analysis of the power 

delivery path from the 12-V VR to the microprocessor, IEEE Transactions on Power 

Electronics, Volume 19, Issue 6, Page(s): 1507 – 1514, Nov. 2004 

[Renesas’06] R2J20601NP Datasheet, “Driver – MOS FET Integrated SiP (DrMOS)”, 

Renesas Technology Corporation 

[Ridley’02] Ray Ridley, “VRM current sensing,” Switching Power Magazine, 2002. 

[Ridley’88] Ridley, R.B.; Cho, B.H.; Lee, F.C.Y.; Analysis and interpretation of loop 

gains of multiloop-controlled switching regulators [power supply circuits], IEEE 

Transactions on Power Electronics, Volume 3, Issue 4, Page(s): 489 – 498, Oct. 1988 

[Ridley’90] Ridley, R.B.; A new small-signal model for current-mode control, Ph.D 

dissertation, Virginia Polytechnic Institute and State University, 1990 

[Saint-Laurent’04] Saint-Laurent, M.; Swaminathan, M.; Impact of power-supply noise 

on timing in high-frequency microprocessors, IEEE Transactions on Advanced 

Packaging, Volume 27, Issue 1, Page(s): 135 – 144, Feb. 2004 

[Stanford’04] Stanford, E.; Microprocessor voltage regulators and power supply trends 

and device requirements, The 16th International Symposium on Power Semiconductor 

Devices and ICs, 2004, Page(s): 47 – 50, 24-27 May 2004 



    129

[Sun’06] Juanjuan Sun; Yang Qiu; Ming Xu; Lee, F.C.; Dynamic current sharing 

analyses for multiphase buck VRs, Twenty-first Annual IEEE Applied Power Electronics 

Conference and Exposition. APEC '06. 

[Tang’93-1] Tang, W.; Lee, F.C.; Ridley, R.B.; Cohen, I.; Charge control: modeling, 

analysis, and design, IEEE Transactions on Power Electronics, Volume 8, Issue 

4, Page(s): 396 – 403, Oct. 1993 

[Tang’93-2] Tang, W.; Lee, F.C.; Ridley, R.B.; Small-signal modeling of average 

current-mode control, IEEE Transactions on Power Electronics, Volume 8, Issue 

2, Page(s): 112 – 119, April 1993 

[TI] Texas Instrument, Block diagram of power management solutions, website: 

http://focus.ti.com/analog/docs/blockdiagramlist.tsp?familyId=64 

[Toumazou’90] Toumazou, C.; Lidgey, F. J.; Haigh, D. G.; Analogue IC design: the 

current-mode approach, Book, Peter Peregrinus Ltd. 1990 

[Tse’03] Tse, K.K.; Ng, R.W.-M.; Chung, H.S.-H.; Hui, S.Y.R.; An evaluation of the 

spectral characteristics of switching converters with chaotic carrier-frequency 

modulation, IEEE Transactions on Industrial Electronics, Volume 50, Issue 1, Page(s): 

171 – 182, Feb. 2003 

[Waizman’01] Waizman, A.; Chee-Yee Chung; Resonant free power network design 

using extended adaptive voltage positioning (EAVP) methodology, IEEE Transactions on 

Advanced Packaging, Volume 24, Issue 3, Page(s): 236 – 244, Aug. 2001 

[Wong’02-1] Pit-Leong Wong; Lee, F.C.; Switching action delays in voltage regulator 

modules, Seventeenth Annual IEEE Applied Power Electronics Conference and 

Exposition, Volume 2, 10-14 Page(s): 675 - 678 vol.2, March 2002 

[Wong’02-2] Pit-Leong Wong; Lee, F.C.; Peng Xu; Kaiwei Yao; Critical inductance in 

voltage regulator modules, IEEE Transactions on Power Electronics, Volume 17, Issue 

4, Page(s): 485 – 492, July 2002 

[Wong’98] Pit-Leong Wong; Lee, F.C.; Xunwei Zhou; Jiabin Chen; VRM transient study 

and output filter design for future processors, Proceedings of the 24th Annual Conference 

of the IEEE Industrial Electronics Society, IECON '98, Volume 1, Page(s): 410 - 415 

vol.1, Sept. 1998 

[Yao’03-1] Kaiwei Yao; Ming Xu; Yu Meng; Lee, F.C.; Design considerations for VRM 

transient response based on the output impedance, IEEE Transactions on Power 

Electronics, Volume 18, Issue 6, Page(s): 1270 – 1277, Nov. 2003 

[Yao’03-2] Yao, K.; Lee, K.; Xu, M.; Lee, F.C.; Optimal design of the active droop 

control method for the transient response, Eighteenth Annual IEEE Applied Power 

Electronics Conference and Exposition. APEC '03.  



    130

[Yao’04] Yao, Kaiwei High-frequency and high-performance VRM design for the next 

generations of processors, Ph.D dissertation, Virginia Polytechnic Institute and State 

University, 2004 

[Yuvarajan’91] S. Yuvarajan, L. Wang, “Power conversion and control using a current 

sensing power MOSFET,” in IEEE Proceedings of the 34th Midwest Symposium on 

Circuits and Systems, vol.1, May 1991, pp: 166-169. 

[Zhang-1’05] Xin Zhang, “Fully Distributed Control and Its Analog IC Design For 

Scalable Multiphase Voltage Regulators”, Ph.D dissertation, Virginia Polytechnic 

Institute and State University, 2005 

[Zhou’00-1] Xunwei Zhou; Pit-Leong Wong; Peng Xu; Lee, F.C.; Huang, A.Q.; 

Investigation of candidate VRM topologies for future microprocessors, IEEE 

Transactions on Power Electronics, Volume 15, Issue 6, Page(s): 1172 – 1182, Nov. 2000 

[Zhou’00-2] Xunwei Zhou; Donati, M.; Amoroso, L.; Lee, F.C.; Improved light-load 

efficiency for synchronous rectifier voltage regulator module, IEEE Transactions on 

Power Electronics, Volume 15,  Issue 5,  Page(s):826 – 834, Sept. 2000 

 

 

 

 

 

 

 
 


