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ABSTRACT 

Multiphase power converter topology has been widely adopted for Point-of-Load (PoL) 

converter application. To achieve a high-performance multiphase converter design, several 

design considerations must be taken into account during the design phase. These factors include 

but are not limited to high power density (smaller size), fast transient response and equal current 

sharing which are introduced in Chapter 1.  

Current sharing, as a key design consideration to ensure reliable operation of multiphase 

DC-DC converter, is further explored in this work. Equal current sharing control loop is typically 

required for multiphase converter in order to prevent inductor current saturation and 

overstressing the devices in certain phases. Several conventional current sharing control schemes 

are first reviewed in Chapter 2. The major drawback of these schemes is the need for accurate 

current sensing for each phase, which causes the performance of the current sharing to be highly 

sensitive to the accuracy of current sensing in addition to increased cost and complexity.  

To address the need for accurate current sensing, a new digital sensorless current sharing 

control scheme is proposed and developed in this work. It is based on auto-tuning the duty cycle 

value for each phase while observing the input capacitor voltage of the multiphase converter. 

The theoretical basis/observation of the proposed concept is presented and mathematically 

verified in Chapter 2 followed by an introduction of the operation of the proposed controller. In 
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addition to eliminating all of the current sensors, the proposed controller eliminates the impact of 

voltage sensing inaccuracies on the performance of current sharing. 

The simulation verification of the theoretical basis and operation of the proposed 

controller is performed by using MATLAB®/SIMULINK® software package. The simulation 

model is introduced and the simulation results are presented in Chapter 3. 

A proof-of-concept experimental prototype set-up is first introduced in Chapter 4. The 

design and implementation of the proposed controller are then covered in details. The periodic 

and continuous auto-tuning operations are demonstrated under both steady-state and load 

transient conditions. The experimental results are presented and discussed to further validate the 

proposed controller. Finally, some directions for future work are given.  
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                                 in the present iteration 

Vcin_pp(n-1)               The difference between the two ripple values of the input capacitor voltage  
                                 in the last iteration 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview 

Multiphase DC-DC converters find widespread use in a variety of applications, such as 

PoL converters which power microprocessors and other loads in the computing and 

communication platform, as well as high current battery charging systems [1-16].  

The high speed/slew rate loads, such as microprocessor, are operating at increasingly 

lower supply voltage with high current. This imposes a number of stringent challenges to the 

PoL converter design which is expected to achieve fast transient response, high power density 

and thermal balance among phases in order to ensure efficient and reliable operation of the load. 

To accomplish this, several design considerations must be taken into account. 

This chapter first introduces the architecture of the multiphase DC-DC converter 

commonly adopted in PoL converter applications, followed by a presentation of several key 

design considerations needed to accomplish a high-performance design. Among these design 

considerations, current sharing controller plays a particularly important role in preventing 

inductor current saturation and overstressing the devices in some phases.  

1.2 Architecture of Multiphase DC-DC Converters 

Fig. 1.1 shows a basic configuration of the distributed power system (DPS) used in 

computing and communication platforms [3-4]. This DPS architecture is made up of three stages. 

The first stage consist of the electromagnetic interference (EMI) filter and power factor 
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correction (PFC) converter which ensure high power quality of the grid and the current drawn by 

the off-line power supply system/equipment. The second stage is an isolated DC-DC converter 

which provides galvanic isolation and voltage regulation for the DC bus followed by the third 

stage consisting of multiple Point-of-Load (PoL) converters. Each PoL converter powers an 

independent load. It is commonly referred to as voltage regulator (VR) if the converter powers a 

microprocessor. By placing a PoL converter closely to the load, the effects of the distributed 

parasitic impedance between the output of the converter and the load can be significantly 

reduced.   

 

EMI & 
PFC converter

Front-End DC-DC 
Converter

MicroprocessorPoL

PoL

PoL

Memory

Chipset

Grid

 

Figure. 1.1: A basic configuration of distributed power system 

Instead of paralleling multiple power semiconductor devices to increase the current 

handling capability and reduce conduction loss, the researchers from Center for Power 

Electronics System (CPES) proposed to parallel multiple single-phase DC-DC converters to 

meet the growing current demand of the microprocessor [7], as shown in Fig. 1.2. By phase 

shifting the clock signal of each phase, not only the input and output current ripple is 

substantially reduced, but also the frequency of the switching ripple is increased by N times, 
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where N is the number of phases paralleled, which leads to reduced output filter requirement. 

This technique is commonly referred to as "interleaving technique".  

 

Figure 1.2: Basic architecture of a N-phase synchronous buck converter 

Compared to other topologies, the multiphase topology is potentially more cost-effective, 

thermally sound and efficient. By distributing the load current among multiple phases, the 

current and thermal stress of each phase is reduced, thereby simplifying thermal management 

requirement. Also, the effective output inductance is reduced as multiple inductors are paralleled, 

which enables faster transient response during load transients.  

The closed-loop controller design of a multiphase DC-DC converter is more challenging 

than that of a regular single-phase DC-DC converter because in the case of multiphase converter, 
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a current sharing control loop/functionality is typically required in addition to the conventional 

output voltage regulation control loop. The current sharing issue is the main topic of this work. 

In addition, if a multiphase converter is formed by paralleling multiple stand-alone single 

phase converters, each of which has independent power stage and controller, then a shared bus 

may be needed for communication and coordination among these converters. 

1.3 Key Design Considerations for Multiphase DC-DC Converters 

A. Power Density  
 

The first design consideration for multiphase DC-DC converters is the power density 

which indicates power level per unit size or volume. Multiphase topology is widely adopted for 

PoL converters in computing platforms where the size of the motherboard is getting increasingly 

smaller, therefore it is crucial to achieve a multiphase converter design with high efficiency and 

small footprint. In particular, for portable electronics applications, such as cellular phones, 

tablets and digital cameras, which are more space- and energy-sensitive, higher power density is 

more desired in order to achieve longer battery life and better portability [17].  

The power density of the multiphase DC-DC converters can be improved by minimizing 

the power losses and shrinking the size of the converter while maintaining desirable steady-state 

and dynamic performance requirements. Taking a multiphase buck converter as an example, the 

power losses of the converter are comprised by the losses associated with each phase in addition 

to ESR power loss of input and output capacitor, PCB traces resistive parasitic power loss and 

power consumption incurred by the controller. The power losses associated with each phase 

include the switching loss, conduction loss and gate driving loss of the power switches (e.g. 

MOSFETs), core loss and winding loss of power inductor. Each source of the power losses is 

summarized as follows [18]: 
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Switching loss of the power switch: 

                                                          
1

( )
2sw sw in o on offP f V I t t                                       (1) 

Gate driving loss of the power switch: 

                                                                  dr sw g ccP f Q V                                                   (2) 

Conduction loss of the power switch: 

                                                           
2

_ _ ( )cond sw sw rms ds onP I R                                  (3) 

Reverse recovery loss of the body diode of the synchronous rectifier (SR): 

                                                                        rr sw rr inP f Q V                                               (4) 

Conduction loss of the body diode of the SR: 

                                                       _ 2cond diode sw o f dP f I V T                                      (5) 

DC winding loss: 

                                                            
2

_ _dc winding L rms dcrP I R                                      

(6) 

AC winding loss: 

                                                              _ac winding eddy acrP I R                                         (7) 

Core loss of the power inductor: 

                                                             ( )core fe c mP K B A l                                         (8) 

ESR loss of the input capacitor: 

                                                             
2

_ _ _in in inesr c c rms esr cP I R                                    (9) 
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ESR loss of the output capacitor: 

                                                          
2

_ _ _o o oesr c c rms esr cP I R                                         (10) 

where Vin is the input voltage, Io is the load current, fsw is the switching frequency, ton is the turn-

on time of the switch, toff is the turn-off time of the switch, Qg is the gate charge of the power 

switch, Vcc is the supply voltage of the gate driver IC, Rds(on) is the on-resistance of the power 

switch, Isw_rms is the root-mean-square (RMS) current of the power switch, Qrr is the reverse 

recovery charge of the body diode of the SR, Vf is the forward voltage drop of the body diode of 

the SR, Td is the dead-time during commutation of the switches, IL_rms is the RMS current of the 

inductor, Rdcr is the DC resistance of the inductor, Ieddy is the eddy current of the inductor 

winding, Rac is the AC resistance of the inductor, Kfe is the core loss coefficient of the inductor 

core, ∆B is the AC peak flux density of the core, Ac is the cross-conduction area of the core, lm is 

the magnetic path length of the core, Icin_rms is the RMS current of the input capacitor, Ico_rms is the 

RMS current of the output capacitor, Resr_cin is the equivalent series resistance (ESR) of the input 

capacitor, and Resr_co is the equivalent series resistance (ESR) of the output capacitor. 

