
Multi-Output

SC Stage

(MoSC)

Battery Cells

Vout 1
Dc-Dc

Dc-Dc

Dc-Dc

Vout 2

Vout n

Vin 1

Vin 2

Vin n

+

+

+

_

_

_

Fig.2 Multi-output SC (MoSC) based power management system. 
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Fig.1 Conventional power management system.  
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Abstract— This paper introduces a 2-stage power 

management architecture for battery powered portable 

applications. The presented topology combines a fixed ratio 

multi-output switched capacitor converter stage with two-

input buck converters to achieve low volume and high power 

processing efficiency. Experimental comparisons with a two-

cell battery input conventional 5 V bus architecture, 

providing 15 W of total power in three different voltage 

outputs, demonstrate up to 50% reduction in the inductances 

of the downstream converter stages and up to 53% reduction 

in losses, equivalent to the improvement of the power 

processing efficiency of 12%. 

I. INTRODUCTION 

The power management module in a typical portable 

electronic device, such as a cell phone, laptop, or tablet 

computer, provides multiple regulated dc voltages. These 

voltages are supplied to various functional blocks, 

including digital processors, I/O interfaces, and memory 

devices [1]. A power management module usually 

consists of multiple dc-dc conversion stages connecting 

the input voltage source (typically a battery pack) and the 

functional blocks.  

A conventional power management module 

implementation is shown in Fig.1. It consists of a front-

end dc-dc converter, creating a stable intermediate bus 

voltage, and several downstream switch-mode power 

supplies (SMPS) and/or low-dropout (LDO) linear 

regulators providing multiple output voltages meeting 

specific steady state and dynamic voltage requirements 

[1]. In order to minimize the power losses of this two-

stage conversion process, both stages are required to be 

very efficient. 

One of the main challenges related to the 

implementation of the traditional power management 

modules is their weight and size. In numerous portable 

devices these modules are by far the largest contributors 

to the overall size and weight [2], taking a significant 

portion of the overall volume [3]. This is largely due to 

the bulky and costly reactive components of the SMPS 

output filters.  

A single-stage solution, based on a triple-output 

switched-capacitor (SC) architecture, was proposed in [2], 

to minimize the volume of the power management 

module. This architecture eliminates the need for bulky 

filtering inductors, which are typically the largest 

contributors to the overall filter volume. However, the 

architecture’s fixed input-to-output conversion ratios do 

not allow its use in battery-powered applications, as the 

battery voltage varies with its state-of-charge. To provide 

tight output voltage regulation, in [4], [5] compact and 

power efficient solutions are presented. In these solutions, 

a SC fixed-ratio voltage divider is used as a front-stage to 

provide a bus voltage that is not regulated. This stage is 

followed by volume-reduced conventional dc-dc 

converters, providing tightly regulated outputs for the 

functional blocks.  

This paper introduces a novel power management 

module architecture for battery-powered applications that 

allows further volume reduction of the reactive 
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Fig.3 Triple output MoSC-based power management module.  

components. In this architecture, shown in Fig.2, the 

front-end converter is replaced with a multiple-output SC 

stage (MoSC) and, instead of operating at the full bus 

voltage, the downstream converters, providing tightly 

regulated voltages, are supplied by differential output 

taps.  

The following section shows that, in addition to 

eliminating the front stage inductor, this arrangement 

allows reducing the downstream stages’ inductors 

drastically and improving their efficiencies significantly, 

by minimizing switching losses. These advantages could 

potentially create an opportunity for an increased level of 

on-chip integration of the power management modules 

compared to existing solutions. 

The following section explains the principle of 

operation of the proposed power management 

architecture. Practical implementation is discussed in 

Section III, and Section IV presents experimental results 

verifying the proper system operation.   

 

II. PRINCIPLE OF OPERATION 

In some low-power applications switched-capacitor 

(SC) converters are preferred over conventional switch-

mode power supplies (SMPS) as they do not require bulky 

inductors, and hence can easily be implemented on 

integrated circuits [6]. Such SC networks operate most 

efficiently (around 95% [7]) at fixed input-to-output 

voltage ratios. However, they demonstrate significant 

efficiency degradation when they are required to provide a 

fixed output voltage as the input voltage varies [8]. The 

transient response of SC circuits is also inferior compared 

to conventional SMPS alternatives [9], making them 

unsuitable for applications where strict voltage regulation 

and transient response requirements need to be met. On 

the other hand, SMPS requires bulky inductors, especially 

in the cases when relatively large conversion ratios are 

required [10].  

