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具虛擬斜坡電流平衡技術之電壓模式多相位降壓轉換器 

 

研究生：黃玉萍  指導教授：陳科宏博士 

 
 

國立交通大學電控工程研究所碩士班 

摘 要       

在現今科技發展不斷進步的社會中，體積小且多功能的可攜式產品越來越受到歡迎,

例如智慧型手機、MP3 及平板電腦等設備。除了功能選項多能吸引消費者，這些可攜式

產品的操作時間是一個重要的考量；越長的操作時間表示系統越省電越不需要多次充電，

具有很大的方便性.為了設計出省電的系統，如何使電源系統具備高效率、低損耗的特

點是一項考驗，特別是需在可攜式產品有限的空間中設計。另外，在某些系統中，常常

會需要電源管理電路可以提供大電流、低電壓漣波等要求，如 CPU 的電源規格.在這樣

的情況下，多相位電源轉換器是一個很好的選擇。透過多相位的方式，並聯多組降壓或

升壓等電壓轉換 cell以提供大電流到輸出端。但當相位越多，也就是並聯的組數越多，

就需要越多的控制器來對應多相位的控制。 

為了解決多相位造成的多控制器之電源消耗與面積無法縮小問題，本論文提出一具

虛擬斜坡電流平衡技術應用於電壓模式多相位直流-直流降壓轉換器，只需使用一組控

制器即可達到多相位控制。在本論文中，將會依序介紹虛擬斜坡技術與對應的時間多功

電流平衡機制、系統穩定度分析、電路實現方法、電路量測結果與結論。
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Pseudo-Ramp Current Balance (PRCB) Technique for Voltage-Mode 
Multiphase Buck Converter

Student： Yu-Ping Huang          

Advisor： Dr. Ke-Horng Chen  

Department of Electrical and Control Engineering 
National Chiao-Tung University 

ABSTRACT 

 
A pseudo-ramp current balance (PRCB) technique is proposed to achieve the 

time-multiplexing (TM) current balance in voltage-mode multiphase DC-DC buck converter 

with only one modulation controller. Thus, compared to the conventional multiphase 

converter, the N-1 controllers can be removed when the PRCB technique is implemented in 

the monolithic N-phase DC-DC buck converters for largely decreasing the silicon area and 

power consumption. In addition, the TM current balance scheme can further enhance the 

current sharing accuracy since the mismatches between different controllers does not exist. 

Particularly, an explicit model of multiphase converter with the PRCB technique is derived 

for system stability analysis. Both of the voltage loop and the current balance loops with 

non-ideal effect are taken into consideration. Experimental results show that the current 

difference between each phase can be decreased by over 83 % at both heavy load and light 

load conditions.
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Chapter 1  

INTRODUCTION 

1.1 Background of Power Management System and 

Voltage Regulators 

Nowadays, portable devices such as smart phone, media player, tablet PC, are accepted 

widely due to the small size and versatile application. Besides the multiple functions, the 

operation time of these portable devices is one of the major issues of a successful product. To 

obtain a long operation time, the power management design of the whole system is crucial for 

achieving high efficiency, which means low power consumption, with limited board area 

inside the portable devices. To achieve a low-cost, high-efficiency and high-performance 

voltage regulator, there are many different kinds of power management architectures, as 

shown in Fig. 1, could be used such as buck converter, boost converter and charge pump, etc. 
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1.2 Classification of Voltage Regulators  

In this section, Power management circuits can be classified into three different 

techniques in function-works: linear regulators, switching capacitor regulators, and switching 

regulators. These structures are briefly introduced and described at the following subsections. 

Finally, a brief comparison will be given about these three types of voltage regulators. 

 

1.2.1 Linear Regulator 

The linear regulator (or low-dropout regulator, LDO) is usually used for light load current 

condition. It has simple structure, better transient performance and the output voltage is 

ripple-free compared to the other types of power management IC’s [1]-[4]. The LDO also has 

 

Fig. 1. Power management system. 
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smaller chip size, printed circuit board (PCB) area. High efficiency is guaranteed by the low 

drop-out voltage with the input supply voltage (Vin) and regulated output voltage (VOUT). The 

efficiency formula is shown in (1), where IQ is the quiescent current of the LDO and the ILoad 

is the output load current. 

 

( )
OUT Load OUT

in Q Load in

V I V
V I I V

η = ≈
+

 (1) 

 

As illustrated in Fig. 2, it shows the schematic of a linear regulator. The linear regulator 

uses a pass device (MP) between the input supply voltage and the regulated output voltage. 

The error amplifier (EA) is the control circuit of the linear regulator. The gate voltage of the 

pass transistor is controlled by the output voltage of EA generated by the difference between 

the feedback voltage (VFB, in a ratio of the desired output voltage (VOUT)) and reference 

voltage (VREF). The linear regulator is constructed in a negative feedback configuration to 

maintain the output voltage irrespective of load current and input voltage variation. Under the 

above description, a linear regulator operates linearly to regulate the output voltage according 

to the reference voltage. 

VREF

Rf1

Rf2

COUT

Resr

VOUT

EA

RL

Vin

MP

VFB

 
Fig. 2. The schematic of a low drop-out regulator. 
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1.2.2 Switching Capacitor Regulator 

The switching capacitor regulator is usually used to obtain a DC voltage inverting or 

higher than the supply voltage in low load-current applications [5]-[8]. As shown in Fig. 3, 

this is a conventional switching capacitor regulator. There is no magnetic component, such as 

inductor, required comparing with the switching regulators. In the 1Φ  phase period, the input 

voltage charges Cf until the voltage VCf is equal to input voltage. During 2Φ  phase, the 

output equals to input voltage plus voltage VCf and gets twice input voltage. An error amplifier 

decides the error signal from the difference between feedback voltage and reference voltage to 

adjust the operation frequency of 1Φ  and 2Φ  through the controller circuit. Thus, the 

output voltage can be regulated at desired output voltage. The controller circuit is more 

compact than that of switching regulators, but more complex than linear regulators. Due to 

switching clock, switching capacitor regulator suffers from the EMI and noise problems. But 

these problems are slighter than that of switching regulators, resulting from smaller operating 

frequency in the range of hundreds of Kilo-Hertz. The supply load ability of switching 

capacitor regulator is weak because it depends on the capacitor size and the switching 

frequency. 

C
on

tr
ol

le
r

 1Φ

2Φ

Rf1

Rf2VREF

COUT RL

VOUT
Cf

Vin

EA

VCf

2Φ

1Φ

ResrVFB

 
Fig. 3. The schematic of a switching capacitor regulator. 
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1.2.3 Switching Regulators 

Switching regulators are widely used in power management IC because it has many 

excellent properties such as high power efficiency, high conversion ratio and programmable 

ability [9]-[18]. In Fig. 4, a simple architecture of voltage-mode buck converter, they are 

mixed-signal circuits which have both analog and digital blocks in the feedback loop. An 

analog signal, which is an error signal, is fed back to produce a digital signal at a certain 

frequency rate which calls duty cycle. The duty cycle is used to control the on/off state of the  

switches MP1 and MN1 to regulate the output voltage (VOUT).  

Vin

L

COUT

VOUTMP1

VREF
EA

CMPPWM
Generator

VSAW

Rf1

Rf2

VFB

MN1

RL
Resr

 

Fig. 4. The simple architecture of buck converter. 

Due to dual storage components, inductor and capacitor, the switching converter can be 

operated in buck or boost operation. Generally speaking, the efficiency can be achieved above 

90% under heavy load condition. Meanwhile, with higher switching frequency in the range 

from hundreds of Kilo-Hertz to several Mega-Hertz, the storage components can be designed 

smaller to save the cost. But the EMI and noise problems become critical. Depended on 

efficiency requirement, the control circuit is much larger than the other two regulators and the 

cost is the highest. However, the supply load ability is the largest in the range from about 

hundreds of milliamps to several amps. 

Therefore, the switching regulators can easily be classified into two topologies in 
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functional-works, buck and boost converters, listed in Table I, 

The first regulator is called as buck converter because of its property that steping down the 

input voltage with respect to output node. The conversion ratio M(D) of buck converter is 

written as ( )M D D= . The second regulator is called as boost converter because of its 

property that steping up the input voltage with respect to output node. The conversion ratio 

M(D) is written as 1( )
1

M D
D

=
−

.  

There are many advantages of switching regulators compare with the linear regulators and 

switching capacitor regulators. Switching regulators have high current efficiency because they 

use power MOSFETs as switches and inductors, capacitors as energy storing elements. When 

the switched transistors operate in the cutoff region, it has no power dissipation. When the 

switched transistors operate in the triode region, it is nearly a short circuit with little voltage 

drop across it and has little power dissipation. Hence, most of the power dissipation is spent in 

the output node. A high power efficiency performance can be achieved numerically in the 

range 80% to 90%. 