The power consumption of the controller is dependent upon the type of controller being 

used. Generally, analog pulse-width modulation (PWM) controller consumes less power than its 

digital controller counterpart. Analog controllers can be implemented with discrete operational 

amplifier (Op-Amp), resistors and capacitors, or PWM controller Integrated Circuits (ICs) from 

semiconductor vendors [19-21]. There are different ways to implement digital controller, such as 

microcontrollers (e.g., C2000 series), digital signal processors (DSPs), field programmable gate 

arrays (FPGAs), and dedicated digital power controller ICs (e.g. UCD3138, ZL8801) [22-23]. 

The power consumption of the digital controller has been continually reduced thanks to the rapid 

advances of IC design and semiconductor process technology.  
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B. Dynamic Response  

As IC design and semiconductor process technology advances at a fast pace, an 

exponentially growing  number of transistors are being integrated into a single digital IC, such as 

microprocessor and memory chip [24-28]. The operating voltage of such digital ICs has dropped 

to below 1 V in order to reduce the power consumption. This indicates smaller allowable 

tolerance of the voltage regulation during load transients. In the meantime, the transistors are 

switched at a increasingly higher speed as the clock rate of the IC increases. This leads to 

increased slew rate of the current drawn from the PoL converter, which could potentially cause 

greater dynamic voltage deviation in the output voltage during load transients. As a result, the 

design challenges of the PoL converter are much stricter than ever before. 

Dynamic performance is another important design consideration for multiphase DC-DC 

converter. Too high supply voltage would cause breakdown of the transistor junction while too 

low supply voltage would lead to increased delay and/or malfunction of the transistors. Dynamic 

performance generally is indicated by two time-domain specifications, dynamic voltage deviation 

and settling time. It is expected to achieve smallest possible dynamic voltage deviation and 

shortest possible settling time during transients. The dynamic performance of PoL converter can 

be improved by different means which mainly fall into one or more of the following categories: 

1) Optimize Power Stage Parameters  

One of the major factors that determine dynamic response of a multiphase DC-DC 

converter is how fast the inductor current can adapt to the new load current during load transients. 

The slew rate of the inductor current is determined by several factors including input voltage, 

output voltage and output inductance value. During the load transients, the output capacitor needs 

to provide a portion of current that fills the gap between the load current and inductor current. 
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Therefore, a large number of bulky capacitors can be paralleled in the output to reduce the 

overshoot/undershoot. However, this is not a practical solution from size and cost point of view. 

For a given set of other parameters, smaller inductance value results in higher slew rate of 

the inductor current, which in turn leads to faster transient response. However, smaller inductance 

value would cause increased steady-state ripple of the inductor current. Therefore, there is a trade-

off to make when selecting the output inductance value. 

2) Add Auxiliary Energy Injection/Absorption Circuitries  

Another way to improve the dynamic response of the multiphase DC-DC converters is by 

adding auxiliary circuitries to inject energy to the load during step-up load transient and to absorb 

energy from the load during step-down load transient [29]. This helps to reduce the current 

flowing through the output capacitor during load transients which result in tighter output voltage 

regulation.   

3) Modify/Optimize the Controller Design  
 

Modifying and optimizing the closed-loop controller is commonly utilized to improve the 

dynamic response of the multiphase DC-DC converters.  

Adaptive Voltage Positioning (AVP) control, sometime also referred to as droop control 

or load-line regulation, is commonly used in PoL converter application aimed at reducing output 

capacitance requirement while providing improved dynamic response [1, 30, 31]. The basic idea 

of AVP control is to regulate the output voltage of the converter at the maximum tolerable value 

at minimum load current while regulating the output voltage at the minimum tolerable value at 

maximum load current. This way the total tolerance window of the output voltage is fully utilized 

while resulting in reduced output capacitance requirement. In the meantime, the settling time of 
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the output voltage during load transients is greatly shortened as the output voltage no longer needs 

to return to the nominal value.  

Over the past decade, the continually improved performance and reduced cost of digital 

controllers have made compensator/controller optimization a more flexible solution than other 

approaches in terms of dynamic performance improvements [32-40].  

One of the unique features of digital controller over its analog controller counterpart is its 

auto-tuning and adaptive control capability. Several auto-tuning control schemes have been 

presented in the literature [32, 35-39] to achieve improved control bandwidth while maintaining 

desired stability margins for DC-DC switching converter applications.  

4) Modify the Pulse-Width Modulation (PWM) Schemes 
 

For some server PoL converter applications which require extremely fast transient 

response, simply optimizing the control bandwidth is not sufficient. It is essential to minimize the 

delays throughout the control loop. One major source of delays in the control loop is introduced 

by the PWM. There are three common PWM modulation schemes, i.e., leading-edge, trailing-

edge and dual-edge modulation. Leading-edge modulation scheme leads to a turn-off delay up to 

a switching cycle while trailing-edge modulation scheme leads to a turn-on delay up to a 

switching cycle. Dual-edge modulation achieves a trade-off between turn-on and turn-off delay. 

Several modified PWM schemes are presented in the literature, such as [41-42]. The active pulse 

positioning PWM scheme presented in [42] reduces the PWM delay by adaptively changing 

between trailing-edge and leading-edge schemes depending on the type of load transient (i.e., step 

up or step down).  
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C. Current Sharing  

Current sharing control loop or functionality is commonly employed in multiphase DC-

DC converters to achieve equal/desired current distribution among converter phases. This helps to 

prevent inductor saturation, component damage and improve thermal performance of the 

converter, among others [16, 43-47, 49].  

 

Figure. 1.3: The DC equivalent circuit model of a two-phase synchronous buck converter 

Fig. 1.3 shows the DC equivalent circuit model of a two-phase synchronous buck 

converter. Each phase is modeled by a dependent voltage source in series with a equivalent 

resistance. The equivalent resistance Req consists of all the resistive parasitic components along 

the power train, including on resistance of the power switches, the DC resistance (DCR) of 

inductor and printed circuit board (PCB) traces resistances. While the phases are intended to be 

designed as symmetrical as possible, Req1 is not equal to Req2 in practice due to, for example, 

component manufacturing tolerances, non-uniform PCB traces, and uneven temperature 

distribution. Based on the DC equivalent circuit model shown in Fig. 1.3, the duty cycle for each 

phase needs to be set differently in order to achieve equal current sharing between the two phases 

given the fact that Req1 differs from Req2. Based on Fig. 1.3, the following equations can be 

derived, 
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                                                         1 1 1in o eq Ld V V R I                                                     (11) 

                                                         2 2 2in o eq Ld V V R I                                                  (12) 

                                                                 1 2L L oI I I                                                         (13) 

where d1 and d2 are the duty cycle value for phase one and phase two, respectively. IL1 and IL2 are 

the average inductor current of phase one and phase two, respectively. 