The power management architecture introduced in this 

paper (Fig.2) combines a multi-output switch-capacitor 

(MoSC) with modified dual-input buck converters [11]. 

The front-end SC stage operates with a fixed conversion 

ratio, at the peak efficiency point. The downstream buck 

converters providing tight regulation are connected across 

the individual output capacitors of the SC stage, to 

minimize the voltages across the converters’ components, 

resulting in volume and loss reductions. In the following 

subsections, more details of the power management 

module operation are given through a description of the 3-

output module shown in Fig.3.  

 

A. Triple output fixed-ratio switched-capacitor 

converter 

In the system of Fig.3 a MoSC stage provides 2/3 and 

1/3 of the battery pack voltage, Vbatt for the intermediate 

capacitor network. This stage is a modified version of the 

well-known single-output switched capacitor voltage 

halver [2]. This modification has two additional switches 

and an extra shuttling capacitor, to accommodate multiple 

outputs. 

To maintain constant Vbatt/3 voltage across all 

intermediate capacitors, the shuttling capacitors 

redistribute the charge difference through a two-phase 

switching sequence. In phase 1, labeled with red dashed 

lines, SW1, SW3, and SW5 are turned on, to connect 

shuttling capacitors Cs1 and Cs2 across Cmid1 and Cmid2, 

respectively. Similarly in phase 2, marked with blue 

dashed lines, Cs1 and Cs2 are connected across Cmid2 and 

Cmid3 respectively, through SW2, SW4 and SW6.  

It is important to note that, compared to conventional 

topologies, the MoSC stage does not require significantly 

larger capacitance volume. The total volume of the 

capacitors Cmid1 to Cmid3, which is proportional to the sum 

of their CV
2
 values, is approximately the same as that of 

Cbus (Fig.1). The shuttling capacitors, handling just the 

charge difference between the outputs, have much smaller 

values and, thus, do not significantly contribute to the 

overall volume.  

 

B. Modified downstream buck converters 

The front-end MoSC stage of this power management 

module does not provide regulation of the output tap 

voltages, in case of input voltage variation. As the battery 

cell voltages vary, the intermediate voltages also vary, but 

maintain the desired fixed ratio. In the targeted 

applications, this change is fairly constrained due to the 

limited variation exhibited by the battery pack voltage, 

imposed by inside-the-pack integrated protection systems 

preventing full discharge [12]. To compensate for the 

battery’s state-of-charge dependent voltage variations, the 

MoSC stage is connected to a string of modified buck 

converters providing regulated output voltages, as shown 

in Fig.3.   

Each of the converters is based on the dual-input buck 

concept [11] that results in a drastic reduction of the 
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Fig.4 Practical implementation of triple-output MoSC-based power 

management module and its controller. 

output filter inductance value and minimization of the 

switching losses. In this case, the concept is extended to 

multiple outputs. Also, the bulky dual-output flyback 

converter, earlier used to provide two input voltages, is 

replaced with the previously described MoSC stage.  

The principle of inductor minimization can be 

described by looking at the current ripple and duty ratio 

equations for a general single inductor-based converter in 

continuous conduction mode: 

 

               

sw

offL

sw

onL

L
fL

DV

fL

DV
i









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)1(

2

__  ,            (1)  

 

where D is the duty ratio, L is the inductance value, fsw is 

the switching frequency, and the values VL_on and VL_off the 

voltages across the inductor during on and off states of the 

main switch, respectively. In the conventional buck 

converter case VL_on = (Vg-Vout) and VL_off = Vout, where Vg 

and Vout are the input and output voltages of the converter, 

respectively.  The most common approach to minimize 

the inductor value, while maintaining the same current 

ripple, is to increase the switching frequency [13]. 

However, this approach results in increased switching 

losses [14] and therefore, poses a fundamental limit on the 

inductor size reduction. In the modified buck converters 

of Fig.3, the inductors are reduced by minimizing VL_on 

and VL_off values.  This is achieved by setting the two 

possible switching node (vx1-3 of Fig.3) voltage values, i.e. 

the outputs of the MoSC stage, to be slightly larger and 

slightly smaller than the desired converter output voltage. 

For example, for the buck stage producing Vout1, the two 

possible values of vx1 are Vbatt and 2Vbatt/3, where Vbatt 

>Vout1>2Vbatt/3. This effectively reduces the voltage 

swings across the inductors, allowing for their 

minimization. Also, since the converter switches are 

operating with lower blocking voltages in steady state, the 

switching losses are reduced as well [15].    