Table I. Two structures of switching regulators 
 Architecture Conversion Curve 

Buck 

  

Boost 

  

 

+
- Load

Vin

Vo

Co

L

Control

S1

S2

 

0.2 0.4 0.6 0.8 1.0
D

Vi

0.2

0.4

0.6

0.8

1

0

 

+
- LoadVin

Vo

Co

L

Control

S2

S1

 

0.2 0.4 0.6 0.8 1.0
D

Vi

1

2

3

4

5

0



 

7 
 

Switching regulators also have disadvantages. There are larger complexity in circuit design 

of switching regulators than that of the linear regulators and also require discrete components 

such as inductors and capacitors. Furthermore, the transition response time and output noise 

are much larger than that of the linear regulators. 

A comparison table between linear regulators, switching capacitor regulators and switching 

regulators are listed in Table II. 

Table II: Comparisons of the different voltage regulators. 

 Linear 
Regulators 

Switching 
Capacitor regulators 

Switching 
Regulators 

Regulation Type buck buck/boost buck/boost/buck-boost 
Efficiency Low Medium High 

Complexity Low Medium High 
Load ability Medium Low High 
Chip Area Compact Moderate Large 
EMI/Noise  Low Medium High 

Cost Low Medium High 

 

1.3 Design Motivation 

For switching regulators, operation mode switching between pulse-width modulator 

(PWM), pulse-frequency modulator (PFM) and pulse-skipping modulator are widely used to 

enhance the efficiency over the wide load range [19]-[24]. Besides, transient response is 

greatly improved by prior arts [25]-[30], such as Adaptive Pole-Zero Position (APZP) 

technique and dual-current pump. Moreover, in high-performance microprocessors 

applications, multiphase DC-DC converters are essential owing to its high current driving 

capability, small output voltage ripples and thermal management improvement [31]-[36].  

Conventional PWM controller with a constant switching frequency is a suitable candidate 

for multiphase DC-DC converters. Nevertheless, the demand of complicated compensation 
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network, especially for the voltage-mode control, causes the vast increase of printed circuit 

board (PCB). Several methods make efforts on minimizing the area of the compensation 

elements [37]-[39]. Besides, to improve the load transient recovery time, the 

hysteresis-control DC-DC converters become an adequate solution to exhibit fast load 

transient response without the need of compensation components [42]. However, it suffers 

from synchronizing problem in multiphase applications. Although the delay-locked loop 

(DLL) controller can achieve synchronization between different phases with accurate duty 

cycle and large voltage conversion range [43], the power consumption and area occupation 

are substantially large. 

Power stage 3
Power stage 2

RampN 

Power stage N

Power stage 1

Current Sensing 
D1

Ramp3 

Ramp1 

Ramp2 

C
ur

re
nt

 B
al

an
ce

 

N

L
og

ic

Type III 
Compensation

DN

Comp

VREF

Resr

COUT

RL

RF1

RF2

VFB

VOUT

VIN
L3

L2
L1

EAVC

Comp

Comp

Comp

D2 D3

VCN
VC3
VC2
VC1VC3

VC1

VC2

VCN

 
Fig. 5. Conventional structure of the N-phase voltage-mode DC-DC buck converter. 

Conventional N-phase architecture as shown in Fig. 5 has high current driving capability 

as well as low output voltage ripple. N buck converter cells are implemented parallel in a 

voltage regulator module (VRM) to provide energy to the load simultaneously. In common 

with conventional voltage-mode DC-DC buck converter, each buck converter cell is 

controlled by one of the N independent controllers. In each controller, there contains a ramp 

generator, a comparator and a control logic circuit. Owing to the multiphase operation, N 
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interleaving ramp signals, Ramp1-RampN, are needed to compare with the error signals (VC1 - 

VCN) carried out from the error amplifier for generating N interleaving duty cycles, D1 - DN, 

for each phase. Obviously, the replicas of the controller derive large area and power 

dissipation. 

 

1.4 Thesis Organization 

In this thesis, the PRCB technique (Pseudo-Ramp Current Balance) is proposed to improve 

the performance and reduce circuit complexity in voltage-mode controlled multiphase DC-DC 

buck converter. The PRCB technique simply uses one controller to make multiphase operation 

and achieve high precision current balance comparing with the prior arts. The proposed PRCB 

technique are majorly divided into two parts, the pseudo-ramp technique and 

time-multiplexing current balance. Their description is given in the first part of Chapter 2. 

Besides the design concept, the system stability analysis is discussed and illustrated in the 

second part of Chapter 2. Detailed circuit implementations are presented in Chapter 3. 

Experimental results are shown in Chapter 4. Finally, a conclusion and future work are made 

in Chapter 5. 
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Chapter 2  

PROPOSED MULTIPHASE STRUCTURE 

AND THE PRCB OPERATION PRINCIPLE  

2.1 System Operation  

Fig. 6 shows the proposed structure of N-phase DC-DC buck converter with the proposed 

PRCB technique. The N-phase power stages can simultaneously deliver energy to the output 

to improve the driving capability, and are controlled by a single controller to achieve an 

area-efficient operation. The power stage contains one P-type and one N-type power 

MOSFET. A dead-time control is used in the driver to prevent the short-through current 

problem. The voltage divider is composed of RF1 and RF2 to feed the information of output 

voltage to the controller.  

The main control scheme of the proposed multiphase converter is the voltage-mode 

operation [31], [34] and [40]-[42]. Thus, the Type III compensation is implemented to extend 

the system bandwidth and to obtain an adequate system phase margin. Particularly, there are 

only one saw-tooth signal and one comparator in the proposed design to control the N-phase 

power stages. In other words, the N-phase converter can be achieved with the elimination of 

the N-1 controllers in the proposed PRCB technique.  

The pseudo-ramp operation and the current balance mechanism constitute the PRCB 

technique. The pseudo-ramp generator circuit can generate the fixed-frequency system clock 

Vclk to realize the pulse-width modulation (PWM). The multiphase clocks, Vck1-VckN, are also 
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generated to ensure synchronization. Besides, the saw-tooth signal VSAW can be used to 

determine the control signal VPWM through the comparison with the error signals VC, which is 

carried out by the error amplifier (EA). Here, the proposed pseudo-ramp operation uses only 

one physical saw-tooth signal to obtain the multiple duty cycles (D1-DN) for multiphase 

operation.  

MP

MNDeadtime 
Driver

Power stage N

Power stage 3

Power stage 2

MP

MNDeadtime 
Driver

Power stage 1

VIN

L1

L2

L3

LN

Current 
Sensing 
Circuit

Current 
Balance 
Circuit

Resr

COUT

VOUT

RL

RF1

RF2

Phase Control 
Logic

Vclk

D1 DN

VPWM
VC

Comp
EA

VREF

C2

C3

R3

R1

R2C1

VFB

VS1

IC1

VSAW
VMODE

ICN

Pseudo-Ramp 
Generator

VSN

Vck1

VckN

VR

PRCB

 

Fig. 6. Structure of the N-phase DC-DC buck converter with proposed PRCB technique. 

The phase control logic can realize the duty cycles, D1-DN, for the N-phase power stages 

according to the multiphase clocks, Vck1-VckN, and the signal VPWM. Moreover, mode control 

signal VMODE is used to determine the operation modes of the pseudo-ramp operation under 

the different duty cycles. Specially, the auxiliary reference voltage VR is utilized to ensure the 

smooth mode transition operation.  
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On the other hand, the current balance mechanism is composed of the current sensing 

circuit and the current balance circuit. To ensure equal energy distribution in each of phases, 

the current sensing circuit can be used to sense the inductor current information during each 

phase. The sensed inductor current information, VS1-VSN, will be sent to the current balance 

circuit, which can generate the signals, IC1-ICN, to adjust the duty cycles for each phase. 

Therefore, the energy delivered by each of phases will be matched regardless of the mismatch 

problem derived between the N-phase power stages. 

2.1.1 Pseudo-Ramp Operation 

Fig. 7 shows the illustration of pseudo-ramp operation. Dual-phase topology is adopted to 

verify the proposed PRCB technique in this paper. The PRCB operation can be divided into 

two modes. It depends on the duty cycle smaller than 50 % or larger than 50 %, for Mode I or 

Mode II, respectively. Two clock periods, 2*Vclk, will constitute one complete switching cycle, 

Ts, for two phases. That is, one pseudo-ramp is composed of two physical ramps in one 

switching period. 

In Mode I operation, the duty cycles D1 and D2 of the phase 1 and the phase 2, respectively, 

are smaller than 50%. When the signal VMODE is high, as shown in the left-side of Fig. 7, the 

duty cycle D1 of the phase 1 is determined by the intersection of the odd physical ramps, 

which are part of the signal VSAW, and the error signal VC. Since the duty cycle is smaller than 

50 %, the D1 can be determined within TS/2. That is in a physical ramp. On the other hand, the 

duty cycle D2 of the phase 2 is decided by the even physical ramps of the signal VSAW. That 

means the duty cycles D1 and D2 are carried out by the odd and even physical ramps, 

respectively. In other words, the even physical ramps in the period of TS/2 to TS joins the 

determination of the D2 and has no effect on the determination of the D1. In Mode I operation, 

only one saw-tooth signal VSAW with a fixed frequency is used to realize the D1 and the D2 for 
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the dual-phase buck converter operation. 