Table 1.1: Design Parameters for a Two-Phase Synchronous Buck Converter 

Design parameters Value 

Input voltage Vin 12 V 

Output voltage Vo 1.5 V 

Equivalent resistance of phase one Req1 0.01 Ω 

Equivalent resistance of phase two Req2 0.02 Ω 

Load current Io 0 A−40 A 

 

∆
I L

(A
)

 

Figure. 1.4: 3-D plot illustrating the current distribution between the two phases as a function of 

duty cycle mismatch and load current 
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Based on a specific two-phase buck converter design example with the parameters listed 

in Table 1.1, a three-dimension (3-D) plot is shown in Fig. 1.4 illustrating the current distribution 

between the two phases as a function of the duty cycle mismatch and load current, where ∆d=d1-

d2 and ∆IL=IL1-IL2. It can be observed that the required duty cycle mismatch to achieve equal 

current sharing between the two phases varies with the load current. 

Fig. 1.5 shows the current distribution between the two phases as a function of the duty 

cycle mismatch under a given load current of 40 A. It is shown that there exists a single point 

where the phases' currents are balanced. The further the duty cycle mismatch value drifts apart 

from this point, the larger the current mismatch between the two phases is. It is exactly the job of 

the current sharing control loop/functionality to precisely locate this point at specific load 

current.  

 

Figure. 1.5: Current distribution between the two phases as a function of duty cycle mismatch 

under a given load current of 40 A 
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Figure. 1.6: Current distribution between the two phases as a function of load current under the 

same duty cycle values 

Fig. 1.6 shows the current distribution between the two phases as a function of the load 

current when the duty cycle values for the two phases are equal. It is shown that the mismatch 

between the phases' currents increases as the load current increases. 

A variety of current sharing control schemes are available in the literature, as in [16, 43-

47]. Most of these schemes require sensing the phases' currents and then feeding the acquired 

current information to a current sharing control loop to regulate the current of each phase. The 

performance of such current sharing schemes are highly sensitive to the accuracy of current 

sensing. If the current sensing is not accurate due to, for instance, manufacturing tolerances of 

components, aging effects and temperature variations, the resulted phases' currents may differ 

significantly from one another even with a properly designed current sharing control loop. If 

digital controller implementation is employed, N Analog-to-Digital Converters (ADCs) are 

required in addition to N current sensors for a N-phase converter, which results in increased cost 

and system complexity.  
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Several control schemes are presented in [43-47] aimed at alleviating or eliminating the 

impact of the current sensing accuracies on the performance of current sharing. For example, in 

reference [46], each current sensing loop is added a gain that can be adjusted based on the power 

conversion efficiency information to compensate for the errors involved with current sensing. To 

further eliminate the need for current sensing, several sensorless current sharing control schemes 

are presented in the literature, as in [43-44, 47]. Reference [43] presents a new concept called 

"optimum current sharing''. Unlike the conventional current sharing concept that is intended to 

realize equal current distribution among phases, the objective of the optimum current sharing 

concept is to result in an optimum current distribution ratio among phases such that the 

conversion efficiency is maximized. This optimum current sharing concept is more suitable when 

the mismatch between phases is not large and the inductors are able to accommodate the resulted 

mismatch in currents. Another sensorless current sharing concept proposed in [44] is intended for 

equal current sharing. Desired current sharing performance is achieved at the expense of fairly 

high computational efforts due to current estimation.  

To address the need for accurate current sensing, a novel input voltage ripple based 

sensorless current sharing auto-tuning controller, abbreviated as IVR-SCSAT controller, is 

presented in this work. Instead of directly sensing the current of each phase, the proposed IVR-

SCSAT controller utilizes the differences between the ripple values of the input capacitor voltage 

as an indicator of the phases' current distribution status. By auto-tuning the duty cycle values 

while minimizing the differences between the ripple values of  the input capacitor voltage, equal 

current sharing can be achieved without the need for current sensing. In addition, the proposed 

controller eliminates the impact of voltage sensing inaccuracies on the performance of current 

sharing. 
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1.4 Thesis Outline 

The next chapter first reviews the architecture and operation of several conventional 

current sharing control schemes followed by a summary of the disadvantages and challenges of 

these schemes.  

To address the need for accurate current sensing, a new digital sensorless current sharing 

control scheme is proposed in Chapter 2 which is based on auto-tuning the duty cycle value of 

each phase while observing the input capacitor voltage of a multiphase converter. The theoretical 

basis, mathematical derivation, principle of operation and core duty-cycle auto-tuning algorithm 

of the proposed IVR-SCSAT controller are presented and discussed.  

In chapter 3, the simulation verification of the controller basis and operation is performed 

by using MATLAB®/SIMULINK® software package. The simulation results obtained when the 

proposed controller is enabled and disabled are compared and discussed.  

Proof-of-concept experimental set-up and auto-tuning operation results are given in the 

chapter 4 for further validation of the proposed concept. To better demonstrate the functionality, 

periodic and continuous auto-tuning operations results are shown under both steady-state and 

load transient conditions.  

The last chapter summarizes and concludes the work in addition to giving some 

directions for future work.  
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CHAPTER 2 

INPUT VOLTAGE RIPPLE BASED SENSORLESS CURRENT SHARING AUTO-
TUNING CONTROLLER 

 

2.1 Introduction 

The architecture and operation of several conventional current sharing control schemes 

are reviewed in this chapter followed by a summary of the disadvantages of these schemes.  

Digital power control has emerged as an effective way to address the issues which used 

to be solved by analog control solutions. The advantages of the digital power control are 

summarized in this chapter.  

By utilizing the unique auto-tuning capability of digital controller, a new control scheme, 

named IVR-SCSAT controller, is proposed in this chapter to achieve equal current sharing 

among phases based on auto-tuning the duty cycle value of each phase while observing the input 

capacitor voltage. The theoretical basis behind the proposed controller is revealed and 

mathematically verified. The core auto-tuning control algorithm of the proposed IVR-SCSAT 

controller is also detailed in this chapter.  

2.2 Review of Conventional Current Sharing Control Schemes 

A number of current sharing control schemes have been presented in the literature [16, 

20, 45, 46]. These schemes typically require a voltage-mode compensator in order to regulate the 

output voltage in addition to a current sharing control loop.  
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Figure. 2.1: Peak-current mode control based current sharing control scheme 

The first common type of conventional current sharing control schemes is based on peak-

current mode control. Fig. 2.1 shows the architecture of this scheme applied to a two-phase 

synchronous buck converter. The output of the voltage error amplifier, i.e., control signal, is used 

as a common peak current reference command for all phases. The sensed current of each phase is 

then compared to this reference current command to generate the PWM signals for the power 

switches of each phase. As a result, all the phase currents are naturally balanced. Note that with 

this control scheme, external slope compensation may be required in order to prevent sub-

harmonic oscillation when the duty cycle value is above 0.5.  
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Figure. 2.2: Average-current mode control based current sharing control scheme 

The second common type of conventional current sharing control schemes is based on 

average-current mode control. Different from peak-current mode control scheme, average-

current mode control based current sharing control scheme requires an additional current error 

amplifier for each phase. The output of the voltage error amplifier still serves as the average 

current reference command for all phases. The sensed current of each phase is compared to the 

average current reference command to generate an error which then goes through the 

compensation network of the current error amplifier. Consequently, all of the phases' currents are 

regulated at the same value.  

The third type of the conventional current sharing control schemes is presented in [20]. 

