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Abstract  

 

An extension of the one-cycle control (OCC) method for switched-capacitor (SC) converters is proposed in this paper, 
featuring a fast dynamic response, wide line and load operation ranges, and simplicity in implementation. To illustrate the 
operation principle of this nonlinear control method and to demonstrate its simplicity in design, a dual-phase unity gain SC 
converter is examined. A new control loop based on the charge balance in a flying capacitor is formulated for the OCC technique 
and implemented with a 15W dual-phase unity gain SC converter on a circuit board for control verification. The obtained 
experimental results show that external disturbances can be rejected in one switching cycle by the OCC controlled SC converter 
with good line and load regulations. When compared to other control methods, the proposed nonlinear control loop exhibits 
superior dynamic performance in suppressing input and load disturbances.  
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I. INTRODUCTION 

An ideal DC power supply for mobile electronics such as 
cellular phones, tablets and internet-of-things (IOT) edge 
devices, must possess the features of light weight, small form 
factor, and high power density. A switched-capacitor (SC) 
converter, comprised of only switches and capacitors, has 
advantages over inductor based converters in this regard [1]-[3]. 
Furthermore, a SC converter has the potential for system-on-
chip (SOC) implementation, since high quality magnetic 
components (e.g., inductors and transformers) are not readily 
available in silicon [4]. However, for practical use, a SC 
converter must have the capability of rendering a stable output 
voltage independent of loads and source. It must also exhibit 
fast external disturbance rejection.  

The majority of controller designs in SC converters employ 
a conventional open-loop control method, pulse-width 
modulation (PWM), frequency modulation (FM) [5], or current 
mode control [6]. Among them, conventional open-loop 
control is widely used owing to its ease of implementation. 
Alternatively, a proportional-integral-derivative (PID) control 

design based on a small signal model and a state-space 
averaging method was proposed and demonstrated in [7]. It 
can operate effectively under narrow input voltage and load 
ranges. However, due to the nonlinear characteristics of SC 
converters with an exponential profile of charging and 
discharging currents and very short time constant ߬, such linear 
control methods have a limited use. Typically, a nonlinear 
control method taking these characteristics into consideration 
can provide better performance for SC converters [8]. 

Recently, a nonlinear variable structure control (VSC) 
method was applied to a dual-phase SC converter [8]-[9]. It 
achieved improvements in the dynamic and steady-state 
performances of the SC converter. However, this control 
method requires several switching cycles for the system to 
reject external disturbances. In order to satisfy the existence 
and stability conditions of sliding mode (SM) operation, the 
input voltage and load of a SC converter should be restricted to 
a limited range [9]. Furthermore, this VSC method is one form 
of constant frequency SM control implemented in the PWM 
mode. It is complex and not easy to implement. Another 
control method that adopted an adaptive mixed-on time and a 
variable frequency to reduce input current spikes was proposed 
in [10]. It was used in interleaving SC cells to achieve a 
seamless charging current from a power source. In a wide 
operation range, this control method has a high risk of “overlap” 
or “underlap” interleaving. A phase-shift interleaving control 
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for variable-phase SC converters was presented in [11]. By 
adopting multiple SC converters connected in parallel and the 
N-state hysteresis unit selection control scheme, it performed 
voltage conversions with little electromagnetic interference 
(EMI) over wide operating conditions. However, a very 
complicate control circuit was required to measure the precise 
output current for unit selection.  

Based on the aforementioned discussion, an alternative 
simple nonlinear control method with a fast dynamic response 
speed and a simple topology is worth exploring to extend the 
current applications of SC converters.  

The one-cycle control (OCC) method, which was developed 
for switching converters [12]-[22], has the ability to control the 
duty-ratio of switches so that the average diode-voltage is 
exactly equal to the control reference in each switching cycle. 
It completely rejects external disturbances and enables the 
output voltage to rapidly follow the control reference. In 
addition, the OCC controller is simple, robust, and cost-
effective without any current sensor or ramp generator. 
However, the translation of the OCC technique from a 
conventional inductor-based converter or inverter to a dual-
phase SC converter is not straightforward. This is due to the 
specific composition of the output voltage, which is provided 
by two symmetrical SC cells operating in a dual-phase 
switching manner [9]. In this paper, this method is extended to 
the application of SC converters based on the charge balance of 
a flying capacitor for the SC converter model. It exhibits a fast 
one cycle dynamic response time, a wide operation range, good 
line and load regulations, and automatic switching error 
correction. 

This paper is organized as follows. In section II, the design 
and operation principle of the OCC technique for SC 
converters are presented in combination with a basic step-down 
dual-phase SC converter as an illustration example. 
Experimental verification is given in section III. Then some 
conclusions and discussions follow in section IV. 

 

II. OPERATIONAL PRINCIPLE OF THE OCC 
TECHNIQUE 

A basic step-down dual-phase SC converter with one 
capacitor per stage, similar to the circuit topology in [10], [11] 
and [23], is chosen for illustrative purposes and shown in Fig. 
1(a). This allows for the use of a simple SC converter for 
discussing the theoretical and analytical framework of the OCC 
control method. Its timing diagram and four operation states 
are shown in Fig.1(b) and Fig.2, respectively. 

Dual-phase SC converters have the symmetrical property. 
The flying capacitors ܥଵ and ܥଶ work complementarily with 
each other. In the first half cycle (State 1 and State 2), as shown 
in Fig. 2, ܥଵ is charged by the input voltage source for the ௢ܶ௡ 
time period, while ܥଶ discharges its storage energy to the load 
for  0.5 ௦ܶ. In the second half cycle (State 3 and State 4), the 
roles of ܥଵ and ܥଶ are interchanged. Each capacitor has a  

Fig. 1. Basic step-down dual-phase SC converter. (a) Topology 
of dual-phase SC converter, (b) Timing diagram. 
 

 
Fig. 2. Four operation states of step-down dual-phase SC 
converter.  

 

charging period and a discharging period in each switching 
cycle. In order to facilitate the control model derivation, the 
following assumptions are made. (1) The capacitors ܥଵ and ܥଶ 
are identical, with the same capacitance and the same 
equivalent series resistance (ESR). (2) ଵܵ and ܵଷ are identical, 
while ܵଶ  and ܵସ  are identical with same “on resistance.” (3) 
When ଵܵ is ON, ܵଷ must be OFF, and vice versa. When ܵଶ is 
ON, ܵସ must be OFF, and vice versa. 