Once the duty cycle is larger than 50 %, the proposed PRCB technique will enter to the 

Mode II operation by setting the VMODE low. At the right-side of Fig. 7, it shows the 

characteristic of the PRCB technique that can break through the limitation of 50 % duty cycle 

in dual-phase operation. Under Mode II control, alternatively, the D1 is determined by the 

even physical ramps of the VSAW signal, and in consequence the D2 is decides by the odd 

physical ramps. D1 is high (on state) during the odd physical ramps until the intersection of Vc 

and the even physical ramps. When the view point is changed from the odd/even physical 

ramp into a continuous process, it is easy to find out the determination of D1 can be realised 

with the black extended datted-line as show in Fig. 7. The idea of Pseudo-Ramp is carried out 

from here. Namely, two solid-line ramps constitute one datted-line pseudo-ramp, which has 

the switching period TS. The intersection of VC and pseudo-ramp can be extended from less 

50% of TS to more than 50% of TS. Thus, the duty cycle D1 of amount larger than 50% can be 

made. Similarly, the duty cycle D2 can be larger than 50%.  

In the PRCB technique, two pseudo-ramps determine the dual-phase operation. Both D1 

and D2 can be well-interleaved regardless the value of duty cycle. Most importantly, there is 

only one physical ramp to determine the two interleaving duty cycles. 

VSAW

Vclk

D1

D2

VC

VMODE 1 (Duty<50%)

Pseudo Ramp

1 2 1 2 1 2 1 2

0 (Duty>50%)

Mode I operation Mode II operation

TS

 
Fig. 7. The illustration of the PRCB technique in the Mode I and the Mode II. 
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However, the unstable scenario may happen when the duty cycle is exactly equal to 50% 

due to the discontinuous VSAW. In other words, the transition will induce a step increase in the 

VC. To solve the transition between Mode I and Mode II, the deduction of the auxiliary 

reference voltage VR from the EA’s output is activated for rapid response in the VC. As 

illustrated in Fig. 8, the VR helps overcome the discontinuous duty cycle determination when 

the duty cycle is close to 50 %. In addition, the duty blocking period (DBP) is also utilized in 

Mode II operation to avoid the duty cycle determination into the undistinguishable region. 

The DBP results in the phase shift of duty cycle in Mode II operation for stable operation 

because the proper duty cycle can be carried out. That is, the DBP helps define a hysteretic 

region to avoid the abnormal mode transitions triggered by switching noise. 

VSAW

Vclk

D1

D2

VC

VMODE

1 2 1 2

TS

1 2 1

VR

Duty Blocking
1 0

 

Fig. 8. The timing diagrams when the DBP is utilized. 

Moreover, the mode transition operation contributes the enhancement of transient response. 

In case of a sudden load current increase, the voltage drop induces a rapid variation at the VC 

by the EA. Large increase in the VC will lead to the mode transition from Mode I to Mode II if 

the VC exceeds the amplitude of physical ramps. Thus, a resultant increase in the duty cycle 

will provide extra energy to compensate the insufficient driving capability so as to enhance 

the load transient response. The similar operation would occur when a large decrease of load 

happens.  



 

15 
 

2.1.2 Time-Multiplexing Current Balance Mechanism 

Ideally, if each of the individual phases derives the identical duty cycles, D1=D2=…DN, the 

inductor current in each individual phase will be theoretically equal in the multiphase 

operation. However, the inevitable mismatches existing among the N power stages and PCB 

boards will cause enormously unbalanced current distribution. Thus, the current balance 

mechanism is demanded to compensate the unbalanced scenario by automatically adjusting 

the duty cycles by ˆ ( )id t  (where i=1, 2, 3… and N). Thus, the adjusted duty cycle of each 

phase becomes ˆ( ) ( )i i id t D d t= +  (where i=1, 2, 3… and N) to achieve current balance. Fig. 9 

shows the implemented current balance mechanism in the proposed PRCB technique. 

If one of the two phases has large driving current, the duty cycle, which causes large 

driving current, needs to decrease. Contrarily, the other duty cycle is required to increase. 

Owing to the voltage-mode operation in the monolithic control scheme, the duty cycles are 

determined through the comparison of the VSAW and the VC. [40]-[42] However, in the PRCB 

technique, it is improbable to adjust the VC for current balance since the change in the VC will 

lead both duty cycles to increase or decrease simultaneously. Alternatively, the modulation in 

the VSAW is used to achieve the dual-phase current balance in the PRCB technique [44].  

The time-multiplexing current balance mechanism is activated in the PRCB technique 

according to the distinct operation modes. In the Mode I, the ramp adjustments for the d1(t) 

and d2(t) act on the odd and even ramps, respectively. If the inductor current IL1 in phase 1 is 

larger than the IL2 in phase 2, the increase of the odd ramp slopes will lead the decrease of the 

d1(t) to reduce the current driving capability in phase 1. Besides, the increase of d2(t) in phase 

2 will enhance its current driving capability by decreasing the even ramp slopes. Similarly, in 

case of large IL2 and small IL1, the current balance can also be ensured in the Mode I. 

On the other hand, when the duty cycle is larger than 50 % in the Mode II, the ramp 
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adjustment will work in an alternative way to fit the pseudo-ramp operation. The odd ramp 

slopes are decreased while the even ramp slopes are increased to reduce the d1(t) and to 

enlarge the d2(t) when the IL1 is larger than the IL2. The similar operation is achieved when the 

IL1 is smaller than the IL2 in the Mode II. Therefore, the current balance mechanism can be 

realized by adjusting the ramp signals both in the Mode I and the Mode II. In other words, 

current balance is achieved under the whole duty cycle range. 

Mode II operation

VSAW
VC VSAW

VC

D1

D2

VSAW
VC VSAW

VCVSAW
VC

D1

D2

VSAW
VC

Mode I operation

Duty > 50%

Duty < 50%
VMODE

1

0

IL1>IL2

IL1>IL2

IL1<IL2

IL1<IL2

ˆ
1 1+D d (t)

ˆ
2 2+D d (t)

ˆ
1 1+D d (t)

ˆ
2 2+D d (t)

ˆ
1 1+D d (t)

ˆ
2 2+D d (t)

ˆ
1 1+D d (t)

ˆ
2 2+D d (t)

 

Fig. 9. Current balance mechanism implemented with pseudo-ramp operation in the proposed 
dual-phase DC-DC buck converter. 

 

2.2 Stability Analysis of the Multiphase Converter 

with the PRCB Technique 

To ensure the system stability, not only the proposed PRCB technique but also the TM 

current balance technique should be modeled accurately. In this work, a dual-phase converter 

is modeled to verify the system stability. 
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2.2.1 The Model of the Pseudo-Ramp Technique 

Equivalent model of the two-phase converter with the pseudo ramp technique is shown in 

Fig. 10 [45]. In frequency domain, the duty cycle can be expressed as (2). 

ˆ( ) ( ) where 1 or 2i i id s D d s i= + =  (2) 

ˆ ( )id s  is the duty cycle variation caused by the TM current balance technique. Di is the duty 

cycle without the current balance function. Theoretically, D1 and D2 are equal to the average 

duty cycle as shown in (3).  

1 2( ) ( ) where 1 or 2
2

d s d sD i+
= =  (3) 

The feedback voltage VFB(s) is acquired by the voltage divider with the gain of H(s). The 

difference of the Vref and the VFB(s) is amplified by the error amplifier to produce the error 

signal VC(s). The modulator compares the VC(s) with the ramp signal to generate the duty 

cycles, d1(s) and d2(s), for phase 1 and phase 2, respectively. 

VIN(s)

VC(s)
VOUT(s)

H(s)

Gc(s)
VFB(s)

Vref

FM
d2(s)

Gvd(s)

FM
d1(s)

Gvd(s)

Gvg(s) Zout(s)

iload(s)

Converter power stage

Ve(s)

 

Fig. 10. Equivalent model of the two-phase converter with the pseudo-ramp technique. 

The open-loop output impedance Zout(s), the line-to-output transfer function Gvg(s), and the 

control-to-output transfer function Gvd(s) are expressed in (4), (5), and, (6), respectively. 
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2
( )

1
out

L

sLZ s Ls s LC
R

=
+ +

 
(4) 

2

1( )
1

vg

L

G s D Ls s LC
R

= ⋅
+ +

 
(5) 

2

1( )
1

OUT
vd

L

VG s LD s s LC
R

= ⋅
+ +

 
(6) 

L, C, and RL are the filter inductor, capacitor, and equivalent load resistance, respectively. 