The basic idea is to sense the current of each phase which are then summed up and divided by 
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the number of phases to obtain an average current reference command for all the phases. 

Consequently, the current of each phase is regulated at the same value, naturally leading to equal 

current sharing among phases.  

 

Figure. 2.3: A current sharing control scheme presented in [20] 

As can be noticed, all of the conventional current sharing control schemes reviewed 

require current sensing. This would result in the following issues: 

1) Require N current sensors for N-phase converter 

2) Highly sensitive to current sensing inaccuracies  

3) Require off-line calibration of current sensing circuitries  

4) Increased cost, complexity, size and power loss 

Therefore, it is highly desired to eliminate the need for current sensing while achieving 

equal current sharing among phases, which is the motivation behind this work. Before 
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proceeding to the proposed sensorless current sharing control scheme, the unique capabilities of 

digital power control are summarized in the next section. 

2.3 Digital Power Control 
 

Digital power control has received significant attentions from both industry and academia 

due to its various unique capabilities over its analog counterpart, including but not limited to the 

following [33-40]: 

1) Auto-tuning capability/adaptability 

2) Programmability/configurability   

3) Ability to implement sophisticated/advanced control algorithms 

4) Reduced external component count and footprint 

5) More flexibility and scalability  

6) Monitor/record system operating parameters 

7) Better immunity to aging of components 

Many issues associated with DC-DC converters (e.g., control bandwidth optimization and 

efficiency optimization) which used to be solved by analog control solutions may be solved by 

digital control more easily.  

The auto-tuning capability of the digital power controller allows automated optimization 

of the controller parameters in response to plant characteristics variations and mode transitions 

(e.g., DCM to CCM), among others. This would results in improved steady-state and dynamic 

response performance under variable operating conditions.  

A number of auto-tuning based control schemes have been presented in the literature as 

in [32, 33, 35, 38-39, 43, 45]. For example, in [32], the parameter of the compensator are auto-

tuned to achieve an optimized control bandwidth while maintaining system stability across a 
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wide range of operating conditions. This scheme is simply based on observing the time-domain 

information of the ripple of the control signal without requiring accurate knowledge of the power 

stage and control loop parameters. In reference [33], the dead-time required during commutation 

of switches in a synchronous DC-DC switching converter, is auto-tuned to achieve optimized 

converter efficiency. DCR based current sensing is used in PoL converter applications to achieve 

lossless current sensing. The major disadvantage of DCR current sensing is that the time constant 

of the RC low-pass filter needs to be precisely matched to the time constant of the power 

inductor (L/RL). However, due to the components manufacturing tolerance, temperature 

variations, and aging effects, this can hardly be guaranteed. A auto-tuning control scheme is 

presented in [49] to compensate for the mismatch between the time constants of RC low-pass 

filter and inductor, which results in accurate inductor current sensing. 

The auto-tuning capability of digital power control is further explored in this work to 

address the current sharing issue facing the multiphase DC-DC converter.  

2.4 Architecture and Theoretical Basis of the IVR-SCSAT Controller 

Fig. 2.4 illustrates the block diagram of a digitally-controlled two-phase synchronous 

buck converter with the proposed IVR-SCSAT controller. It is shown that the IVR-SCSAT 

controller is comprised of three parts, i.e., the duty-cycle auto-tuning algorithm in addition to the 

conventional voltage-mode compensator and digital pulse-width modulator (DPWM). The 

voltage-mode compensator is used for output voltage regulation. The DPWM is used to generate 

PWM signals for the power switches of each phase by comparing the control signals, i.e., Vc1 

and Vc2, to the respective ramp signals that are 180° out of phase for interleaving purpose. 
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Figure. 2.4: The block diagram of a digitally controlled two-phase synchronous buck converter 

with the proposed IVR-SCSAT controller 

The output voltage of the buck converter is sampled and digitized by an ADC, and the 

error between the digitized output voltage value and the reference value is processed by the 

voltage-mode compensator. The compensated error signal or control signal, Vc, is utilized along 

with the digitized input capacitor voltage ripple, VCin_rp, as the two inputs of the duty-cycle auto-

tuning algorithm which then generates different duty cycle commands (Vc1 and Vc2) for different 

phases in order to achieve equal current distribution between the two phases. The need for 

current sensing is completely eliminated with the proposed scheme. It should be noted here that, 

in many applications such as the PoL converter, the input voltage of the converter is sensed 

anyway for purposes such as over-voltage protection and feedforward control [20, 22, 23]. The 

proposed IVR-SCSAT controller, therefore, does not require extra voltage sensors, and ADCs if 

digital controller implementation is employed. While input voltage sensing is needed in the 

proposed controller, the inaccuracies involved with voltage sensing caused by, for example, 
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aging of voltage sensing and signal-conditioning circuit components would have no impact on 

the performance of current sharing as the proposed controller needs the information of the 

difference between the ripple values of the input capacitor voltage instead of a single absolute 

voltage value. 

sT

_ 2in rpcV

_ 1in rpcV

 
Figure. 2.5: Behavior of the input capacitor voltage ripple under different phases' current 

distribution scenarios for a two-phase buck converter 

Fig. 2.5 shows a sketch for the behavior of the input capacitor voltage of a two-phase 

buck converter under different phase current distribution scenarios. It can be observed that the 

input capacitor voltage contains N (N=2 in this case) ripple values within a switching cycle 

(assuming that switching cycle for each phase are equal). The difference between the N ripple 

values (i.e., ∆Vcin_rp = Vcin_rp1-Vcin_rp2) is proportional to the current mismatch between the 

phases. This observation serves as the theoretical basis of the proposed IVR-SCSAT controller. 

This observation was utilized in battery charging applications in [45] to compensate for the 

mismatches introduced by current sensing resistors. Instead of directly sensing the current of 
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each phase, the difference between the ripple values of the input capacitor voltage is used as an 

indicator of the phase current distribution status in the proposed controller. The mathematical 

derivation of this basis/observation is given in the next section. 

2.5 Mathematical Derivation of the Basis Behind the IVR-SCSAT Controller 

Fig. 2.6 illustrates some key theoretical waveforms of a two-phase synchronous buck 

converter during steady-state operation.  
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Figure. 2.6: Some key theoretical steady-state waveforms of a two-phase buck converter with the 

proposed IVR-SCSAT controller 
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To simplify the derivation, several assumptions are made including: 1) d1 = d2 = d < 0.5 

which is true for typical PoL converter applications ; 2) switching cycle of the two phases are 

equal, i.e., Ts1=Ts2=T; 3) Req1 > Req2; 4) The parasitic inductance of the components and PCB 

traces are neglected. Please refer to Fig. 2.4 for symbol definitions.  

The input source current, Is, is the DC/average component of the input current, iin. 

Therefore,  
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The inductor current ripple for each phase, i.e., ∆IL1 and ∆IL2, are given by  

                                                      1 2
Cin o

L L s
V V

I I d T
L


                                                 (15) 

where VCin is the input capacitor voltage and Ts is the switching cycle for each phase. 

The valley value of the input capacitor current, iCin, during the first half of a switching 

cycle is given by 

                                                       _ 1
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                                               (16) 

The valley value of the input capacitor current during the second half of a switching cycle 

is given by 

                                                    _ 2

2
2( )
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L
C L s

I
I I I


                                               (17) 

Therefore, the difference between the two valleys of the input capacitor current within a 

switching cycle, i.e., ∆ICin_vv, is given by 



 

26 
 

                                               _ _ 1 _ 2in vv in valley in valleyC C C LI I I I                                    (18) 

The valley value of the input capacitor voltage during the first half of a switching cycle is  

                                 _ 1 _ 1 _
0

(0) ( )
s
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C c esr c c c tV I R V i t d                         (19) 

where VCin(0) is the input capacitor voltage value at the beginning of a switching cycle. 