 

III. PRACTICAL IMPLEMENTATION 

Fig. 4 demonstrates a practical implementation of the 

introduced power management module architecture for 

systems supplied by two series-connected, standard 3.3 V 

lithium-ion cells (whose voltage typically varies between 

2.7 and 3.6 V [16], [17]) and require three different 

outputs. The output voltages are 1 V for the digital 

processors, 3.3 V for analog components, and 5 V for 

USB ports and peripherals. Typical applications for such 

an architecture include tablet computers and a number of 

other mobile devices. 

 

A. Comparison with a conventional topology 

The following discussion describes advantages of the 

introduced power management topology over a 

conventional system of Fig.1, where a front-end bus 

converter [18] provides a well-regulated 5 V intermediate 

bus voltage over the range of battery voltage variation. In 

the introduced architecture, since the front-end MoSC 

stage does not provide voltage regulation, buck1 is used to 

supply 5V loads, as in Fig. 4. As this dual input buck 

processes less power and operates with a smaller 

switching node voltage swing, i.e. 1/3 of Vbatt, it requires a 

much smaller inductor. By taking into account both (1) 

and the fact that the volume of an inductor is proportional 

to the energy it stores, i.e. 0.5(LI)
2
, inductor volume 

reduction in buck1 can be calculated. For a 6.6 V input, 

this inductor reduction is proportional to approximately 

0.36(Iload/Ibus)
2
, where Ibus and Iload are nominal bus and 

load currents respectively, for the system of Fig.1. This 

comparison assumes the same switching frequencies and 

current ripples. Since the 5 V downstream stage of the 

MoSC processes less power, it can potentially operate at a 

higher switching frequency, allowing for an even larger 

volume reduction [13].   

Potential inductor size and switching loss reductions 

for the downstream stages providing 3.3 V and 1 V are 

demonstrated in Table I.  This table shows normalized 

values of the switching node (vx1-3) voltage swings 

Table I: Inductor volume and switching loss reductions  

 Vsw_norm L_norm Psw_norm fsw_norm 

Dual-input buck 

3.3 V    

0.44 0.49 0.44 1 

Dual-input buck 

 1 V    

0.44 0.68 0.44 1 

Dual-input buck 

3.3 V   (incr. fsw) 

0.44 0.25 0.88 2 

Dual-input buck  

1 V   (incr. fsw) 

0.44 0.34 0.88 2 
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Fig.5 Inductor currents and switching node voltages of the conventional 
and MoSC-based dual-input downstream stage for 3.3 V output. Ch2: 

switching  node, vx2 (5 V/div); Ch3: inductor current (250 mA/div). 

 
 

 

        

vsw_norm, inductances Lnorm, and semiconductors switching 

losses Psw_norm for the implemented topology of Fig.4, with 

respect to their equivalents in a conventional topology 

(Fig.1). For the conventional topology, the downstream 

SMPS buck converters operate with a 5 V swing at 

switching nodes, whereas in the proposed topology, the 

downstream stages have 2.2 V swings. This is shown in 

the Vsw_norm column of Table I. Since the currents supplied 

by the downstream stages in both configurations are the 

same, the inductor size reduction is only due to the lower 

voltage swing. It can be seen that significant reductions in 

inductor size by 51 % and 32 % can be achieved. Table I 

also demonstrates that this minimization is accompanied 

with drastic reductions in switching losses, to 44 % of the 

conventional value [15]. Furthermore, it also shows that, 

if operating at twice the switching frequencies, the MoSC 

based architecture can achieve inductor volume reductions 

that exceed 75 % while maintaining lower switching 

losses than the conventional counterpart.   

 

B. Digital Controller 

A digital controller regulates operation of the MoSC 

stage and the downstream converters. A three input 

analog-to-digital converter (ADC1), which can be 

implemented by three separate conversion channels or 

single time-shared channel for three inputs [19], is used to 

acquire digital equivalents of the output voltages. These 

voltages are then subtracted from their respective 

references and the corresponding errors, e1[n] are 

obtained. A PID regulator creates control signals for a 

multi-input multi-output digital pulse-width modulator 

(DPWM) to provide tight-regulation of the output 

voltages. This architecture is similar to the well-known 

digital controller architecture discussed in numerous 

publications [20], [21]. 