A. Operation Theory of the OCC Method  

Due to the symmetrical topology of this SC converter, a half 
circuit model is adequate for an analysis of the OCC technique 
design. It is only necessary to consider the charging and 
discharging operations of the flying capacitor ܥଵ. Based on the 
charge balance of the flying capacitor ܥଵ [24], the increase in 
the voltage of ܥଵ  during the charging period is equal to the 
negative voltage drop of ܥଵ during the discharging period, i.e.: 

∆ ௖ܸଵሺ௖௛௔௥௚௜௡௚ሻ ൌ െ∆ ௖ܸଵሺௗ௜௦௖௛௔௥௚௜௡௚ሻ               (1) 

For State 1 in Fig.2, during the charging period, the 
instantaneous charging current of the flying capacitors ܥଵ can 
be expressed as: 

௖ଵሺ୲ሻܫ ൌ
௏೔೙ି௏೎భሺ೟ሻ

ோ೔೙భ
ൌ ଵܥ

ௗೇ೎భሺ೎೓ೌೝ೒೔೙೒ሻ

ௗ௧
              (2) 

Where ௜ܸ௡  is the input voltage, ௖ܸଵሺ௧ሻ  is the instantaneous 

voltages of the flying capacitor ܥଵ  during the charging 
operation, and ܴ௜௡ଵ  is equivalent resistance in the charging 
loop, i.e.,	ܴ௜௡ଵ ൌ ܴ௦ଵ ൅ ܴ௖ଵ. Here, ܴ௦ଵ is the “on resistance” of 
the switch ଵܵ, and 	ܴ௖ଵ is the ESR of the flying capacitor ܥଵ.  

During the charging period, the relationship between the 
voltage of the flying capacitor ܥଵ and the input voltage can be 
derived as: 
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௖ܸଵ௠௔௫ ൌ ௜ܸ௡ െ ሺ ௜ܸ௡ െ ௖ܸଵ௠௜௡ሻ݁
షವభ೅ೞ
ೃ೔೙భ಴భ              (3) 

For State 3 and State 4 in Fig.2, during the discharging 
period, the instantaneous discharging current of the flying 
capacitor ܥଵ	can be obtained with the following equation:  

ௗଵሺ୲ሻܫ ൌ
௏೏భሺ೟ሻି௏೚

ோ೏೔ೞభ
ൌ െܥଵ

ௗೇ೎భሺ೏೔ೞ೎೓ೌೝ೒೔೙೒ሻ

ௗ௧
           (4) 

Where ௗܸଵሺ௧ሻ is instantaneous voltage of the flying capacitor 

 ଵ during the discharging period, ௢ܸ is the output voltage of theܥ
SC converter, and ܴௗ௜௦ଵ  is the equivalent resistance of the 
discharge loop, i.e.,ܴௗ௜௦ଵ ൌ ܴ௦ଶ ൅ ܴ௖ଵ . Here, 	ܴ௦ଶ  is the “on 
resistance” of the switch ܵଶ. 

The increase in the voltage of the flying capacitor ܥଵ during 
the charging period (State 1in Fig.2) can be derived as: 

∆ ௖ܸଵሺ௖௛௔௥௚௜௡௚ሻ ൌ ׬
௏೔೙ି௏೎భሺ೟ሻ

ோ೔೙భ஼భ

ௗభ ೞ்

଴
 (5)             		ݐ݀

Where ݀ଵ  is the duty-ratio of the switch ଵܵ , and ௦ܶ  is the 
time period of one switching cycle. 

During the discharging period (State 3 and State 4 in Figure 
2), assume that the discharging period is linear since the 
discharging time period 0.5 ௦ܶ  is much smaller than the 
discharging time constant ߬ௗ௜௦௖௛௔௥௚௜௡௚ ൌ ሺܴ௅ ൅ ܴ௖ଵሻܥଵ . As a 

result, the decrease in the voltage of the flying capacitor ܥଵ can 
be derived as: 

∆ ௖ܸଵሺௗ௜௦௖௛௔௥௚௜௡௚ሻ ൌ െ
௏೏భሺ೟ሻതതതതതതതതതି௏೚

ோ೎భ஼భ
	0.5 ௦ܶ           (6) 

Where ௗܸଵሺ௧ሻതതതതതതത is the average voltage of the flying capacitor ܥଵ 

during the discharging period. 
Considering the charge balance of the flying capacitor ܥଵ 

and the complementarily operation of the flying capacitors ܥଵ 
and ܥଶ, the following equation can be derived as:  

ଵሺܥ ௖ܸଵ௠௔௫ െ ௖ܸଵ௠௜௡ሻ ൌ ௢ܫ	0.5 ௦ܶ														(7) 
Based on the voltage-gap modeling method for the single 

stage SC converter in [25], the voltage gap between the 
minimum voltage ௖ܸଵ௠௜௡  of the flying capacitor ܥଵ  in the 
discharging period and the load voltage ௢ܸ can be expressed as: 

௖ܸଵ௠௜௡ െ ௢ܸ ൌ ሺ ௖ܸଵ௠௔௫ െ ௢ܸሻ݁
షబ.ఱ೅ೞ
ೃ೏೔ೞభ಴భ													(8)	

Substituting (3) and (7) into (8), the voltage conversion ratio 
of the SC converter can be derived by the following equation:  

௏೚
௏೔೙

ൌ
ଶோಽ஼భሺଵି௘షഀሻሺଵି௘షഁሻ

ଶோಽ஼భሺଵି௘షഀሻሺଵି௘షഁሻା ೞ்ሾሺଵି௘ഀሻ௘షഁାሺଵି௘షഁሻሿ
								(9) 

Here,ߙ ൌ
஽భ ೞ்

ோ೔೙భ஼భ
 and ߚ ൌ

଴.ହ ೞ்

ோ೏೔ೞభ஼భ
. 