The valley value of the input capacitor voltage during the second half of a switching 

cycle is given by 
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              (21) 

Therefore, the difference between the two valleys of the input capacitor voltage within a 

switching cycle, i.e., ∆VCin_vv, is given by 
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      (22) 

where Resr_cin is the ESR of the input capacitor. 

Likewise, the difference between the two peaks of the input capacitor voltage within a 

switching cycle, i.e., ∆VCin_pp, can be derived as given by 
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        (23) 

Therefore, the difference between the two ripples of the input capacitor voltage within a 

switching cycle, i.e., ∆VCin_rp, can be derived as given by 
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                 (24) 

It is clearly revealed in Eq. (24) that the difference between the ripple values of the input 

capacitor voltage within a switching cycle is proportional to the mismatch between the phases' 

currents. This indicates that, if ∆Vcin_rp is driven to zero or minimum, equal current sharing 

between the phases can be achieved. 

2.6 Duty-Cycle Auto-Tuning Algorithm 
 

Fig. 2.7 and Fig. 2.8 illustrate the flowchart and block diagram of the duty-cycle auto-

tuning algorithm, respectively, which are the core of the proposed IVR-SCSAT controller. A 

two-phase synchronous buck converter is still used as an example in this section to illustrate the 

operation of the algorithm. The goal of the duty-cycle auto-tuning algorithm is to minimize the 
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difference between the two ripple values of the input capacitor voltage within a switching cycle 

by auto-tuning the duty cycle value of each phase. The detailed operation of this algorithm is 

described as follows. 

 

Figure. 2.7. The flowchart of the duty-cycle auto-tuning algorithm as part of the proposed IVR-

SCSAT controller 
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Figure. 2.8: The basic block diagram of the duty-cycle auto-tuning algorithm 

The duty cycle value of each phase is varied by tuning the respective multiplier, i.e., α1 

and α2. The initial values for the two multipliers are set to be equal to 0.5 (or other positive 

numbers). At the beginning of the auto-tuning operation, one of the multipliers, e.g., α1, is 

incremented by ∆α (∆α>0) in order to identify the direction that would result in reduction of the 

difference between the ripple values of the input capacitor voltage, where ∆α is the perturbation 

step size of the multipliers being tuned. Meanwhile, the other multiplier, i.e., α2, is decremented 

by ∆α. After waiting for X switching cycles to ensure the system reaches new steady-state with 

the new set of duty cycle values, the difference between the two input voltage ripple values 

within a switching cycle in the present iteration, i.e., Vcin_rp(n), is calculated and compared to the 

difference between the two input voltage ripple values in the previous iteration, i.e., Vcin_rp(n-1). 

If Vcin_rp(n) < Vcin_rp(n-1), this implies the current tuning direction is the intended direction. 

Otherwise, the opposite direction is the intended direction. After confirmation of the tuning 

direction, the multipliers are tuned against each other in the respective directions. The duty-cycle 

auto-tuning process continues until the difference between the two ripple values of the input 

capacitor voltage is less than a specified threshold, i.e., Vth. The auto-tuning process can be run 

continuously. A new auto-tuning cycle will be triggered if the difference between the ripple 

values is larger than Vth. The selection of the perturbation step size ∆α is a trade-off between 

tuning resolution/accuracy and speed.  
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CHAPTER 3 

SIMULATION VERIFICATION OF THE IVR-SCSAT CONTROLLER  

 

3.1 Introduction 

This chapter describes the simulation of a multiphase converter in order to verify the 

theoretical basis and operation of the IVR-SCSAT controller discussed in last chapter. The 

simulation is carried out by using MATLAB®/SIMULINK® software package. While the 

proposed concept is applicable to various multiphase topologies, a two-phase buck converter is 

utilized as an example for illustration and verification. The power stage and voltage-mode 

compensator are built using the functional blocks available in MATLAB®/SIMULINK®. To 

simply the verification and analysis, the multiplier values added to the control loop are tuned 

manually while observing the input capacitor voltage in this simulation work. The complete 

auto-tuning operation verification and results will be provided in the next chapter of 

experimental verification.  

3.2 Simulation Model in SIMULINK® 
 

A two-phase synchronous buck converter is designed with the following specifications 

listed in Table 3.1. The simulation model built in SIMULINK® is shown in Fig. 3.1. A 

multiplier values is added to each phase to adjust the control signal for each phase. The initial 

value of each multiplier is set equal to 0.5.  
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Table 3.1: Design Parameters for a Two-Phase Synchronous Buck Converter in SIMULINK® 

Converter parameter Value 

Input voltage 12 V 

Output voltage 1.5 V 

Load current 40 A 

Filter inductor 800 nH 

Switching frequency (f1= f2) 500 kHz 

Input capacitor 240 µF 

ESR of input capacitor 9 mΩ 

Output capacitor 480 µF 

ESR of output capacitor 4.5 mΩ 

 

 

Figure. 3.1: Simulation model of a two-phase synchronous buck converter built in SIMULINK® 
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3.3 Simulation Results 
 

In the simulation, the equivalent series resistances of the two phases are intentionally 

made significantly different with Req1=10 mΩ and Req2=40 mΩ (Req1=40 mΩ and Req2=10 mΩ 

for case two) for verification purpose. It should be noted that, in the practical design, the phases 

of the converters should be designed as symmetric as possible.  

 

Figure. 3.2: Simulation waveforms of the IVR-SCSAT controlled two-phase synchronous buck 

converter at Io = 40 A when Req1 < Req2 before the manual sensorless duty-cycle auto-tuning is 

activated 
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As mentioned earlier, the initial value of the multipliers for the two phases are set to be 

equal to 0.5, i.e., α1+ α2=1. If the voltage-mode compensator is enabled and the manual duty-

cycle tuning algorithm is disabled, the inductor current of each phase differs significantly, as 

shown in Fig. 3.2. The inductor current of phase one is quite larger than that of phase two, which 

is as expected because Req1 < Req2 and d1 = d2 in this case. In the meantime, a significant 

difference between the two ripple values of the input capacitor voltage within a switching cycle 

can be clearly observed.  

 
Figure 3.3: Simulation waveforms of the IVR-SCSAT controlled two-phase synchronous buck 

converter at Io = 40 A when Req1 < Req2 after the manual sensorless duty-cycle auto-tuning 

operation is complete 
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Figure. 3.4: Simulation waveforms of the IVR-SCSAT controlled two-phase synchronous buck 

converter at Io = 40 A when Req1 > Req2 before the manual sensorless duty-cycle auto-tuning is 

activated 

After the duty-cycle tuning algorithm is enabled, the multiplier α1 is first incremented by 

a step size of ∆α (∆α =0.02), while α2 is decremented by the same step size of ∆α.  By 

measurement, it is found that the difference between the ripple values of the input capacitor 

voltage is increased. Therefore, the intended tuning direction should be the other way around, 

i.e., decrement α1 and increment α2. Then, the tuning operation is continued in the intended 

direction until the difference between the two ripple values of the input capacitor voltage is 
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minimized, as shown Fig. 3.3. It can be noticed that the load current is equally distributed 

between the two phases while the difference between the two input voltage ripple values is 

driven to minimum (zero in this ideal case).  When the tuning operation is complete, the 

multiplier α1 is 0.33 while α2 is 0.67.  