In the pseudo-ramp control, all phases share the same ramp. Similar to the conventional 

architecture of multiple controllers, it is convenient to model separately the modulator of each 

phase. The effective magnitude of pseudo-ramp is twice of the physical ramp amplitude VM. 

Thus, the modulator gain, FM, can be written as (7). 

1
2M

M

F
V

=  (7) 

Considering the stability problem, Type III compensation is adopted to compensate the 

complex poles caused by the L, C. Fortunately, only one set of Type III compensator is 

required since the PRCB technique has single controller. Besides, the design of the Type III 

compensation is simply the same as single phase operation. 

2.2.2 TM Current Balance Model 

TM current balance can be achieved by comparing the adjusted ramp with the error signal 

VC(s). To fit the characteristic of the adjusted ramp, the model of the pulse-width modulator 

needs to be modified as shown in Fig. 11(a). The difference of the current sensing signals, VS1 

and VS2 in Fig. 6, which derived from the current sensing circuit, will be amplified to generate 
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the current-balance control signals IC1(s) and IC2(s). The IC1(s) and IC2(s) are injected to the 

ramp signal capacitor Cramp to adjust the amplitude by ΔVMi (i=1 or 2) as depicted in Fig. 11(b). 

The equivalent variation in the duty cycle is equal to 1̂( )d s  (or 2
ˆ ( )d s ), which causes the duty 

varies from D1 (or D2) to 
1 1̂( )D d s±  (or 

2 2
ˆ ( )D d s± ). Thus, the modified duty cycles d1(s) and 

d2(s) can achieve good current balance. 

VC(s) FMV d1(s) or d2(s)

IC1(s) or IC2(s) 

FMC(s) FM

Vce1(s) or Vce2(s)

orV̂ (s)C1 V̂ (s)C2

 

VC

ΔVM1 
or 

ΔVM2

VM

D1 or D2

d1(s) or d2(s)

or
Vce1 or Vce2 

Adjusted ramp
Original ramp

ˆ
1d (s) ˆ

2d (s)or

ˆ
C1

V (s) ˆ
C2

V (s)

 
(a) (b) 

Fig. 11. (a) Equivalent model of the pulse-width modulator with the current balance. (b) The 
relationship between the duty cycle and the adjusted ramp. 

Without the current balance function, the duty cycle is obtained by comparing the error 

signal Vc(s) with the original ramp. For the two phases, the original duty cycles are D1 and D2 

as shown in (8).  

( )( )   ( 1 or 2)
2
C

i
M

V sD s i
V

= =  (8) 

Here, the ΔVMi, which can be either a positive or a negative value, contributed by the 

current balance circuit compensates current unbalance circumstance to adjust the ramp 

amplitude VM+ΔVMi (i=1 or 2). Comparing the adjusted ramp with the Vc(s), the duty cycle 

di(s) (i=1 or 2) with the current balance can be expressed in (9). 

( )( )   ( 1 or 2) 
2( )

C
i

M Mi

V sd s i
V V

= =
+ ∆

 (9) 



 

20 
 

Since the ΔVMi is produced by injecting the current-balance control signal IC1(s) (or IC2(s)) 

into the ramp capacitor Cramp during the period of Ts/2 for each phase, the ΔVMi can be derived 

as (10). 

1( )  (where 1 or 2)
2

s
Mi Ci

ramp

TV I s i
C

∆ = ⋅ ⋅ =  (10) 

According to (8), (9) and (10), the duty cycle variation is given by (11). 

( )ˆ ( ) ( )
2 ( )

( ) ( 1or 2)
2

C Mi
i i i

M M Mi

Mi Ci s

M M ramp

V s Vd s d s D
V V V

V DI s TD i
V V C

∆
= − = − ⋅

+ ∆
∆

≈ − = − =   

 
(11) 

As a result, the adjusted-current-to-duty transfer function can be derived as shown in (12). 

ˆ ( )
( ) 2

i s

Ci M ramp

d s DT
I s V C

≈  (12) 

The model of the PRCB technique with the current balance is complicated since the duty 

cycle is determined by many factors. To simplify the model, the duty cycle variation 1̂( )d s  (or 

2
ˆ ( )d s ) is transferred to the error signal variation 1

ˆ ( )CV s  (or 2
ˆ ( )CV s ). Thus, the pseudo-ramp 

modulator can be divided in to two blocks, the voltage modulator FMV and the current 

modulator FMC(s). With the TM current balance technique, the error signal variation 1
ˆ ( )CV s  (or 

2
ˆ ( )CV s ) is subtracted from the original error signal VC(s) to generate the effective error signal 

Vce1(s) (or Vce2(s)). Comparing the Vce1(s) (or Vce2(s)) with the original ramp signal is able to 

obtain the duty cycle d1(s) (or d2(s)), which is equal to the comparison of the error signal VC(s) 

and the adjusted ramp signal. Here, the voltage modulator FMV in (13) remains the same as 

(7). 

1
2MV M

M

F F
V

= =  (13) 
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Besides, the current modulator 𝐹𝑀𝐶(𝑠) is derived as (14). Here shows a fact that the 

current balance effect is in relation with the magnitude of the average duty cycle. As D 

becames larger, the effect of 𝐹𝑀𝐶(𝑠) is greater because of capacitor integration. 

ˆˆ ˆ( ) ( ) ( )( ) ˆ( ) ( )( )

2 1 or 2
2

Ci Ci i
MC

Ci Cii

s s
M

M ramp ramp

V s V s d sF s
I s I sd s

DT DTV i
V C C

= = ⋅

= ⋅ = =(   )

 
(14) 

2.2.3 System Stability Analysis 

In spite of the disturbance of input voltage and load current, eventually, the equivalent 

model of the PRCB technique with the TM current balance is depicted in Fig. 12. Except for 

the voltage loop, the TM current balance loop as well as the cross coupling loop are also 

included. The voltage loop is defined as (15). 

( ) ( ) ( ) ( )v c MV vdT s G s F G s H s=  (15) 

In the current balance loop, the two-phase inductor currents are sensed by the Ri and hold 

by the sample-and-hold circuits to generate the signals, VSH1(s) and VSH2(s). The sensing and 

sampling effect will introduce a pair of complex RHP zeros at half of the switching frequency 

[28]. The transform function can be expressed as (16). 

2

n2

2( ) 1 where  and e n
n n n s

s sH s Q
Q T

πω
ω ω π

≈ + + = − =  (16) 
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Gid(s)
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Ri

He(s)

Ri

He(s)

VSH1(s) VSH2(s)

AOTA(s)

GV-I(s)

IC1(s)

FMC(s)

FMV

d1(s)

IL1(s)

IL2(s)

-1

GV-I(s)

IC2(s)

FMC(s)

FMV

d2(s)

Gvd(s) Gvd(s)

VOUT(s)

H(s) Gc(s)
VFB(s) Vc(s)

Vce2(s)Vce1(s)

cc
idG (s)

cc
idG (s)

VIC1(s) VIC2(s)

Ĉ2V (s)Ĉ1V (s)

 

Fig. 12. Equivalent model of dual-phase buck converter with the PRCB technique and the TM 
current balance. 

The difference of the VSH1(s) and the VSH2(s) will be amplified by operational 

transconductance amplifier AOTA(s) to obtain the current balance control voltages, VIC1(s) and 

VIC2(s). The V-to-I converter GV-I(s) converts the VIC1(s) and the VIC2(s) to the current balance 

control currents, the IC1(s) and the IC2(s), respectively, which can adjust the d1(s) and the d2(s), 

respectively. The duty-to-current transform function is derived in (17) for each phase. 

( )

[ ]

e
2

1 0 0

0 0 e e

1 e

1
( )

where ( )
and 

L srOUT
id

DCR L

L DCR sr DCR sr

L sr

sC R RVG s
D s LCR s Q R R

Q L C R R R R R
R R R

ω

ω

+ +
=

+ + +

= + + +

= +

 (17) 

The characteristic of current loop is the crucial of the TM current balance technique. 

Ideally, a stable current loop will not have influence on the output voltage. Furthermore, the 
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operation of current balance loop is independent of load current but relies on the difference of 

the dual-phase inductor currents. Therefore, the output can be regarded as shorted ground. The 

duty-to-current transform function is modified as (18). 

 0

1( )
OUT

OUT
id V

DCR

VG s
D sL R=

= ⋅
+

 (18) 

Since the TM current balance scheme is based on the average current balance control, the 

small signals in two phases are the same in magnitude and opposite in phase [34]. That is, 

1 2
ˆ ˆ
SH SHV V= − , 

1 2
ˆ ˆ
IC ICV V= − , 

1 2
ˆ ˆ
C CI I= − , 

1 2
ˆ ˆd d= − , and 

1 2
ˆ ˆ
L LI I= − . Consequently, the two loops in 

dual-phase operation become symmetric and thus are added as shown in Fig. 13. Thus, the 

TM current balance loop gain is derived as (19). 