In addition, a cross regulation suppression module is 

incorporated to reduce cross-regulation problems during 

transients. The cross regulation between different outputs 

exists due to the stacked-up intermediate capacitor 

configuration. These intermediate capacitors serve as 

input filters for the downstream stages and hence, 

transients at the outputs create charge imbalance in this 

capacitors. In order to mitigate this problem, a feed-

forward based approach [22], [23] is utilized, where ADC2 

is used to acquire information regarding the intermediate 

capacitor voltages during transients. Based on this 

information, the cross regulation suppression block 

adjusts the instantaneous duty ratio values such that the 

cross regulation problem is minimized. The effectiveness 

of the cross regulation suppression module is shown in 

the experimental results section of this paper. 

 

C. Incorporating a cell balancing feature 

The cell balancing feature is incorporated in the 

topology in a very simple manner, by adding a single 

inductor, Lbal (Fig.4).  In normal operation, the right side 

of the inductor (Fig.4), i.e. its switching node, ideally 

switches between 2/3Vbatt and 1/3Vbatt with a 50 % phase 

duration, due to the regular operation of the SC circuit. 

Therefore, in steady state, the left side of the inductor will 

be forced to be at 1/2Vbatt , which is the average switching 

node voltage. As a result, in the ideal case, the normal 

operation of the MoSC stage would force the battery cells 

to be balanced. However, if a cell imbalance is observed, 

a slight variation of switch cap phase duration from the 

regular 50 % value is applied without significantly 

affecting the intermediate capacitor voltages. This is 

possible as tight regulation in the intermediate nodes is 

not required for proper system operation. As shown in 

Fig.4, ADC3 provides information regarding the battery 

voltages and this information is used to adjust the duration 

of the gating signal phases for sw1-6, providing battery cell 

balancing. 

In addition, the cell balancing inductor provides bi-

directional energy transfer between the battery cells and 

intermediate capacitors, through the shuttling capacitors. 

In the event of unbalanced loads at the outputs, i.e. 

different load currents taken from different output 

voltages, the intermediate capacitors and hence, the 

shuttling capacitors might show charge imbalance. In the 

presence of Lbal this imbalance is minimized as the 

bidirectional energy transfer allows maintaining equal 

charge in the shuttling capacitors while balancing battery 

cells. Furthermore, in the absence of Lbal, the energy to the 

output of buck3 is transferred to Cmid3 via Cs1 and Cs2, 

whereas Lbal creates a direct path from the battery cell to 

Cmid3 through Cs2. As a result, Lbal, while providing the 

cell balancing feature, also helps equal charge distribution 

in the MoSC stage and improves system efficiency.   

 

IV. EXPERIMENTAL SYSTEM AND RESULTS 

Based on the diagram of Fig.4 an experimental system 

was developed using discrete components and a FPGA-
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Fig.8 Measured efficiency of MoSC front-stage alone and combined 2-

stage, from battery source to 1V output, of the proposed architecture.  
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Fig.6 Inductor currents and switching node voltages of the conventional 

and MoSC-based dual-input downstream stage for 1 V output. Ch2: 

switching  node, vx3 (5 V/div); Ch3: inductor current (250 mA/div). 

 

 
 

 

        

 
 

Fig.7 Efficiency comparisons of the MoSC based dual-input buck 

architecture and the conventional downstream converter.   

 
 

 

        

based controller implementation. Three stacked buck 

converters are connected differentially across the 

intermediate capacitor string. The MoSC stage provides 

the node voltages of the capacitive string. For two 3.3 V 

Li-ion battery cells, these voltages are approximately 6.6 

V, 4.4 V and 2.2 V. The MoSC stage operates at a fixed 

frequency of 500 kHz while the downstream stages, 

providing 5 V/ 3 W, 3.3 V/ 9 W and 1 V/ 3 W, switch at 1 

MHz. The characteristics of the MoSC based system 

functional blocks are compared to those of conventional 

downstream buck stages operating from a 5 V bus and 

providing the same outputs.  

Figs. 5 and 6 show comparisons of the inductor 

currents and switching node voltages of the conventional 

and MoSC-based dual-input downstream stages when 

providing 3.3 V and 1 V at their outputs, respectively. For 

demonstration purposes the inductors of both 

configurations are selected to be the same. The results 

demonstrate lower switching node voltage swing, and 

consequently, about 50% lower inductor current ripple for 

the 3.3 V dual-input buck of the MoSC-based 

architecture, allowing for the same percentage of inductor 

volume reduction. For the 1 V output, this reduction is 

about 30 %. 