The voltage conversion ratio of equation (9) is plotted in a 
three-dimensional (3D) plot as a function of the frequency and 
the duty-cycle as shown in Fig.3. The parameters of the SC 
converter are set as in Table I. As shown in Fig.3, with a wide 
range of frequency, the duty-ratio regulation capability is 
prominent. In addition, the output voltage gain ratio is adjusted 
rapidly in a small duty-ratio scope. Therefore, the “overlap” 
interleaving of the dual-phase SC converter is  prevented with 
the charge balance modeling method in a wide operation range. 

Substituting (5) and (6) into (1), the charge balance of the 
flying capacitor ܥଵ  in one switching cycle can then be 

 
Fig. 3. Voltage gain ratio as function of frequency and duty-cycle 
at load resistance 5 .  
 

TABLE I 
PARAMETERS OF SC CONVERTER 

Parameter Value 

R୐ 5 
Cଵ 47uF 
R୧୬ଵ 0.19 
Rୢ୧ୱଵ 0.06 

d 0-0.5 
f 100Hz-100KHz 

 
expressed as: 

ଶ

ೞ்
׬

௏೔೙ି௏೎భሺ೟ሻ

ோ೔೙భ஼భ

ௗభ ೞ்

଴
ݐ݀ ൌ

௏೏భሺ೟ሻതതതതതതതതതି௏೚

ோ೎భ஼భ
                   (10) 

Letting ܭଵ ൌ
ଶ

ೞ்ோ೔೙భ஼భ
 and ܭଶ ൌ

ଵ

ோ಴భ஼భ
, equation (10) can be 

rearranged as: 

ଵܭ ׬ ሺ ௜ܸ௡ െ ௖ܸଵሺ௧ሻ
ௗభ ೞ்

଴
ሻ݀ݐ ൌ ଶሺܭ ௗܸଵሺ௧ሻതതതതതതത െ ௢ܸሻ									(11) 

In order to obtain the charge balance equation for the flying 
capacitor ܥଶ, the following definitions are made. (a) ௗܸଶሺ௧ሻതതതതതതത	is 

the average voltage of the flying capacitor ܥଶ during the 
discharging period (State 1 and State 2 in Fig.2). (b)	 ௖ܸଶሺ௧ሻ	is 

the instantaneous voltage of the flying capacitor ܥଶ during the 
charging period (State 3 in Fig.2). (c) ܴ௖ଶ is the ESR of the 
flying capacitor ܥଶ,	ܴ௦ଷ is the “on resistance” of the switch ܵଷ, 
and R୧୬ଶ is the equivalent resistance in the charging loop (State 
3 in Fig.2), i.e., ܴ௜௡ଶ ൌ ܴ௦ଷ ൅ ܴ௖ଶ. (d) dଷ is the duty-ratio of 
the switch ܵଷ (dଵ ൌ dଷሻ. Using the same principle and letting 

ଷܭ ൌ
ଶ

ೞ்ோ೔೙మ஼మ
 and ܭସ ൌ

ଵ

ோ೎మ஼మ
, the charge balance of the flying 

capacitor ܥଶ in one switching cycle can be derived as: 

ଷܭ ׬ ሺ ௜ܸ௡ െ ௖ܸଶሺ௧ሻሻ
ௗయ ೞ்

଴
ݐ݀ ൌ ସሺܭ ௗܸଶሺ௧ሻതതതതതതത െ ௢ܸሻ         (12) 

The discharging period of the flying capacitor ܥଵ  can be 
divided into two stages (Stage I and Stage II) as shown in Fig.4. 
During Stage I, the flying capacitor ܥଵ discharges its storage 
energy to the filter capacitor ܥ௢. This period is very short and 
has a very little effect on the output voltage. Therefore, it can 
be ignored. For Stage II, the flying capacitor ܥଵ	and the filter 
capacitor ܥ௢  concurrently deliver their storage energy to the 
load resistor ܴ௅. The relationship between the load current and 
the instantaneous discharging currents of the capacitors ܥଵ and 
  :௢ can be written asܥ
                                    	݅௢ ൌ ݅ௗଵ ൅ ݅௖௢																																					(13) 
During the discharging period of Stage II, the change in the 



2060                                           Journal of Power Electronics, Vol. 16, No. 6, November 2016 
 

 

Fig. 4. Two Stages of flying capacitor ܥଵduring the discharging 
period. 
	
voltage of the flying capacitor ܥଵ  is equal to the change in 
voltage of the parallel connected capacitors ܥଵ  and ܥ௢ , the 
following equation can be derived as: 

  
∆ொଵ

஼భ
ൌ

∆ொଶ

஼భା஼೚
ൌ

௜೏భ∆௧

஼భ
ൌ

ሺ௜೏భା௜೎೚ሻ∆௧

஼భା஼೚
                  (14) 

Where ∆ܳ1  is the stored charge change of the flying 
capacitor ܥଵ.	∆ܳ2 is the stored charge change of the parallel 
connected capacitors ܥଵ and ܥ௢.	∆ݐ	is the time period of Stage 
II in Fig.4. 

According to equations (13) and (14), the difference in 
average voltage of the flying capacitor ଵܥ	  during the 
discharging period Stage II and output voltage ௢ܸ  can be 
expressed as: 

 
 

                                             (15) 

Where ܴ௦ଶ is the “on resistance” of the switch ܵଶ. 
Examining equation (15) with the assumption that the output 

voltage ( ௢ܸ) and the load resistance (ܴ௅) are constant, it can be 
observed that the difference voltage ∆ ௗܸ௜௙  is kept constant. 