( ) 2 ( ) ( ) ( ) ( ) ( )cb OTA V I MC MV id shorted i eT s A s G s F s F G s R H s−=  (19) 

 

ˆ ˆI  or IL1 L2

Ri

He(s)

2AOTA(s)GV-I(s)

FMC(s)

FMV

Tcb(s)

 0OUT =id V
G (s)

ˆ ˆV  or VSH1 SH2

ˆ ˆor (s) (s)d  d1 2

ˆ ˆI  or IC1 C2 ˆ ˆV  or VIC1 IC2

ˆ ˆ
C1 C2

 or V V

 
Fig. 13. Small signal model of the TM current balance loop. 

Ideally, the inductor current is controlled by its own current balance control signal. 

However, the inductor current in one phase will be affected by the change in duty cycle of 

another phase inevitably [47]. Therefore, the cross coupling effect has to be taken into 

consideration in system stability analysis. The cross coupling duty-to-current transform 

function can be derived as (20). 
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[ ]

e
2

1

e e

1 e

(1 ) 1( )
( ) 2

where ( 2 )
and 

cc OUT L sr
id

DCR cc cc DCR L

cc cc L DCR sr DCR sr

L sr

V R sCRG s
D sL R s LCR s Q R R

Q L C R R R R R
R R R

ω

ω

+
= −

+ + + +

= + + +

= +

 (20) 

And the cross coupling loop can be defined as (21). 

( ) ( ) ( ) ( ) ( ) ( )cc
cc OTA V I MC MV id i eT s A s G s F s F G s R H s−= −  (21) 

In the proposed structure, a compensation capacitor is located at the output of the 

operational transconductance amplifier. The added compensation pole not only ensures the 

stability of current balance loop Tcb(s) but also compensates the cross coupling loop Tcc(s). 

The bode plot of loops Tv(s), Tcb(s) and Tcc(s) is shown in Fig. 14. The DC gain and the phase 

margin of the Tv(s) are 91.9 dB and 51∘ while the DC gains and the phase margins of the Tcb(s) 

and the Tcc(s) are (24.7 dB, 52∘) and (12.2dB, 86∘), respectively. With the stabilized loops, the 

system stability is assured. 

Bode Diagram
Tv(s)

Tv(s)
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Tcb(s)

Tcc(s)
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e 
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Frequency (Hz)  
Fig. 14. The frequency response of the Tv(s), the Tcb(s) and the Tcc(s). 
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Moreover, the voltage loop dominates the operation of the whole multi-phase system. In 

other words, the voltage loop gain is designed to be higher the current balance loop gain. 

Bandwidths of both loops are desired as large as possible in general design to accelerate the 

transient response. However, the enlarged bandwidth of the current balance loop would slow 

down load transient response due to the lack of rapidly increasing inductor current. For 

instance, in case of light-to-heavy load variation, one of the phases must suddenly prolong the 

on-time to cope with the lack of energy. Consequently, it causes current unbalance inevitably. 

Simultaneous, the current balance loop will start to pull down the unbalance inductor current. 

Owing to the enlarged bandwidth, the suppression of energy provided to output will be 

reduced by the fast current balance loop. More switching cycles are needed to regulate output 

voltage. As a result, loop gain and bandwidth of the two loops have to be carefully designed 

to meet the specification. 
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Chapter 3  

CIRCUIT IMPLEMENTATION 

3.1 Current Sensing Circuit 

For current balance, the inductor current information of each phase needs to be detected to 

modulate the individual duty cycles. The simplest way to achieve current sensing is to 

implement an auxiliary resistor in series with the power switch. It induces large power 

dissipation so as to deteriorate the power conversion efficiency [47]-[48]. Therefore, Fig. 15 

shows the utilized current sensing circuit with the replica current flowing through the sensing 

switch [10]. The power transistor MP conducts the inductor current during its turn-on period. 

The common-gate amplifier, which is composed of M2-M5, can ensure the near 

source-to-drain voltages between the MP and the sensing MOSFET MS1. Thus, the sensing 

current Isen as the replica of the inductor current depends on the aspect ratio between the MP 

and the MS1.  

The Isen flows through the M6 and the sensing resistor RS to carry out the current sensing 

signal VS. Besides, to enhance the current sensing accuracy, the M7, which has the same aspect 

ratio as the current mirror structure, the M2 and the M3, is added to provide a compensative 

current, IB. Moreover, the sensing speed of the proposed current sensing circuit can be 

improved since the common-gate gain stage derives large operation bandwidth since no 

compensation component is demanded in this structure [49]. 
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Fig. 15. The current sensing circuit. 

3.2 Current Balance Circuit 

Current balance mechanism in the multiphase structure can ensure equivalent current 

driven capability of each phase. As shown in Fig. 16, the proposed current balance circuit, 

which contains the current matching unit and the voltage averaging element, is used to adjust 

the saw-tooth signal generated by the pseudo-ramp generator circuit, as well as the duty 

cycles for matched inductor current levels. The sensing signals, VS1 and VS2, derived from the 

current sensing circuits will be sent into the current matching unit. The sample-and-hold (SH) 

circuit is activated to obtain the voltages, VSH1 and VSH2, for representing the average inductor 

current level of each phase.  

To get an accurate current balance, the voltage averaging element is used to derive the 

average value Vavg for the phase current distribution. That is, a high-gain operational 

transconductance amplifier (OTA) is realized to reflect the current difference between the 

average value and each of the phases. The voltage difference will be amplified to generate the 

current balance control signals, VIC1 and VIC2. VIC1 and VIC2 are converted to the difference 

injection currents IC1 and IC2, respectively, which are injected into the pseudo-ramp generator 

for current balance. Since the high-gain OTA is chosen to enhance the current balance 
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accuracy, the capacitor Cc is used to stabilize the current-loop operation. As a result, both of 

the on-chip and off-chip mismatch issues will be well compensated through the current 

balance control scheme. Only one controller is utilized to achieve high accuracy and area and 

conversion efficiency in the proposed PRCB technique. 

R1

Current matching unit

OP

R2

OPVavg

R32R R 2R

MS1

MS2 MS3 MS5 MS6

MS4

IC2

IC1
VS1

VS2

VSH1 VSH2

Cc

OTA

CS1 CH1

Sample-and-hold 

R1

M2 M3

V-I converter

Current matching unit

VSH1

Vavg

Voltage averaging element

VIC1

 
Fig. 16. Current balance circuit. 

3.3 Pseudo-Ramp Generator 

Fig. 17(a) shows the schematic of the pseudo-ramp generator. A fixed frequency signal Vclk 

is derived through the fixed frequency generator composed of M1-M7 and the capacitor C1. 

The reference voltages VH and VL are derived from the bandgap circuit to determine the 

frequency of Vclk with the bias current IB. Thus, the Vclk can be used to control the switches, 

M9 and M10, to generate the saw-tooth signal VSAW through the charging and discharging of 

Cramp for achieving the PRCB technique.  

Suppose the dual-phase inductor currents are well balanced, the IC1 and the IC2 must be 
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equal. That is, each of the ramps of VSAW is identical so as to realize the same duty cycle for 

the dual-phase operation. However, once the current unbalance operation occurs, the current 

balance circuit will detect the current difference between the two phases to modulate the IC1 

and the IC2 and thus to modify the VSAW. By alternatively injecting the IC1 and the IC2, the odd 

and even ramps in the VSAW will be changed to adaptively adjust the duty cycles as well as the 

dual-phase inductor currents. The compensated current injection is also controlled by the 

signal VMODE to properly generate the pseudo-ramp signal for different operation modes.  

The timing diagram of the pseudo-ramp generator circuit is depicted in Fig. 17(b). 

Moreover, a frequency divider is implemented to carry out the two phase clocks, Vck1 and Vck2, 

for the dual-phase operation. The Vck1 and the Vck2, indicate the beginning of the switching 

cycle of phase 1 and phase 2, respectively. Consequently, the phase control logic can produce 

individual duty cycle for each power stage. 
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Fig. 17. The pseudo-ramp generator. (a) Schematic (b) Time diagrams 

3.4 Phase Control Logic 

Fig. 18 shows the implementation and the operation of phase control logic. Fig.18(a) 

shows the schematic of phase control logic, which is composed of the duty generator unit and 

the mode transition unit. The signals Vclk, Vck1, and Vck2 are generated from the pseudo-ramp 

generator. The Vck1 and the Vck2 are used to indicate phase 1 and phase 2, respectively, because 

there is only one saw-tooth signal to determine the duty cycle. The VPWM is the resultant duty 

determination derived from the comparison of the VSAW and the VC in the proposed 

pseudo-ramp operation. The Vck1 and the Vck2 can activate the D1 and the D2, respectively. In 

the meanwhile, the rising edge of the VPWM is used to reset the duty cycles and thus wait for 

the next triggering. The operation time diagram is depicted in Fig. 18(b). 

The mode transition unit is used to decide the operation mode according to the duty cycle. 