 

A.  System efficiency 

Fig.7 shows measured efficiency comparison of the 

conventional and dual-input downstream buck converters 

providing a 1 V output over a 250 mA to 3 A load 

variation. For the conventional case, the buck converter 

operates from a 5 V bus voltage, whereas in the proposed 

topology it operates from the 2.2 V intermediate capacitor 

voltage. The results confirm up to 53% reduction in total 

losses, improving the overall efficiency by 12% at light 

loads, where the switching losses are dominant, as well as 

a noticeable improvement throughout the entire operating 

range.  

Fig. 8 shows the measured efficiency of the proposed 

MoSC front-stage, along with combined MoSC and 

downstream buck efficiency for 1 V output. The MoSC 

stage in the experimental prototype was developed with 

discrete components and shows above 90% efficiency for 

0.25 A to 3A output current. In the case of an integrated 

switched-capacitor front-stage this efficiency is expected 

to be higher. As shown in Fig.8, a relatively flat efficiency 

curve of the MoSC stage is the key for overall high 

system efficiency.    

 

B. Minimizing cross regulation between outputs 

Fig.9 shows the cross regulation issues discussed in 

the practical implementation section of this paper. The 

stacked configuration of the intermediate capacitor 

network inherently imposes this problem. As shown in 

Fig.9, due to a transient at any buck converter output 

(marked with red circles), sub-transient responses at two 

other outputs can occur.  
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Fig.11 Performing battery cell balancing while regulating the output 
voltage. Ch1: buck3 output voltage, Vout 3 (200 mV/div); Ch2: bottom 

battery cell voltage (1 V/div); Ch3: top battery cell voltage (1 V/div); 

Ch4: current of the cell balancing inductor, Lbal (1 A/div). 

 

 
 
Fig.10 Significant suppression of cross regulation problem. Ch1: load 

step signal; Ch2: buck1 output voltage, Vout 1 (100 mV/div); Ch3: buck2 

output voltage, Vout 2 (100 mV/div); Ch4: buck3 output voltage, Vout 3 (100 
mV/div). 

 

 
 

Fig.9 Cross regulation between output voltages. Actual load steps are 

marked in red dotted circles (LS_1 to LS_3). Ch1: buck3 output voltage, 
Vout 3 (200 mV/div); Ch2: buck2 output voltage, Vout 2 (500 mV/div); Ch3: 

buck1 output voltage, Vout 1 (500 mV/div). 

 
 

 

The digital controller of Fig.4 reduces the effects of 

the cross regulation by utilizing a feed-forward 

architecture. When the centralized controller detects a 

transient in one of the buck output voltages, it utilizes the 

feed-forward information to adjust the duty ratios of the 

other two buck stages, to minimize their sub-transients. 

The effectiveness of the cross regulation suppression 

control-action during a light-to-heavy transient at 1V 

output is shown in Fig.10. The proposed solution allows 

limiting the sub-transient responses to 20 mV deviation.   
 

C. Cell balancing using Lbal   

Fig.11 demonstrates how battery-cell balancing is 

performed, while regulating the output voltages, for the 

case when the top cell has a larger state-of-charge than the 

bottom one. To show the effect over a relatively short 

period two 5 F ultra capacitors, having much smaller 

capacity than conventional battery cells, are used. An 

initial large mismatch between the capacitors was created 

to demonstrate the effectiveness of the proposed cell 

balancing feature. It can be seen that by slightly changing 

the SC duty ratio from its 50% nominal value, the initial 

imbalance between Vbatt1 and Vbatt2 is effectively 

eliminated. Fig.11 also shows how the output voltage is 

perturbed during this operation. However, it is important 

to note here that, such a large mismatch (~1V) would not 

occur during the normal system operation and hence, the 

balancing would be performed without creating any 

disturbance at the outputs. 

 

V. CONCLUSIONS 

A low-volume power management architecture for 

battery powered applications is introduced. To achieve 

reduced inductor volume and improved efficiency, the 

front-end buck converter stage existing in conventional 

systems is replaced with an inductor-less fixed-ratio 

multi-output switch-capacitor (MoSC) converter. The 

MoSC stage is followed by a string of modified dual-input 

downstream buck converters having lower volume and 

smaller switching losses than their conventional 

counterparts. The advantages of the new architecture are 

experimentally verified.    
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