 

 

Figure. 3.5: Simulation waveforms of the IVR-SCSAT controlled two-phase synchronous buck 

converter at Io = 40 A when Req1 > Req2 after the manual sensorless duty-cycle auto-tuning 

operation is complete 

The case where Req1 > Req2 (Req1=40 mΩ and Req2=10 mΩ) is also simulated. The 

simulation waveforms are shown Fig. 3.4 and Fig. 3.5, which are consistent with the results 

obtained in the previous case where Req1 < Req2. The only difference is that the intended duty-
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cycle tuning direction, in this case, would be increment α1 and decrement α2.  When the tuning 

operation is complete, the multiplier α1 is 0.67 while α2 is 0.33.  

Based on the simulation model, the relationship between the mismatch between the 

phases' currents and the ratio between the two multiplier values in the case of Req1 = 40 mΩ and 

Req2 = 10 mΩ are obtained and plotted in Fig. 3.6. It is shown that the phases' current gradually 

get balanced as the ratio of the two multiplier values converges to 2.03. 

 

Figure. 3.6: The mismatch between the phases' currents as a function of the ratio 

between the two multipliers 

In summary, the theoretical basis and operation of the proposed IVR-SCSAT controller 

are validated through simulation using SIMULINK® and more detailed auto-tuning 

experimental verification will be presented and discussed in the next chapter. 
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CHAPTER 4 

EXPERIMENTAL WORK AND RESULTS 

 

4.1 Introduction 

This chapter introduces the experimental set-up that is used to further validate the 

effectiveness of the proposed IVR-SCSAT controller for multiphase DC-DC converters. The 

design and implementation of the IVR-SCSAT controller is also detailed in this chapter. The 

experimental results obtained under both periodic and continuous auto-tuning operations are 

presented and discussed.  

Since only the ripple (or more specifically the difference between the ripple values) of the 

input capacitor voltage is necessary for the implementation of proposed controller, a band-pass 

filter is used to filter out the DC component and high frequency harmonics of the input capacitor 

voltage in order to achieve higher resolution sending through the ADC. The structure and 

parameter calculation of the band-pass filter are presented. 

4.2 Experimental Set-Up 

 
The experimental set-up consists of the following: 

 Two-phase synchronous DC-DC buck converter power stage 

 Signal-conditioning circuit (band-pass filter) 

 TMS320F28335 microcontroller  

 DC power supplies: Chroma Programmable DC power Supply 6201P-80-60; Tenma 

Laboratory DC power Supply 72-6615 
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 DC electronic load: Chroma 6312 

 Multimeters: Agilent 34401A;  Agilent U1252A 

 Oscilloscope: Tektronix DPO7104 

4.3 Details of the Power Stage 

As mentioned earlier, the power stage utilized in the experimental verification is a two-

phase synchronous buck converter. The converter parameters are summarized in the Table 4.1.  

Table 4.1: Design Parameters of the Two-Phase Synchronous Buck Converter Prototype 

Converter Parameter Value 

Input voltage Vin (nominal) 12 V 

Output voltage Vo 1.5 V 

Maximum load 20 A 

Switching frequency fsw 250 kHz 

Filter inductor for each phase 300 nH 

Input capacitor 120 µF 

ESR of input capacitor 18 mOhm 

Output capacitor 100 µF×4 

 

For this experimental prototype design, the two phases are designed as symmetric as 

possible. Therefore, the two-phases almost have the same Req.  

The selection of the switching frequency value for this converter design is a trade-off 

made among several factors including filter sizes, switching ripples of the currents and voltages, 

DPWM resolution, ADC sampling rates, complexity and execution time required by the control 

algorithm. 
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4.4 Signal-Conditioning Circuit 

Since only the ripple information of the input capacitor voltage is necessary for the 

implementation of the proposed IVR-SCSAT controller, a signal-conditioning circuit is used to 

filter out the DC component and the high frequency harmonics which exist in the input capacitor 

voltage signal. This helps to improve the sending resolution of the input voltage ripple through 

the ADC sampling and eliminate the noise effects.  

 

Figure. 4.1: Passive RC band-pass filter 

A passive RC band-pass filter is utilized to accomplish this requirement. This filter is 

basically a low-pass filter followed by a high-pass filter. Based on 1/ 2 , the 

parameters are calculated to obtain a band-pass of 15.92 kHz-397.89 kHz. The parameters of this 

band-pass filter is listed in Table 4.2. 

Table 4.2: Design Parameters of The RC Band-Pass Filter 

Parameter Value 

C1 200 nF 

R1 2 Ω 

C2 100 nF 

R2 100 Ω 
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4.5 Hardware Implementation of the IVR-SCSAT Controller  

The voltage-mode compensator, as part of the proposed IVR-SCSAT controller, consists 

of two poles and two zeros. One pole is placed at zero frequency (i.e., integrator) to achieve tight 

output voltage regulation in steady state and improve the immunity to low-frequency 

disturbance, and the other pole is placed at 0.5fsw to damp the high frequency switching noises. 

One zero is placed at the resonant frequency (fo) of the power stage output filter, and the other 

zero is placed at the ESR zero contributed by the ESR and capacitance of the output capacitor in 

order to provide phase boost to ensure sufficient phase margin while maintaining desired control 

bandwidth in the worst-case operating condition. The crossover frequency of the compensated 

loop gain is around one tenth of the switching frequency (i.e., 25 kHz), the phase margin is 45°, 

and the gain margin is around 6 dB in the worst case scenario.  

The IVR-SCSAT controller is implemented using TMS320F28335 floating-point 

microcontroller from Texas Instrument (TI) Corporation [50]. This microcontroller has a 32-bit 

Central Processing Unit (CPU) which operates at clock speed of 150 MHz. It consists of an ADC 

module of 12 single-ended sampling channels with 16-bit resolution for each channel. In 

addition, this microcontroller features 12 PWM modules and 6 high resolution PWM (HRPWM) 

modules with up to 150 ps resolution. Other features of this microcontroller are available in [50].  

The built-in PWM and ADC peripherals of the microcontroller are utilized in the 

implementation of the IVR-SCSAT controller. Two ADC channels are used to sample and 

digitize the output voltage and the input capacitor voltage ripple, respectively. The sampling rate 

of the output voltage is equal to switching frequency, i.e., 250 kHz, while the sampling rate of 

the input capacitor voltage ripple is equal to N*fsw which is 2*fsw in this case. In other words, two 
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samples of the input capacitor voltage ripple are taken in each switching cycle to calculate the 

difference between the two ripple values of the input capacitor voltage.  

The trailing-edge DPWM scheme is used in this work. Based on Fig. 2.6, the peak of the 

input capacitor voltage ripple for each phase occurs at the rising-edge of the PWM signal for the 

other phase. Therefore, the sampling instant of the input capacitor voltage ripple is set at the 

rising-edge of each PWM signal. 

The resolution of the output voltage sampling ADC is set to be 8-bit in order to avoid 

limit-cycle oscillation of the output voltage while the resolution of the DPWM for each phase is 

set to be 1/600. The resolution of the input capacitor voltage ripple sampling ADC is set to be 

12-bit in order to provide high resolution and accuracy.  

4.6 Auto-Tuning Operation and Experimental Results 

As discussed in Chapter II, the core of the proposed IVR-SCSAT controller is the duty-

cycle auto-tuning control algorithm (Fig. 2.7). Since the two phases are designed to be as 

symmetric as possible in the experimental prototype, Req1 value is extremely close to Req2. In 

order to demonstrate the operation of the proposed duty-cycle auto-tuning algorithm, the currents 

of the two phases are intentionally made different/mismatched by making the respective initial 

multiplier values different from one another. The initial value for α1 is set to 0.54 and the initial 

value for α2 is set to 0.46 (α1+ α2=1).  