With a continuously increasing duty cycle in the Mode I, the D1 or the D2 would overlap with 

the Vck2 or the Vck1, respectively. Thus, the VM1 or the VM4 will indicate the exceeding duty 

cycle of 50 %. The overlapping of the D1 and the Vck2 (or that of the D2 and the Vck1) 

represents that the duty cycle in the Mode I has taken over the full period of one physical 

ramp in the VSAW. Once it occurs, the operation mode will transit from the Mode I to the Mode 

II in order to obtain the sufficient duty cycles in the PRCB technique.  
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On the other hand, if the duty cycle is continuously decreasing in the Mode II, it would 

enter the boundary region of duty determination. When both the D1 and the D2 do not cover 

the entire period of the Vck2 and the Vck1, respectively, the duty cycle is smaller than 50 %. To 

ensure the proper pseudo-ramp operation, the operation mode will change from the Mode II to 

the Mode I. Detailed flow chart of the mode transition operation is shown in Fig. 18(c). 
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Fig. 18. (a) Implementation of the phase control logic. (b) Time diagram of the phase control 
logic. (c) Flow chart of the mode transient operation. 
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Chapter 4  

EXPERIMENTAL RESULTS 

4.1 Chip Micrograph and Design Specification 

The proposed multiphase DC-DC buck converter with the PRCB technique was fabricated 

in 0.25 μm CMOS process. Dual power stages are embedded in the test chip for verification. 

The utilization of off-chip inductors and capacitors are 4.7 μH and 47 μF, respectively. The 

chip micrograph is shown in Fig. 19 with an active silicon area of 3.91 mm2. Power stages of 

phase 1 and phase 2 are placed closed to bond pads. The single controller is implemented in 

the middle of the chip so as to minimize the mismatches issues for both power stages. The key 

design specifications are listed in Table III. 
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Fig. 19. Chip micrograph. 
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TABLE III: Design specification of the PRCB multiphase voltage buck converter 

Technology 0.25m μm CMOS process 
Inductor / DCR 4.7 μH/ 100 mΩ (nominal) 
Capacitor /ESR 47 μF/ 50 mΩ (nominal) 
Switching Frequency 600 kHz 
Input Voltage (VIN) 3.3 V – 5 V 
Output Voltage range (VOUT) 0.8 V – 3 V (VIN = 3.3 V) 
Load Current range (ILoad) 0 mA – 2000mA 
Current balance improvement (%) Min. 83% 
Power conversion efficiency Max. 88 % 
Chip size 3.91 mm2 

 

4.2 Steady-State Operation Results 

Fig. 20 shows the measured steady-state operation. With the input voltage VIN of 3.3 V, the 

nominal output voltage VOUT is 2 V. The switching frequency is 600 kHz. The mismatch from 

the size of power MOSFETs and the DCR of inductors between each phase results in current 

unbalance. The proposed pseudo-ramp operation can generate the proper duty cycles for the 

dual-phase operation with a 12 mV output voltage ripple. Besides, the current balance 

mechanism achieves the current matching. Fig. 21 shows the measured steady-state operation 

with the load current of 500 mA. The pseudo ramp can decide the correct duty cycles so as to 

guarantee the output voltage regulation. The current difference between the dual phases is 

reduced to 1.9 mA, which can verify the operation of the proposed current balance 

mechanism in the PRCB technique. 
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Fig. 20. Measured steady-state operation result with the VIN of 3.3 V. 

 

Steady-state operation
VOUT

VMODE

IL1 IL2

w/i current balance ΔIL=|IL1-IL2|=1.9mA

ILoad=500mA

 
Fig. 21. Measured steady-state operation result with ILoad of 500mA. 

4.3 Load Transient Response 

Fig. 22 shows the measured load transient response with the load changes between 0 mA 

and 550 mA. The voltage drop and overshoot are about 70 mV and 40 mV, respectively. The 

current balance mechanism is achieved in the period of load transient response as well.  
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Load transient response
VOUT
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Duty=40%

70mV

40mV

 
Fig. 22. Measured load transient response with the current balance mechanism. 

The mode transition operation is shown in Fig. 23 The operation mode would be changed 

from the Mode I to the Mode II during the load transient period so as to enlarge the duty 

cycles to derive extra energy. In Fig. 23(a), the load current steps from 0 mA to 550mA and 

the recovery time is long since the mode transition function is closed for comparison. The 

second experiment result as shown in Fig. 23(b), which shows a shorter recovery time, is 

taken to examine the load transient improvement with the mode transition function opened. 

Thus, as shown in the experimental results, the mode transition operation can help minimize 

the voltage drop and shorten the transient response time to enhance the load transient 

operation. The operation mode may be switched back to the Mode I once the load transient 

period is terminated. However, the DBP mechanism helps define a hysteretic region to avoid 

the abnormal mode transitions triggered by switching noise. Therefore, the converter will 

keep operating in the Mode II until the surplus energy is detected at the output. 
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Fig. 23. Experimental results of load transient response (a) without mode switching strategy 
and (b) with the mode switching strategy. 

4.4 Line Transient Response 

As described in the foregoing sections, Mode I and Mode II are used for duty cycle smaller 

and larger than 50%, respectively. To show the relation between the variations of duty cycle, 

caused by the input voltage, with the mode transition operation, the line transient response of 
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the proposed circuit has been taken. Fig. 24 presents the experimental result of the line 

transient response. While input voltage is changing between 2V and 2.5V, for getting the same 

output voltage, the mode transient operation will change the mode signal VMODE to cooperate 

with the variations of input voltage. For instance, to keep the output voltage of 1.1V, the duty 

cycle is 55% when the input voltage is 2V. At this time, VMODE is high for the operation of 

mode II. When the input voltage changes to 2.5V, the duty cycle of 44% makes VMODE to be 

low for the operation of mode I. 

VOUT

IL1 & IL2

VMODE

Line transient response

VIN
2.5V2V

 
Fig. 24. Measured line transient response 

4.5 Current Balance Performance Analysis  

The statistic summaries of the current balance performance of the Mode I and the Mode II 

are reported in Fig. 25 (a) and (b), respectively. Owing to mismatch, the difference inductor 

current of two phases increases dramatically as the increment of load current. With the PRCB 

technique, the current difference is kept smaller than 10 mA over the whole load range. The 

current balance improvement percentage, which is the decrement percentage of the difference 

of inductor current, is over 95% at mostly load conditions. However, the worst case is about 

83% at very light load since the offset voltage existing at the input of the OTAs in Fig. 16. 
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Fig. 25. Statistic summary of the current balance mechanism in the proposed PRCB 
technique. (a) Operating in the Mode I. (b) Operating in the Mode II. 

4.6 Power Conversion Efficiency  

Fig. 26 shows the power conversion efficiency. If the load current is smaller than 30mA, 

the processor can change the converter to the single-phase operation for high efficiency. The 

efficiency improvement can be 5%. However, the converter with the dual-phase operation has 

better efficiency at heavy loads. A peak efficiency of 88 % is derived with the load of 1150 

mA. Improved efficiencies are 5% and 10% compared to dual-phase operation without current 

balance function and single-phase operation, respectively. 
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Fig. 26. Power conversion efficiency. 
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Chapter 5  

CONCLUSION AND FUTURE WORK 

5.1 Conclusion 

The proposed PRCB technique for the voltage-mode multiphase DC-DC buck converter is 

presented with single controller to achieve the area-efficient solution. The pseudo-ramp 

operation can use only one physical saw-tooth to generate two individual control duties for 

the dual-phase operation. In addition, the current balance mechanism also forms a 

current-loop, which can dynamically adjust each of duty cycles, to ensure the identical driving 

capability in the multiphase structure. Moreover, the mode transition operation is activated 

when the point of duty cycle determination is around 50 % so as to prevent the unwilling 

mode transitions and help enhance the load transient response. Experimental results 

demonstrate the different mode operation with the distinct duty cycles. The current in each 

phase is well balanced under both light load and heavy load conditions with an improvement 

of 83 % in current balance. 
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5.2 Future Work 

This thesis proposes a pseudo-ramp current balance technique to achieve single 

controller for multiphase operation in voltage-mode DC-DC buck converter. In this work, the 

operation of dual-phase is unchangeable under light load and heavy load conditions. To get 

the best efficiency solution under different load current, the number of the operating phase 

should be decided by the controller. For instance, while the load current is light, only one 

phase is used. On the other hand, when the load current is large, more phases should be used 

to cope with. Furthermore, since the current balance tends to slow down the load transient 

response for accurate current balance, how to improve the transient response with proper 

current balance performance is good topic of research. 

 

 

 

 

 

 

 

 

 

 



 

42 
 

REFERENCES 

[1] Yung-Hsin Lin, Kuo-Lin Zheng, and Ke-Horng Chen, “Power MOSFET Array for 

Smooth Pole Tracking in LDO Regulator Compensation,” in Proc. IEEE Midwest Symp. 