This implies that the average voltage of the flying capacitor ܥଵ 
( ௗܸଵሺ௧ሻതതതതതതത) during the discharging period has a linear relationship 

with the output voltage ( ௢ܸ). If the average voltages ( ௗܸଵሺ௧ሻതതതതതതത and 

ௗܸଶሺ௧ሻതതതതതതത ) of the flying capacitors ܥଵ  and ܥଶ  during the 

discharging period are replaced by the reference voltage ݒ௥௘௙, 

the output voltage ௢ܸ  of the SC converter can be controlled 
linearly to the target voltage ݒ௥௘௙. This can be expressed as: 

௢ܸ ൌ ௥௘௙ݒ െ ∆ ௗܸ௜௙																																					(16) 

Replacing the average voltage of the flying capacitor ܥଵ 
ሺ ௗܸଵሺ௧ሻതതതതതതത ) and the average voltage of the flying capacitor ܥଶ 

( ௗܸଶሺ௧ሻതതതതതതത ) during the discharging period by ݒ௥௘௙ , the charge 

balance equations (11) and (12) can be respectively rewritten 
as: 

ଵܭ ׬ ሺ ௜ܸ௡ െ ௖ܸଵሺ௧ሻሻ
ௗభ ೞ்

଴
ݐ݀ ൌ ௥௘௙ݒଶሺܭ െ ௢ܸሻ													(17) 

ଷܭ ׬ ሺ ௜ܸ௡ െ ௖ܸଶሺ௧ሻሻ
ௗయ ೞ்

଴
ݐ݀ ൌ ௥௘௙ݒସሺܭ െ ௢ܸሻ           (18) 

 
It is worth mentioning that equations (17) and (18) are the 

key control equations for the OCC method.  
The two integrations ( ௜ܸ௡௧ଵ	 and ௜ܸ௡௧ଶ ) of the difference 

between the input voltage ௜ܸ௡  and the voltage of the flying 
capacitor ܥଵ ( ௖ܸଵሺ௧ሻ) and that of the flying capacitor ܥଶ ( ௖ܸଶሺ௧ሻ) 

are expressed in the left hand side of equations (17) and (18), 

respectively. The control decreased voltage signal ௘ܸ  of the 
flying capacitor ܥଵ or ܥଶ is obtained from the right hand side of 
the equations, i.e.: 

௘ܸ ൌ ௥௘௙ݒଶ൫ܭ െ ௢ܸ൯ ൌ ௥௘௙ݒସሺܭ െ ௢ܸሻ													(19) 

A dual-phase SC converter can be properly controlled by the 
OCC technique with the key control equations (17) and (18). 
The control signals for the switches ଵܵ and ܵଷ, i.e.,	 ௦ܷଵ and ௦ܷଷ, 
are determined by equations (17) and (18), respectively. As 
illustrated in the key control equations, the control decreased 
voltage signal ( ௘ܸ) is equal to the integration ( ௜ܸ௡௧ଵ or ௜ܸ௡௧ଶ) in 
each of the switching cycles. The duty-ratios ݀ଵ( ௦ܷଵ) and ݀ଷ 
( ௦ܷଷ ) of the current switching cycle are independent of the 
history states of the previous switching cycles. The transient 
disturbance of the integration or the control decreased voltage 
signal can be completed within one switching cycle. The 
control signals determined by (17) and (18) are nonlinear 
functions of the input voltage, the voltage of the flying 
capacitor, the output voltage and the control reference. With an 
aid of the OCC nonlinear control, the output voltage of the SC 
converter is transformed to be linearly dependent on the control 
reference voltage ݒ௥௘௙.  

B. OCC Controller for Dual-Phase SC Converters  

Stable operation of dual-phase SC converters can be 
implemented by the OCC controller as shown in Fig.5(a). The 
operation waveforms for this configuration are depicted in 
Fig.5(b). This control system is comprised of two resettable 
integrators, two comparators, two nor-gate level triggered SR 
flip-flops and some other passive components. It is simple and 
easy for implementation. 

The resettable integrator of the OCC controller in this paper 
is constructed by a RC circuit and a reset switch as shown in 
Fig.6. For the RC circuit, the integration function can be 
achieved when the following requirements are satisfied: 

(a) The time constant ߬ ൌ  should be much larger, when ܥܴ
compared to the time period of the input signal. 

(b) The resistance of ܴ  should be higher (minimum 10 
times) than the capacitive reactance ݎ௖௛. 

Based on the above assumptions, the integration relationship 
between the input signal and the output signal can be derived  
as the following equation: 

            ௢ܸ ൌ
ଵ

ோ஼
׬ ௜ܸ௡݀ݐ
௧

଴
																																   (20) 

The integration time is determined by the control signal of 
the reset switch ܹ  as shown in Fig.6. The slope of the 
integration is proportional to the value of the input signal ௜ܸ. 

clock 1 signal in Fig.5(a) set Flip-Flop 1 (ܳ ൌ 1	and തܳ ൌ 0) 
to turn on the switch ଵܵ  of the dual-phase SC converter (in 
Fig.1(a)) and to turn off the reset switch ଵܹ of the resettable 
integrator (in Fig.5(a)). The reset switch ଵܹ will be kept OFF 
for the ݐ௪ଵ௢௙௙ ൌ ݀ᇱ ௦ܶ time period. When the flying capacitor 

 ଵ starts charging, the difference between the input voltage andܥ
the voltage of the flying capacitor ܥଵ [ ௜ܸ௡ െ ௖ܸଵሺ௧ሻ] is integrated 

∆ ௗܸ௜௙ ൌ ௗܸଵሺ௧ሻതതതതതതത െ ௢ܸ ൌ ݅ௗଵ ൈ ሺܴ஼ଵ ൅ ܴ௦ଶሻ 

																			ൌ
஼భ

஼భା஼బ
ൈ

௏೚
ோಽ
ൈ ሺܴ௖ଵ ൅ ܴ௦ଶሻ     
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

Q



Q

 
(a) 

Clock1

Vint1 Ve

Us1

Ucom1

Uw1

TsTon 2Ts

݀′ ݏܶ  ݀′ ݏܶ ݀′ ݏܶ  

 
(b) 

Fig. 5. OCC controller for dual-phase SC converter (a)Logic 
circuit (b)Operation waveforms of OCC controller. 

 

by the resettable integrator and is continuously compared with 
the control decreased voltage signal ௘ܸ 	ሾ ௘ܸ ൌ ଵሺܭ ௥ܸ௘௙ െ ௢ܸሻሿ. 

When the integration ௜ܸ௡௧ଵ ଵܭ]  ׬ ሺ ௜ܸ௡ െ ௖ܸଵሺ௧ሻ
ௗభ ೞ்

଴
ሻ݀ݐ] reaches 

the control decreased voltage signal ௘ܸ, the comparator changes 
its state (from 0 to 1) and Flip-Flop 1 is set the second state 
(ܳ ൌ 0	and തܳ ൌ 0). At this point in time, the switch ଵܵ of the 
dual-phase SC converter is tuned off, and the reset switch ଵܹ is 
kept in the OFF state. Then the ݀ᇱ ௦ܶ  high state of the clock 
signal is over. Flip-Flop 1 sets the third state (ܳ ൌ 0  and 
തܳ ൌ 1). The reset switch ଵܹ is turned on and the integration 
will be set to zero. The resettable integrator is then ready for 
the next switching cycle. When the next clock 1 signal arrives, 
the resettable integrator is turned on again. 