In the tuning direction identification phase, α1 is decremented and α2 is incremented with 

a step size of 0.002. As a result, the difference between the ripple values of the input capacitor 

voltage is reduced. Therefore, decrementing α1 and incrementing α2 is the intended tuning 

direction. The tuning frequency is set to 2.5 kHz. In other words, the multiplier values are tuned 

once every 100 switching cycles of the converter. The threshold value Vth is set to be 7 mV. This 
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means when the difference between the ripple values of the input capacitor voltage is driven to 

be less than or equal to 7 mV, the auto-tuning operation is completed.  

A. Steady-State Experimental Results 
 

During steady-state operation of the converter, once the phases' currents get balanced, the 

auto-tuning operation is supposed to be completed until the difference between the ripple values 

of the input capacitor voltage is detected to be larger than the specified threshold Vth (7 mV). 

However, in order to illustrate the process of the auto-tuning operation, the duty-cycle auto-

tuning algorithm is intentionally programmed to run periodically from the beginning with the 

initial multiplier values. In other words, every time the two phases get balanced the two 

multiplier values for each phase will be reset to their respective initial values to make the 

currents unbalanced again and start new process to get them balanced.  

 

Figure. 4.2: Experimental waveform for periodic auto-tuning operation under steady-state load 

condition of 20 A. Top trace: input capacitor voltage ripple (300 mV/div); middle trace: output 

voltage (1 V/div); Bottom traces: phases' currents (10 A/div); Time scale: 10 ms/div 

As shown in Fig. 4.2, the currents of the two phases are not balanced at the beginning of 

each auto-tuning cycle because the initial multiplier values for the phases are intentionally set 

different from each other to make the two phases unbalanced. After the IVR-SCSAT controller is 
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activated, the multiplier values for the phases are tuned against each other in respective 

directions identified in the first step of the algorithm (refer to Fig. 2.7), which causes the current 

of each phase to get closer to each other gradually and eventually get balanced as the difference 

between the ripple values of the input capacitor voltage is driven to be less than Vth. After auto-

tuning is complete, α1 is equal to 0.496, α2 is equal to 0.504 in this experiment for this power 

stage design. 

 
(a) 

 

 
(b) 

 
Figure. 4.3: A zoomed-in view of Fig. 4.2 (a) at the beginning of the auto-tuning operation and 

(b) at the end of the auto-tuning operation. Top trace: input capacitor voltage ripple (300 

mV/div); middle trace: output voltage (1 V/div); Bottom traces: phases' currents (10 A/div); 

Time scale: 2 µs/div 
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As can be observed from Fig. 4.2, the output voltage of the converter remains regulated 

all the times without being impacted by the auto-tuning operation. This indicates that the 

proposed IVR-SCSAT controller does not affect the system operation and therefore is well suited 

for online applications. Fig. 4.3 shows a zoomed-in view of Fig.2 at the beginning and the end of 

an auto-tuning cycle. It can clearly be observed that the phases' currents get balanced while the 

difference between the ripple values of the input capacitor voltage is minimized. 

 

Figure. 4.4: Experimental waveform for periodic auto-tuning operation under steady-state load 

condition of 10 A. Top trace: input capacitor voltage ripple (200 mV/div); middle trace: output 

voltage (1 V/div); Bottom traces: phases' currents (5 A/div); Time scale: 4 ms/div 

 
(a)                                                                         (b) 

Figure. 4.5: A zoomed-in view of Fig. 4.4 (a) at the beginning of the auto-tuning operation and 

(b)at the end of the auto-tuning operation. Top trace: input capacitor voltage ripple (200 

mV/div); middle trace: output voltage (1 V/div); Bottom traces: phases' currents (5 A/div); Time 

scale: 2 µs/div 
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The results obtained under a smaller load current condition of 10 A are shown in Fig. 4.4 

and Fig. 4.5 which are similar to the results obtained under the load current of 20 A.  

B. Dynamic Response Experimental Results 
 

In order to evaluate the operation and performance of the proposed IVR-SCSAT 

controller during load transient conditions, the duty-cycle auto-tuning algorithm is intentionally 

programmed to run continuously rather than periodically. In other words, the auto-tuning 

algorithm keeps running, and every time the difference between the ripple values of the input 

capacitor voltage is detected to be larger than Vth, a new cycle of auto-tuning operation is 

triggered. This maintains equal current sharing among phases under variable system operating 

conditions such as load transients, line voltage variations, external disturbances in addition to 

converter parameter variations due to aging effects. 

 

Figure. 4.6: Experimental waveform under dynamic load condition of 10 A-20 A-10 A before 

continuous auto-tuning algorithm is activated. Top trace: input capacitor voltage ripple (300 

mV/div); middle trace: load current (10 A/div); bottom traces: phases' currents (10 A/div); Time 

scale: 25 ms/div 
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(a)                                                                        (b) 

Figure. 4.7: A zoomed-in view of Fig. 4.6 (a) at the rising-edge (b) at the falling-edge of load 

current transitions of 10 A-20 A-10 A before continuous auto-tuning algorithm is activated. Top 

trace: input capacitor voltage ripple (300 mV/div); middle trace: load current (10 A/div); bottom 

traces: phases' currents (10 A/div); Time scale: 25 µs/div 

 

 

Figure. 4.8: Experimental waveform under dynamic load condition of 10 A-20 A-10 A after 

continuous auto-tuning algorithm is activated. Top trace: input capacitor voltage ripple (300 

mV/div); middle trace: load current (10 A/div); bottom traces: phases' currents (10 A/div); Time 

scale: 25 ms/div 
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As shown in Fig. 4.6, the phases' currents are unbalanced before the auto-tuning 

algorithm is activated. Fig. 4.7 shows a zoomed-in view of Fig. 4.6 at the rising edge and the 

falling edge of the load current transitions. It is clearly shown that there is a significant 

difference between the two ripple values of the input capacitor voltage before the auto-tuning 

algorithm is activated.    

After the continuous auto-tuning algorithm is activated, equal current sharing among 

phase is achieved and maintained, as shown in Fig. 4.8. During the operation, the difference 

between the ripple values of the input capacitor voltage is minimized as shown in Fig. 4.9 which 

shows a zoomed-in view of Fig. 4.8 at the rising and falling edge of the load current transitions. 

The balance between the phases' currents are maintained under load transient conditions. 

  

(a)                                                                         (b) 

Figure. 4.9: A zoomed-in view of Fig. 4.8 at (a) the rising-edge (b) at the falling-edge of load 

current transitions of 10 A-20 A-10 A after continuous auto-tuning algorithm is activated. Top 

trace: input capacitor voltage ripple (300 mV/div); middle trace: load current (10 A/div); bottom 

traces: phases' currents (10 A/div); Time scale: 25 µs/div 

The experimental results obtained under a smaller load transient of 5 A-10 A-5 A, as 

shown in Fig. 4.10 through Fig. 4.13, are consistent with that obtained under the load transient of 

10 A-20 A-10 A. 
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Figure. 4.10: Experimental waveform under dynamic load condition of 5 A-10 A-5 A before 

continuous auto-tuning algorithm is activated. Top trace: input capacitor voltage ripple (200 

mV/div); middle trace: load current (5 A/div); bottom traces: phases' currents (5 A/div); Time 

scale: 25 ms/div 

 

(a)                                                                        (b) 

Figure. 4.11: A zoomed-in view of Fig. 4.10 (a) at the rising-edge (b) at the falling-edge of load 

current transitions of 5 A-10 A-5 A before continuous auto-tuning algorithm is activated. Top 

trace: input capacitor voltage ripple (200 mV/div); middle trace: load current (5 A/div); bottom 

traces: phases' currents (5 A/div); Time scale: 25 µs/div 
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Figure. 4.12: Experimental waveform under dynamic load condition of 5 A-10 A-5 A after 

continuous auto-tuning algorithm is activated. Top trace: input capacitor voltage ripple (200 

mV/div); middle trace: load current (5 A/div); bottom traces: phases' currents (5 A/div); Time 

scale: 25 ms/div 

 