Circuits and Systems (MWSCAS), pp. 554-557, 2007. 

[2] Huan-JenYang, Han-Hsiang Huang, Chi-Lin Chen, Ming-Hsin Huang, and Ke-Horng 

Chen, “Current Feedback Compensation (CFC) Technique for Adaptively Adjusting the 

Phase Margin in Capacitor-Free LDO Regulators,” in Proc. IEEE Midwest Symp. 

Circuits and Systems (MWSCAS), pp, 5-8, 2008. 

[3] Chia-Hsiang Lin, Ke-Horng Chen, and Hong-Wei Huang, “Low-Dropout Regulators 

with Adaptive Reference Control and Dynamic Push-Pull Techniques for Enhancing 

Transient Performance,” IEEE Trans. Power Electron, vol. 24,no. 4, pp. 1016-1022, 

Apr. 2009  

[4] M. Al-Shyoukh, H. Lee, and R. Perez, “A transient-enhanced low-quiescent current 

low-dropout regulator with buffer impedance attenuation,” IEEE J. Solid-State Circuits, 

vol. 42, no. 8, pp. 1732-1742, Aug. 2007. 

[5] P. Favrat, P. Deval and M. J. Declercq, ”A high-efficiency CMOS voltage doubler,” 

IEEE J. Solid-State Circuits, vol. 33, no. 3, pp. 410-416, Mar. 1998. 

[6] Starzyk, J.A, Ying-Wei Jan and Fengjing Qiu, “A DC-DC charge pump design based on 

voltage doublers,” IEEE Trans. Circuits Syst-I, Fundamental theory and Applications, 

vol. 48, no. 3, pp. 350-359, Mar. 2001. 

[7] Chun-Yu Hsieh, Po-Chin Fan and Ke-Horng Chen, “A Dual Phase Charge Pump with 

Compact Size,” in Proc. IEEE International Conference on Electronics, Circuits and 

Systems (ICECS), pp.202-205, 2007. 



 

43 
 

[8] Yean-Kuo Luo, Ke-Horng Chen, and Wei-Chou Hsu, “A Dual-Phase Charge Pump 

Regulator with Nano-Ampere Switched-Capacitor CMOS Voltage Reference for 

Achieving Low Output Ripples,” in Proc. IEEE International Conference on 

Electronics, Circuits and Systems (ICECS), pp. 446-449, 2008. 

[9] Chi Yat Leung, Philip K.T. Mok, “A 1-V Integrated Current-Mode Boost Converter in 

Standard 3.3/5-V CMOS Technologies,” IEEE J. Solid-State Circuits, pp. 2265-2274, 

vol. 40, no. 11, Nov. 2005. 

[10] Cheung Fai Lee and Mok, P.K.T, “A monolithic current-mode CMOS DC-DC 

converter with on-chip current-sensing technique” IEEE J. Solid-State Circuits, vol. 39, 

no. 1, pp. 3-14, Jan. 2004. 

[11] Chi Yat Leung, Philip K. T. Mok, Ka Nang Leung and Mansun Chan, “An intergrated 

CMOS current-sensing circuit for low-voltage current-mode buck regulator” IEEE 

Trans. Circuits Syst. II, Exp Briefs, vol. 52, no. 7, pp. 394-397, Jul. 2005. 

[12] Feng-Fei Ma, Wei-Zen Chen, and Jiin-Chuan Wu, “A monolithic current-mode buck 

converter with advanced control and protection circuits” IEEE Trans. Power Electron. , 

vol. 22, no. 5, pp. 1836-1846, Sept. 2007. 

[13] Chia-Min Chen, Kai-Hsiu Hsu, and Chung-Chih Hung, “A high efficiency 

current-mode DC-DC step-down converter with wide range of output current” in Proc. 

IEEE Midwest Symp. Circuits and Systems (MWSCAS), pp. 1009-1012, 2010. 

[14] Hong-Wei Huang, Ke-Horng Chen, and Sy-Yen Kuo, “Dithering skip modulation, 

width and dead time controllers in highly efficient DC-DC Converters for 

System-On-Chip applications,” IEEE J. Solid-State Circuits, vol.42, no. 11, pp. 

2451-2465, Nov. 2007. 

[15] Wei-Jen Lai, Chi-Lin Chen, Yu-Chiao Hsieh, and Ke-Horng Chen, “High-efficiency 

slope compensator (HSC) with input-independent load condition identification in 

http://ieeexplore.ieee.org/search/srchabstract.jsp?tp=&arnumber=4300891&queryText%3Dcurrent+mode%26openedRefinements%3D*%26filter%3DAND%28AND%28NOT%284283010803%29%29%2CAND%28NOT%284283010803%29%29%29%26pageNumber%3D2%26searchField%3DSearch+All
http://ieeexplore.ieee.org/search/srchabstract.jsp?tp=&arnumber=4300891&queryText%3Dcurrent+mode%26openedRefinements%3D*%26filter%3DAND%28AND%28NOT%284283010803%29%29%2CAND%28NOT%284283010803%29%29%29%26pageNumber%3D2%26searchField%3DSearch+All
http://ieeexplore.ieee.org/search/srchabstract.jsp?tp=&arnumber=4300891&queryText%3Dcurrent+mode%26openedRefinements%3D*%26filter%3DAND%28AND%28NOT%284283010803%29%29%2CAND%28NOT%284283010803%29%29%29%26pageNumber%3D2%26searchField%3DSearch+All
http://ieeexplore.ieee.org/search/srchabstract.jsp?tp=&arnumber=5315964&queryText%3Dcurrent+mode%26openedRefinements%3D*%26filter%3DAND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28NOT%284283010803%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%26ranges%3D2000_2011_Publication_Year%26pageNumber%3D3%26searchField%3DSearch+All
http://ieeexplore.ieee.org/search/srchabstract.jsp?tp=&arnumber=5315964&queryText%3Dcurrent+mode%26openedRefinements%3D*%26filter%3DAND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28NOT%284283010803%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%26ranges%3D2000_2011_Publication_Year%26pageNumber%3D3%26searchField%3DSearch+All


 

44 
 

current mode DC/DC buck converters” in Proc. IEEE Energy Conversion Congress and 

Exposition (ECCE), pp. 2897-2900, 2009. 

[16] R. G. Carvajal, J. Ramirez-Angulo, A. J. Lopez-Martin, A. Torralba, J. A. G. Galan, A. 

Carlosena, and F. M. Chavero, “The flipped voltage follower: a useful cell for 

low-voltage low-power circuit design,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 

52, no. 7, pp. 1276-1291, Jul. 2005 

[17] I. Doms, P. Merken, C. V. Hoof, and R. P. Mertens, “Capacitive power management 

circuit for micropower thermoelectric generators with a 1.4μA controller,” IEEE J. 

Solid-State Circuits, vol. 44, no. 10, pp. 2824-2833, Oct. 2009. 

[18] M. E. Sinangil, N. Verma, and A. P. Chandrakasan, “A reconfigurable 8T ultra-dynamic 

voltage scalable (U-DVS) SRAM in 65 nm CMOS,” IEEE J. Solid-State Circuits, vol. 

44, no. 11, pp. 3163-3173, Nov. 2009. 

[19] J. Xiao, A. V. Peterchev, J. Zhang, and S. R. Sanders, “A 4-μA quiescent-current 

dual-mode digitally controlled buck converter IC for cellular phone applications,” IEEE 

J. Solid-State Circuits, vol. 39, no. 12, pp. 2342–2348, Dec. 2004. 

[20] Jin-ho Choi, Dong-young Huh, Young-seok Kim, "The Improved Burst Mode in the 

Stand-by Operation of Power Supply" IEEE Applied Power Electronics Conference and 

Exposition, pp. 426-432, 2004.  

[21] Kapat, S.; Banerjee, S.; Patra, A, “Voltage Controlled Pulse Skipping Modulation for 

Efficiency Improvement in Light Load,” IEEE International Symposium on Circuits and 

Systems, pp. 2649-2652, May. 2009. 

[22] Chi-Lin Chen, Wei-Lun Hsieh, Wei-Jen Lai, Ke-Horng Chen and Ching-Sung Wang, "A 

new PWM/PFM control technique for improving efficiency over wide load range," IEEE 

International Conference on Electronics, Circuits and Systems, pp. 962-965, Sept. 2008 

[23] Jen-Chieh Tsai, Tsung-Ying Huang, Wang-Wei Lai, and Ke-Horng Chen, “Dual 

Modulation Technique for High Efficiency in High Switching Buck Converters Over a 

http://ieeexplore.ieee.org/search/srchabstract.jsp?tp=&arnumber=5315964&queryText%3Dcurrent+mode%26openedRefinements%3D*%26filter%3DAND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28AND%28NOT%284283010803%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%2CAND%28NOT%284283010803%29%29%29%26ranges%3D2000_2011_Publication_Year%26pageNumber%3D3%26searchField%3DSearch+All
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5305884
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5305884


 

45 
 

Wide Load Range,” IEEE International Symposium on Circuits and Systems, pp. 