As shown in Fig. 5(b), the clock 1 signal with the duty-ratio 
݀ᇱ turns on the resettable integrator 1 for the ݀ᇱ ௦ܶ time period. 
Meanwhile, the switch ଵܵ will be turned on by the control 
signal ௦ܷଵ . When the integration ௜ܸ௡௧ଵ reaches the control 
decreased voltage signal ௘ܸ, the output of comparator 1 in  

 
Fig. 6. Resettable RC integrator with reset switch W. 

 
Fig.5(a) changes from low to high. Then the switch ଵܵ is turned 
off immediately. Therefore, in one switching cycle, the control 
signal ௦ܷଵ for the switch ଵܵ in Fig.1(a) will be generated with 
the duty-ratio ݀ଵ ൌ ௢ܶ௡/ ௦ܶ ( ௦ܶ is one cycle time period of the 
signal clock 1, which is equal to the one cycle time period of 

௦ܷଵ). The duty-ratio of ௦ܷଵ (݀ଵ) is set to less than the duty-ratio 
of the clock 1 signal (݀ᇱ). The reset switch ଵܹ is turned on and 
the resettable integrator is turned off when the high state of the 
clock 1 signal is over, at the time point ݀ᇱ ௦ܶ. After ሺ1 െ ݀ᇱሻ ௦ܶ, 
the operation cycle repeats as the next clock 1 signal shows up. 

In Fig.5(a), the generation of the control signal ௦ܷଷ	is similar 
to that of ௦ܷଵ. They share the same duty-cycle yet with a 180଴ 
phase shift, due to the 180଴ phase shift clock signals (clock 1 
and clock 2). The control signals for the switches ܵଶ ( ௦ܷଶ) and 
ܵସ  ( ௦ܷସ ) are 50% duty-cycle pulses complementary to each 
other. The control signals ௦ܷଶ  and ௦ܷସ  are generated by two 
different square signal generators and no regulations are 
required. 

To explain the operation of the SC converter with the OCC 
method for rejecting the dynamical linear input voltage or load 
disturbance, the operation waveforms are illustrated in Fig.7. 
As shown in Fig.7(a), it is assumed that the input voltage 
changes with a step-up function and that the load and reference 
voltage are kept constant. As a result, the control decreased 
voltage signal ௘ܸ  remains constant. Since the slope of the 
integration V୧୬୲ଵ  is directly proportional to [ ௜ܸ௡ െ ௖ܸଵሺ௧ሻ], the 

slope becomes steeper than before, when a higher input voltage 
appears. As a result, the OCC controller takes less time to reach 
the control decreased voltage signal ௘ܸ, and requires a smaller 
duty-ratio of ௦ܷଵ  than the previous switching cycle. On the 
other hand, when the input voltage is lowering, a larger duty-
ratio of ௦ܷଵ is observed.  

In Fig.7(b), it is assumed that the load current changes with a 
step-up function and that the input voltage and reference 
voltage are kept constant. Since the slope of the integration 

௜ܸ௡௧ଵ  remains constant, the output voltage declines and the 
control decreased voltage signal ௘ܸ  immediately follows to 
reach a higher value. As a result, the OCC controller will take 
more time for the integration ௜ܸ௡௧ଵ  to reach the control 
decreased voltage signal ௘ܸ, requiring a larger duty-ratio of ௦ܷଵ. 
However, when the load current is lowering, a smaller duty-
ratio of ௦ܷଵ can be observed. 
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                       (a)                                                     (b) 
Fig. 7. Operation waveforms of OCC controller for SC converter 
with dynamical linear external disturbance (a) Input voltage step-
up, (b) Load current step-up. 

 

 
(a)                                                    (b) 

Fig. 8. Operation waveforms of OCC controller for SC converter 
with dynamical nonlinear external disturbance (a) Input voltage 
disturbance, (b) Load current disturbance. 

 
On the other hand, as shown in Fig.8, the dynamic nonlinear 

external disturbance (such as a sinusoidal signal) is injected 
into the power source and load current. In Fig.8(a), it is 
supposed that the load and reference voltage are constant. In 
addition, with the dynamic nonlinear input signal, the slope of 
the integration ௜ܸ௡௧ଵ changes immediately and instantaneously 
to follow the trend of the input voltage in one switching cycle.  

In Fig.8(b), it is supposed that the input voltage and 
reference voltage are constant. In addition, with the dynamical 
nonlinear load current, the value of the control decreased 
voltage signal ௘ܸ instantaneously follows the trend of the load 
current in one switching cycle. As a result, the nonlinear 
external disturbance can be rejected by instantaneously 
adjusting the duty-ratio of the PWM control signal ௦ܷଵ. 

With the OCC method, the dynamic response time to reject 
an external disturbance in the input voltage or load is one 
switching cycle.  

C. Comparison with Other Control Methods  

Thanks to the resettable integrator and the level triggered SR 
flip-flop, the memory states of the OCC controller are cleared 
in each switching cycle. Whenever an external disturbance 
occurs in the input voltage or in the load current, it is 
instantaneously mirrored by the key control equations (17) and 
(18). There is no steady-state error or dynamic error between 
the integration and the control decreased voltage signal. In 
comparison, the PI and SM control methods for SC converters 
adopt the same structure as the conventional PWM voltage-

mode controller. In the SM control method, as shown in [9], an 
additional current sensor is required for constructing the 
control signal and two sets of auxiliary circuits are required for 
generating the ramp signals. The historical states in both of the 
control methods need to consider and be compared with the 
new control signal to adjust the duty-cycle to handle external 
disturbances. As a result, the dynamic response time is longer 
than the OCC method. A detailed comparison with other 
control methods is shown in Table II. 