(a)                                                                         (b) 

Figure. 4.13: A zoomed-in view of Fig. 4.12 (a) at the rising-edge (b) at the falling-edge of load 

current transitions of 5 A-10 A-5 A after continuous auto-tuning algorithm is activated. Top 

trace: input capacitor voltage ripple (200 mV/div); middle trace: load current (5 A/div); bottom 

traces: phases' currents (5 A/div); Time scale: 25 µs/div. 
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CHAPTER 5 

CONCLUSION AND FUTURE WORK 

5.1 Conclusion 

Due to increasingly rapid advances in information technology (IT) technologies and 

devices in the past decade, there is a growing demand of highly efficient and reliable power 

supply solutions for the computing infrastructures and electronic devices. The drastically 

increasing speed and integration density cause the microprocessor and other digital ICs to draw 

higher currents from the PoL converters with higher slew rates. This imposes stringent 

challenges on the PoL converter design which is expected to deliver tightly regulated sub-1V 

supply voltage to the highly dynamic loads under steady-state and load transient conditions.   

Multiphase topology has been widely adopted for PoL converter application. Multiphase 

DC-DC converter is formed by paralleling multiple single phase DC-DC converters that have 

control signals that are phase shifted in order to provide higher current to the load with higher 

slow rate/speed and lower current and voltage ripples. By employing interleaving technique, the 

input and output current ripples are significantly reduced and the frequency of the switching 

ripple is increased by N times for N phases. This results in reduced input and output filter 

requirements. Since the load current is distributed among multiphase phases, the current and 

thermal stress of the components in each phase are alleviated, thus leading to better thermal 

performance and longer lifespan of the converter. To achieve a high-performance multiphase 

converter design, several design considerations must be taken into account during the design 
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phase. These factors include but are not limited to high power density, fast transient response and 

equal current sharing.  

The architecture and several key design considerations of multiphase DC-DC converter 

are introduced and discussed in Chapter 1. It is always desired to achieve high power density in 

order to reduce the footprint and simplify thermal management of the multiphase converter. Fast 

transient response is also crucial especially when the PoL converter is powering a 

microprocessor or other high speed/slew rate load. The transient response can be improved and 

optimized by a number of approaches, several of which are covered in Chapter 1, such as by 

using auto-tuning and adaptive control schemes to improve the control loop bandwidth under 

variable operating conditions while maintaining system stability, as well as by modifying the 

conventional PWM modulation schemes to reduce the PWM delay in the control loop.  

Current sharing is a key design consideration for high-performance and reliable 

multiphase DC-DC converter design, which is the focus of this work. Equal current sharing 

control loop is typically required in order to prevent inductor current saturation and overstressing 

the devices of certain phases. Several conventional control schemes are first reviewed in Chapter 

2, which include average-current mode based and peak-current mode based current sharing 

control schemes. The major disadvantage of the conventional current sharing control schemes is 

the need for accurate current sensing. N-phase converter would need N current sensors in these 

conventional schemes. Also, the performance of the conventional current sharing control loop is 

highly sensitive to the accuracy of current sensing. The current sensing circuitry also needs to be 

calibrated from time to time as it ages.  

To address the drawback related to the need for accurate current sensing, a new digital 

sensorless current sharing control scheme is proposed in this work which is based on auto-tuning 
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the duty cycle value for each phase while observing the input capacitor voltage. The theoretical 

basis/observation of the proposed concept is that the differences among the ripple values of the 

input capacitor voltage are proportional to the mismatch among the currents of the phases. This 

theoretical basis is mathematically verified in Chapter 2 followed by a detailed introduction and 

discussion of the proposed IVR-SCSAT controller operation. In addition to eliminating the need 

for current sensors, the proposed controller also eliminates the impact of voltage sensing 

inaccuracies due to, for example, aging of input voltage sensing and band-pass filter components 

on the performance of current sharing. 

The simulation verification of the theoretical basis and operation of the IVR-SCSAT 

controller is performed by using MATLAB®/SIMULINK® software package in Chapter 3. The 

simulation results obtained from a two-phase synchronous buck converter model verifies the 

basic operation of the proposed controller. 

A proof-of-concept experimental prototype set-up is introduced in Chapter 4. The design 

and implementation of the IVR-SCSAT controller are covered in details. The periodic and 

continuous auto-tuning operation are demonstrated under both steady-state and load transient 

conditions. The experimental results presented further validate the functionality of the proposed 

sensorless current sharing controller.  

5.2 Future Work 

Future work includes the generalization of the proposed IVR-SCSAT controller to N-

phase (N>2) converter as shown in Fig. 5.1. In this case, more than two variable multipliers need 

to be auto-tuned. One of the possible multi-variable auto-tuning algorithm for N-phase converter 

is as follows: the input capacitor voltage in this case is comprised of N ripple values within a 

switching cycle. Therefore there would be N multiplier values (i.e., α1, α1  ,..., αN) that need to be 
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tuned during the auto-tuning process. The multiplier values can be tuned two at a time in a 

sequential manner [51], i.e., α1 and α2, α2 and α3, ..., αn-1 and αn. The preliminary auto-tuning 

control algorithm flowchart is illustrated in Fig. 5.2.  

 

Figure. 5.1: N-phase synchronous buck converter 

At the start of the operation, α1 and α2 are selected and tuned the same way as discussed 

in Chapter 2. As soon as the difference between the corresponding two ripple values of the input 

capacitor voltage within a switching cycle, i.e., Vcin_rp1 and Vcin_rp2, is driven to minimum, the 

IVR-SCSAT controller will proceed to tune the next two multipliers, i.e., α2 and α3, until the 

difference between Vcin_rp2 and Vcin_rp3 is driven to minimum as well, and so forth for other 

phases. The entire auto-tuning process is completed when the differences between the N ripple 

values of the input capacitor voltage within a switching cycle are minimized. Other, possibly 

better, multivariable algorithms might need to be investigated. Other issues that are worth 

investigating include the stability and convergence of the multi-variable auto-tuning controller. 
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Figure. 5.2: IVR-SCSAT controller generalized for N-phase converter 

The step size selection for the tuned multipliers  results in a trade-off between tuning 

accuracy and convergence speed [52-54]. Also, the step size selection is directly related to the 

hardware accuracy. A small fixed-step size tuning is used in this work. To achieve faster tuning 

speed while maintaining high accuracy, an adaptive-step-size tuning algorithm needs to be 

developed. One possible adaptive-step-size algorithm is to adjust the step size as a function of 

the difference between the ripple values of the input capacitor voltage (which is an indicator of 
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the mismatch between the phases' currents). If the difference between the ripple values of the 

input capacitor voltage is large, the step size can adaptively be set large to achieve faster 

convergence speed. As the difference between the ripple values of the input capacitor voltage 

gets smaller, the step size can adaptively be reduced accordingly to achieve higher convergence 

accuracy.  

 

Figure. 5.3: Multiphase buck converter charging a battery pack 

Possible future work also include exploring the use of the proposed IVR-SCSAT 

controller in other applications. For example, in the high-current battery charging system, 

multiphase DC-DC converter can be used to supply higher charging current to the battery while 

resulting in smaller output current ripple, as shown in Fig. 5.3. The proposed IVR-SCSAT 

controller can potentially be applied to such system to eliminate the need for the current sensors 

while eliminating the impact of voltage sensing inaccuracies on the performance of current 

sharing.  
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