3709-3712, May 2010. 

[24] Albert M. Wu, Steven M. Piekiewiez, “Switched converter with variable peak current 

and variable off-time control,” United States Patent, Pat. No. 7528587, May, 2009.  

[25] Chun-Yu Hsieh and Ke-Horng Chen, “Adaptive Pole-Zero Position (APZP) Technique 

of Regulated Power Supply for Improving SNR,” IEEE Trans. Power Electronics, vol. 

23, no. 6, pp. 2949-2963, Nov. 2008. 

[26] Pang-Jung Liu, Yu-Kang Lo, Huang-Jen Chiu, and Yi-Jan Emery Chen, “Dual-Current 

Pump Module for Transient Improvement of Step-Down DC–DC Converters,” IEEE 

Trans. Power Electronics, vol. 24, no. 4, pp. 985-990, Apr. 2009. 

[27] Ravinder Pal Singh, and Ashwin M. Khambadkone, “A Buck-Derived Topology with 

Improved Step-Down Transient Performance,” IEEE Trans. Power Electronics, vol. 23, 

no. 6, pp. 2855-2866, Nov. 2008. 

[28] H.-W. Huang, H.-H. Ho, C.-C. Chien, K.-H. Chen, G.-K. Ma, and S.-Y. Kuo, “Fast 

transient DC-DC converter with on-chip compensated error amplifier,” IEEE ESSCIRC, 

pp. 324–327, 2006. 

[29] Shih-Jung Wang, Yu-Huei Lee, Yung-Chih Lai, and Ke-Horng Chen, “Quadratic 

Differential and Integration Technique in V2 Control Buck Converter with Small ESR 

Capacitor,” IEEE Custom Intergrated Circuits Conf., pp. 211-214, Sept. 2009. 

[30] Yu-Huei Lee, Shih-Jung Wang, and Ke-Horng Chen, “Quadratic Differential and 

Integration Technique in V2 Control Buck Converter with Small ESR Capacitor,” IEEE 

Transaction on Power Electronics, pp. 829-838, Apr. 2010. 

[31] Josh Wibben and Ramesh Harjani, “A High-Efficiency DC–DC Converter Using 2 nH 

Integrated Inductors,” IEEE Journal of Solid-State Circuits, pp. 844-854, APR. 2008. 

[32] P. Hazucha, G. Schrom, J. Hahn, B. A. Bloechel, G. Dermer, S.Narendra, D. Gardner, T. 

Karnik, V. De, and S. Borkar, “A 233-MHz80%–87% efficient four-phase DC-DC 



 

46 
 

converter utilizing air-core inductors on package,” IEEE J. Solid-State Circuits, vol. 40, 

no. 4, pp.838–845, Apr. 2005. 

[33] P. Li, L. Xue, P. Hazucha, T. Karnik, and R. Bashirullah, “A delay-locked loop 

synchronization scheme for high-frequency multiphase hysteretic DC-DC converters,” 

IEEE J. Solid-State Circuits, vol. 44, no. 11, pp.3131–3144, Nov. 2009. 

[34] Y. Panov, and M. Jovanovic, “Loop gain measurement of paralleled DC-DC converters 

with average-current-sharing control,” IEEE Trans. Power Electron., vol. 23, no. 6, pp. 

2942–2947, Nov. 2008. 

[35] J. Abu-Qahouq, J. H. Mao, and I. Batarseh, “Multiphase voltage-mode hysteretic 

controlled DC-DC converter with novel current sharing,” IEEE Trans. Power Electron., 

vol. 19, no. 6, pp. 1397–1407, Nov. 2004. 

[36] S. Abedinpour, B. Bakkaloglu, and S. Kiaei, “A multistage interleaved synchronous 

buck converter with integrated output filter in a 0.18μm SiGe process,” IEEE Trans. 

Power Electron., vol. 22, no. 6, pp. 2164–2175, Nov. 2007. 

[37] Ke-Horng Chen, Chia-Jung Chang, and Ter-Hsing Liu, “Bidirectional Current-Mode 

Capacitor Multipliers for On-Chip Compensation,” IEEE Transaction on Power 

Electronics, pp. 180-188, Jan. 2008. 

[38] Ying Wu, Tsui, S.Y.S., Mok, P.K.T., "An area- and power-efficient monolithic Buck 

converter with fast transient response," IEEE Custom Integrated Circuits Conf., pp. 

307-310, Sept. 2009. 

[39] George Schuellein, “Current sharing of redundant synchronous buck regulators 

powering high performance microprocessors using the V2 control method,” IEEE 

Applied Power Electronics Conference and Exposition, pp. 853-859, Feb. 1998. 

[40] Jaber A. Abu Qahouq, Lilly Huang, and Douglas Huard, “Sensorless Current Sharing 

Analysis and Scheme for Multiphase Converters,” in IEEE Trans. Power Electron., vol. 

23, no. 5, pp. 2237-2247, Sep. 2008. 



 

47 
 

[41] Jaber A. Abu Qahouq, Senior Member, IEEE, Lilly Huang, Member, IEEE, and Doug 

Huard, “Efficiency-Based Auto-Tuning of Current Sensing and Sharing Loops in 

Multiphase Converters,” in IEEE Trans. Power Electron., vol. 23, no. 2, pp. 1009-1013, 

Mar. 2008. 

[42] Y. Panov and M. Jovanovi´c, “Stability and dynamic performance of current-sharing 

control for paralleled voltage regulator modules,” in IEEE Trans. Power Electron., vol. 

17, no. 2, pp. 172–179, Mar. 2002. 

[43] Juanjuan Sun, Yang Qiu, Ming Xu, and Fred C. Lee, “High-Frequency Dynamic Current 

Sharing Analyses for Multiphase Buck VRs,” in IEEE Trans. Power Electron., vol. 22, 

no. 6, pp. 2424-2431, Nov. 2007. 

[44] H-I Wang, S-L Hsieh, L-P Tai, and J-M Liu, “Multi-phase DC-to-DC buck converter 

with multi-phase current balance and adjustable load regulation,” US patent 6670794, 

Dec. 30, 2003. 

[45] Robert W. Erickson and Dragan Maksimovic, Fundamentals of Power Electronics, 2nd 

ed., pp. 92-101, Norwell, MA: Kluwer Academic Publishers, 2001. 

[46] Raymond B. Ridley, “A New, Continuous-Time Model For Current-Mode Control,” 

IEEE Trans. Power Electronics, vol. 6, no. 2, pp. 271-280, Apr 1991. 

[47] Rajagopalan, J.; Xing, K.; Guo, Y.; Lee, F.C. Lee, “Modeling and Dynamic Analysis of 

Paralleled dc/dc Converters with Master-Slave Current Sharing Control,” in Proc. IEEE 

Applied Power Electronics Conference and Exposition, vol. 2, pp. 678 - 684, June 1996. 

[48] Silvio Ziegler, Robert C. Woodward, Herbert H. C. Iu, and Lawrence J. Borle, “Lossless 

Inductor Current Sensing Method With Improved Frequency Response,” IEEE Trans. 

Power Electronics, vol. 24, no. 5, pp. 1128-1222, May 2009. 

[49] Hylas Y.H Lam, Wing-Hung Ki and Dongsheng Ma, “Loop gain analysis and 

development of high-speed high-accuracy current sensors for switching converters,” 

IEEE International Symposium on Circuits and Systems, pp. 828-831, May. 2004. 


	Chapter 1
	Introduction
	1.1 Background of Power Management System and Voltage Regulators
	1.2 Classification of Voltage Regulators
	1.2.1 Linear Regulator
	1.2.2 Switching Capacitor Regulator
	1.2.3 Switching Regulators

	1.3 Design Motivation
	1.4 Thesis Organization

	Chapter 2
	Proposed Multiphase Structure and the PRCB Operation Principle
	2.1 System Operation
	2.1.1 Pseudo-Ramp Operation
	2.1.2 Time-Multiplexing Current Balance Mechanism

	2.2 Stability Analysis of the Multiphase Converter with the PRCB Technique
	2.2.1 The Model of the Pseudo-Ramp Technique
	2.2.2 TM Current Balance Model
	2.2.3 System Stability Analysis


	Chapter 3
	Circuit Implementation
	3.1 Current Sensing Circuit
	3.2 Current Balance Circuit
	3.3 Pseudo-Ramp Generator
	3.4 Phase Control Logic

	Chapter 4
	Experimental Results
	4.1 Chip Micrograph and Design Specification
	4.2 Steady-State Operation Results
	4.3 Load Transient Response
	4.4 Line Transient Response
	4.5 Current Balance Performance Analysis
	4.6 Power Conversion Efficiency

	Chapter 5
	Conclusion and Future Work
	5.1 Conclusion
	5.2 Future Work

	References