 

III. EXPERIMENT VERIFICATION 

Derived from the key equations (17) and (18), an OCC 
circuit is developed for a 15W(5V,3A) dual-phase SC 
converter. The experiments were conducted to evaluate 
dynamic response to external disturbances in the power source 
or load current of a SC converter with the OCC method. The 
operating conditions of the SC converter are ௜ܸ௡ ൌ 7ܸ െ
15ܸ ,݂ ൌ ଵܥ flying capacitors , ݖܪܭand 100 ݖܪܭ25 ൌ ଶܥ ൌ
௖௛ଵܴ)ܨݑ47 ൌ ܴ௖௛ଶ ൌ 0.03) and filter resistor ܥ௢ ൌ  .ܨݑ100
Based on the minimum switching frequency ݂ ൌ ݖܪܭ25 , a 
resistor with a resistance of ܴ ൌ 200  (ܴ ≫ ܴ௖௛ଵ ൌ ܴ௖௛ଶ ), 
and a capacitor with a capacitance of ܥ ൌ ܨݑ1  of the RC 
integrator were selected. The RC time constant (200ܵݑ) is 10 
times longer than the half switching time period (20ܵݑ) at a 
minimum switching frequency of ݂ ൌ  This satisfies .ݖܪܭ25
the two requirements for the operation of the RC integrator. 
The duty-ratio of the clock signal is 0.5. Therefore, the constant 
integration time period of the integrator is 0.5 ௦ܶ.  

A. Dynamic Performance Evaluation 

Fig.9 depicts the waveforms of the input voltage ௜ܸ௡, the 
output voltage ௢ܸ, the load current ܫ௢, the integration ௜ܸ௡௧ (a, b, 
c, d, e and f) and the control PWM signal ( ௦ܷଵ) for the switch 

ଵܵ	(h and i). In order to show the whole period of the power 
source disturbance, the switching frequency was selected at 
25KHz. Fig.9(a), (b) and (c) show the operation waveforms of 
the OCC controlled SC converter under the no load condition 
௢ܫ) ൌ  The slope of the integration ௜ܸ௡௧ was kept constant .(ܣ0
with the constant power source in Fig.9(a). Meanwhile, it was 
in proportion to the step-down function (13-9V) power source 
signal in Fig.9(b) and the ramp-up (7-11V) function power 
source signal in Fig.9(c). The output voltage ௢ܸ had a good 
regulation with or without disturbances in the power source 
signal. Therefore, this nonlinear control method for SC 
converters was verified under the no load condition. In Fig.9(d) 
and (e), the load current and reference voltage were held 
constant. As a result, the control decreased voltage signal ௘ܸ 
was constant. A step-down function (13-9V) in Fig.9(d) and a 
ramp-up function (7-11V) in Fig.9(e) were injected into the 
power source, at a load current of 1A and a switching 
frequency of 25ݖܪܭ. Note that the spikes on the power source 
voltage were caused by the non-zero impendence of the power  
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TABLE II 
COMPARISON OF DIFFERENT CONTROL METHODS FOR SC CONVERTER 

Description Open-Loop Control PI Control in [9] VSC in [9] OCC 

Control Type Linear Linear Nonlinear Nonlinear 

Control Topology Simple Simple Complex Simple 

Response Time  Several cycles Several cycles One cycle 

Operation Range Large Narrow Middle Large 

Load Voltage Ripple Large Large Small Small 

Operation Condition No limited No limited Limited No Limited 

Input Range  12-15V 12-15V 7-15V 

Regulation Property*  0.8%( ௢ܸ) 0.6%( ௢ܸ) 0.5%( ௢ܸ) 

  Regulation Property*:Output voltage ௢ܸ deviation from reference voltage ௥ܸ௘௙(5V). 

 

 
           (a)                                                           (b)                                                              (c)  

  
                                           (d)                                                             (e)                                                             (f)                                                                

    
                                          (g)                                                                    (h)                                                         (i) 
Fig. 9. Operation waveforms of input voltage, load current, output voltage, integration (a-g) and the control signal ௌܷଵ(h and i) of the OCC 
controlled SC converter with the external disturbance measured at switching frequency 25KHz. (a)10V constant input voltage in no load 
condition. (b) input voltage step-down(13-9V) in no load condition. (c) input voltage ramp-up(7-11V) in no load condition. (d) input voltage 
step-down(13-9V) at load current 1A (e) input voltage ramp-up(7-11V) at load current 1A (f)load current step-up(1.0-1.9A) at input voltage 
10V. (g)load current step-down(1.9-1.0A) at input voltage 10V. (h) input voltage step-down(13-9V) at the load current 1A(i)load current 
step-up(1-1.9A) at input voltage 10V.  
 

source. These spikes did not influence the average value of the 
difference between the input voltage and the voltage of the 
flying capacitor. They were included in the integration ௜ܸ௡௧ 
which was compared with the control decreased voltage signal 

௘ܸ. It can be seen from Fig.9(d) and (e), that the slope of the  
integration ௜ܸ௡௧ was kept proportional to the input voltage ௜ܸ௡, 

and that it was changed instantaneously. As a result, the duty-
ratio was adjusted in one switching cycle. Fig.9(h) shows the 
related duty-ratio adjustment to reject the power source step-
down (13-9V) function perturbation. In Fig.9(f) and (g), the 
power source and reference voltage were held constant. 
Therefore, the slope of the integration ௜ܸ௡௧ was kept constant. 
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                                              (a)                                                                                     (b) 

              
                                                              (c)                                                                                      (d) 
Fig. 10. Operation waveforms of the output voltage ripple ݒ௣௣ and load current ܫ௢ of OCC controlled SC converter operating at the input 

voltage 10V measured at switching frequency 25KHz (a and b) and 100KHz (c and d). (a) Load current step-up (1.0-1.9A). (b) Load current 
step-down (1.9-1.0A). (c) Load current step-up(1.0-1.9A). (d) Load current step-down(1.9-1.0A). 
 

 
Fig. 11.Steady-state dc output voltage deviation ݒௗ  in percentage from control reference voltage versus load currents of SC converter 
measured at input voltage ௜ܸ௡ 9V,12V and 15V. 

 

A step-up function (0-1.9A) shown in Fig.9(f) and a step-down 
function (1.9-0A) shown in Fig.9(g) were injected into the load 
current, at an input voltage of 10V and a switching frequency 

of 25ݖܪܭ .As shown in Fig.9(f) and (g), with the load 

disturbance, the slope of the integration ௜ܸ௡௧ was kept constant. 

The load current directly and instantly affected the load voltage. 

The control decreased voltage signal ௘ܸ  has a linear 

relationship with the load voltage [ 	 ௘ܸ ൌ ௥௘௙ݒଶ൫ܭ െ ௢ܸ൯ ൌ

௥௘௙ݒସሺܭ െ ௢ܸሻ ]. With the variable load current, the control 

decreased voltage signal ௘ܸ  was changed instantaneously. 

Therefore, the duty-ratio was adjusted in one switching cycle. 
Fig.9(i) shows the related duty-ratio adjustment to reject the 

load current step-up function (1-1.9A)  disturbance.  The 
experiment results are in good agreement with the theory 

analysis and the principle of the OCC technique.  

Fig.10 shows the output voltage ripple and load current of 
the SC converter operating at an input voltage of 10V and at 
switching frequencies of ଵ݂ ൌ ݖܪܭ25  (a and b) and ଶ݂ ൌ
 The load current alternated between 1.0 A .(c and d) ݖܪܭ100
and 1.9A. Thanks to the fast OCC response speed and memory 
states insensitivity, as evident from the results, the output 
voltage was kept stable with a small voltage ripple during 
transient responses. 

B. Steady-state Regulation 

Fig.11 illustrates the output voltage ௢ܸ  deviation from the 
reference voltage ௥ܸ௘௙ as a function of the load currents when 

measured at input voltages of 9V, 12V and 15V and a 
switching frequency of 100ݖܪܭ. In the input voltage range, 
the largest output voltage deviation from the reference voltage 

௥ܸ௘௙  was a 0.5% error (0.025V) when the input voltage is 
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decreased to 9V. On the other hand, when it comes to the load 
current range, the largest output voltage deviation from the 
reference voltage ௥ܸ௘௙  was a 0.5% error (0.025V) when the 

load current was measured at 1A. These results confirm that 
the OCC controlled SC converter has good line and load 
regulation under wide input voltage and load current ranges. 

  

IV. CONCLUSIONS AND DISCUSSIONS 

This paper presents an extension of the OCC method for 
dual-phase SC converters. The method for modeling the dual-
phase SC converter using the charge balance principle is 
illustrated. Experiments results demonstrate that with this 
control method, external disturbances in the input voltage and 
load current of a SC converter can be one cycle controlled in a 
wide operation range. Moreover, good line and load regulation 
of SC converters is also verified. The concept of the OCC 
method is more straightforward due to its simple logic control 
circuit, when compared to other nonlinear control methods. 
The OCC method is generally applicable to other types of SC 
converters, which broadens the application usage of SC 
converters. With the development of the SC circuit design and 
OCC technique, OCC controlled SC converters can be a 
promising candidate for future integrated DC-DC converters. 

 

REFERENCES 

[1] Y. Lei and R. C. N. Pilawa-Podgurski, “A general method 
for analyzing resonant and soft-charging operation of 
switched-capacitor converters,” IEEE Trans. Power 
Electron., Vol. 30, No. 10, pp. 5650–5664, Oct. 2015. 

[2] S. Xiong, S.-C. Wong, S.-C. Tan, and C. K. Tse, “A 
family of exponential stepdown switched-capacitor 
converters and their applications in two-stage converters,” 
IEEE Trans. Power Electron., Vol. 29, No. 4, pp. 1870–
1880, Apr. 2014. 

[3] J. C. M. Maldonado, J. C. R. Caro, and P. Rapisarda, 
“Modeling approaches for DC-DC converters with 
switched capacitors,” IEEE Trans. Ind. Electron., Vol. 62, 
No. 2, pp. 953–959, Feb. 2015. 

[4] B. Wu, S. Keyue, and S. Sigmond, “A new 3X interleaved 
bidirectional switched capacitor converter,” in 29th Annual 
IEEE Applied Power Electronics Conference and 
Exposition (APEC), pp. 1433–1439, Mar. 2014. 

[5] H.-K. Kwan, D. C. W. Ng, and V. W. K. So, “Design and 
analysis of dual-mode digital-control step-up switched-
capacitor power converter with pulse-skipping and 
numerically controlled oscillator-based frequency 
modulation,” IEEE Trans. Very Large Scale Integr. (VLSI) 
Syst., Vol. 21, No. 11, pp. 2132–2140, Nov. 2013. 

[6] L. Fu, X. Zhang, F. Guo, and J. Wang, “A phase shift 
controlled current-fed quasi-switched-capacitor isolated 
dc/dc converter with GaN HEMTs for photovoltaic 
applications,” in IEEE Applied Power Electronics 
Conference and Exposition(APEC), pp. 191–198, Mar. 
2015. 

[7] E. Jayashree and G. Uma., “State- space averaging, closed 
loop analysis, and stability studies of a step up positive 

output switched-capacitor dc-dc converter,” in IET-UK 
International Conference on Information and 
Communication Technology in Electrical Sciences 
(ICTES), pp. 185–189, Dec. 2007.  

[8] S.-C. Tan, S. Bronstein, Y. M. Moshe, A. Ioinovici, and C. 
K. Tse, “Nonlinear control of switched - capacitor 
converter using sliding mode control approach”, in IEEE 
Power Electronics Specialists Conference (PESC), pp. 
372-377, Jun. 2008. 

[9] S.-C. Tan, S. Bronstein, M. Nur, Y. M. Lai, A. Ioinovici, 
and C. K. Tse, “Variable structure modeling and design of 
switched-capacitor converters,” IEEE Trans. Circuits Syst. 
I, Reg. Papers, Vol. 56, No. 9, pp. 2132–2142, Sep. 2009. 

[10] S.-C. Tan, S. Kiratipongvoot, S. Bronstein, A. Ioinovich, 
Y. M. Lai, and C. K. Tse, “Adaptive mixed on-time and 
switching frequency control of a system of interleaved 
switched capacitor converters,” IEEE Trans. Power 
Electron., Vol. 26, No. 2, pp. 364–380, Feb. 2011. 

[11] S. Kiratipongvoot, S.-C. Tan, and A. Ioinovici, “Phase-
shift interleaving control of variable-phase switched-
capacitor converters,” IEEE Trans. Ind. Electron., Vol. 60, 
No. 12, pp. 5575–5584, Dec. 2013. 

[12] K. M. Smedley and S. Cuk, “One-cycle control of 
switching converters,” IEEE Trans. Power Electron., Vol. 
10, No. 6, pp. 625–633, Nov. 1995. 

[13] V. Nimesh and V. John, “Dual comparison one cycle 
control for single phase AC to DC converters,” IEEE 
Trans. Ind. Appl., Vol. 52, No. 4, pp. 3267–3278, Jul./Aug. 
2016. 

[14] A. A. D. M. Bento, P. K. P. Vieira, and E. R. C. da Silva, 
“Application of the one-cycle control technique to a three-
phase three-level NPC rectifier,” IEEE Trans. Ind. Appl., 
Vol. 50, No. 2, pp. 1177–1184, Mar./Apr. 2014. 

[15] E. S. Sreeraj, E. K. Prejith, K. Chatterjee, and S. 
Bandyopadhyay, “An active harmonic filter based on one-
cycle control,” IEEE Trans. Ind. Electron., Vol. 61, No. 8, 
pp. 3799–3809, Aug. 2014. 

[16] M. Tedde and K. Smedley, “Anti-islanding for three-phase 
one-cycle control grid tied inverter,” IEEE Trans. Power 
Electron., Vol. 29, No. 7, pp. 3330–3345, Jul. 2014. 

[17] E. S. Sreeraj, K. Chatterjee, and S. Bandyopadhyay, “One 
cycle controlled single-stage, single-phase voltage sensor-
less grid-connected PV system,” IEEE Trans. Ind. 
Electron., Vol. 60, No. 3, pp. 1216–1224, Mar. 2013. 

[18] D. Yang, M. Yang, and X. Ruan, “One-cycle control for a 
double input DC/DC converter,” IEEE Trans. Power 
Electron., Vol. 27, No. 11, pp. 4646–4655, Nov. 2012. 

[19] T. Sheng, X. Wang, J. Zhang, and Z. Deng, “Torque-ripple 
mitigation for brushless DC machine drive system using 
one-cycle average torque control,” IEEE Trans. Ind. 
Electron., Vol. 62, No. 4, pp. 2114-2122, Apr. 2015. 

[20] D. Ma, J. Wang, and P. Vozqua, “Adaptive on-chip power 
supply with robust one-cycle control technique,” in 
Proceedings of the 2006 International Symposium on Low 
Power Electronics and Design (ISLPED), Oct. 2006. 

[21] D. V. Ghodke, K. Chatterjee, and B. G. Fernandes, 
“Modified one-cycle controlled bidirectional high-power-
factor ac-to-dc converter,” IEEE Trans. Ind. Electron., Vol. 
55, No. 6, pp. 2459–2472, Jun. 2008. 

[22] T. Jin and K. M. Smedley, “Operation of one-cycle 
controlled three-phase active power filter with unbalanced 
source and load,” IEEE Trans. Power Electron., Vol. 21, 
No. 5, pp. 1403–1412, Sep. 2006. 

[23] B. Wu, L. Wang, L. Yang, K. Smedley, and S. Singer, 
“Comparative analysis of steady-state models for switched 



2066                                           Journal of Power Electronics, Vol. 16, No. 6, November 2016 
 

capacitor converter,” IEEE Trans. Power Electron., Vol. 
PP, No. 99, Mar. 2016.  

[24] B. Wu, S. Li, K. M. Smedley, and S. Singer, “Analysis of 
high power switched capacitor converter regulation based 
on charge-balance transient-calculation method,” IEEE 
Trans. Power Electron., Vol. 31, No. 5, pp. 3482-3494, 
May 2016. 

[25] Y. Ye and K. W. E. Cheng, “Voltage-gap modeling 
method for single stage switched-capacitor converters,” 
IEEE J. Emerg. Sel. Topics Power Electron., Vol. 2, No. 4, 
pp. 808–813, Dec. 2014. 

 
 
 
 
 
 

Lei Yang was born in Henan, China, 1986. 
He received his B.S. degree in Electric and 
Information Engineering from the 
Information Engineering University, 
Zhengzhou, China, in 2011; and his M.S. 
degree in Signal and Information Processing 
(SIP) from the Northwestern Polytechnical 
University, Xi'an, China, in 2013, where he is 

presently working towards his Ph.D. degree in Electrical 
Engineering. Since September 2014, he has been studying as a 
Visiting Student at the University of California, Irvine, CA, USA. 
His current research interest includes nonlinear control, switched-
capacitor (SC) converters, DC-DC converters, the power sources 
of electrical vehicles and renewable energy integration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Xiaobin Zhang received his B.S. and M.S. 
degrees in Electrical Engineering from the 
School of Automation, Northwestern 
Polytechnical University, Xi’an, China, in 
1983 and 1986, respectively. Since 1986, he 
has been with the School of Automation, 
Northwestern Polytechnical University, 
where he is presently working as a Professor. 

His current research interests include power electronic control, 
aircraft power systems, multi-pulse converters, and power 
decoupling.  
 

Guann-pyng Li was born in Taiwan. He 
received his B.S. degree in Electrical 
Engineering from the National Cheng Kung 
University (NCKU), Tainan, Taiwan; and his 
M.S. and Ph.D. degrees in Electrical 
Engineering, from UCLA, Los Angeles, CA, 
USA. He is presently working as a Professor 
in the University of California, Irvine, CA, 

USA, with appointments in three departments: Electrical 
Engineering and Computer Science, Chemical Engineering and 
Materials Science, and Biomedical Engineering. At UCI, he is 
also serving as the Division Director of the California Institute 
for Telecommunications and Information Technology (Calit2) 
and Director of the Integrated Nano Systems Research Facility in 
The Henry Samueli School of Engineering. He currently holds 
18 U.S. patents and has 15 patents pending. In addition, he has 
published more than 280 research papers involving 
microelectronic technologies, microwave circuit design, Micro-
Electro-Mechanical Systems (MEMS) for communication and 
biomedical instrumentation applications, and bio-nano-IT 
technology.  
 
 
 
 
 
 
 


