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Abstract: This paper reports the occurrence of some abnormal operational modes in soft-switching converters. By con-
structing a Boolean matrix based on the states of the switching components, some unexpected topological states are iden-
tified. Consequently, these states excite the abnormal or sneaking operational modes as referred. A three-stage step-up ze-
ro-current switching converter is used as an illustrative example and detailed analysis has been carried out. The phenome-
non has also been confirmed in experiences, where performance degradation is noticed. 
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1. INTRODUCTION 

Pulse-width modulation has been widely employed for 
the design of switching power supply and motor drives for 
decades. However, due to the high switching loss in semi-
conductor, the operational frequency based on hard commu-
tation is limited. This problem has been well addressed by 
the concept of soft-switching in eighties [1, 2]. Using reso-
nant inductors, capacitors and diode, zero-voltage or zero-
current switching is achieved so that switching loss can be 
greatly reduced. This in turn allows a significant increase of 
the switching frequency. Some analyses can be referred to 
[3-5].  

There are many concomitant advantages for having a 
high switching frequency, including higher current regulator 
bandwidth, smaller reactive component size, and so on. 
Moreover, the voltage rate of change and the electromagnetic 
inference are also low in this type of soft-switching power 
converters (SPC). These distinct advantages have thus great-
ly enhanced the extensive usage of SPC in industrial and 
telecommunication applications [3-7]. 

However, the introduction of resonance components also 
makes the design and analysis of SPC much more complex 
(Smith01). Recently, it is also found that unexpected dynam-
ics may be excited in these converters due to the existence of 
abnormal topological states [8-11]. This is referred as sneak-
ing operational modes (SOMs), which are similar to the 
sneaking circuits found in electrical and electronic circuits 
[12]. 

The occurrence of SOMs is due to several reasons, while 
the most common one is the deviation of components or the 
input signal. As illustrated in this paper, for example, a  
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change of load may introduce SOM, even the switching sig-
nal remains the same. 

The organization of this paper is as follows. In Section 2, 
a three-stage step-up resonant switched capacitor (RSC) 
converter is briefly reviewed. It is considered as a typical 
example of zero-current switching. To reveal the SOMs in 
the studied RSC, an automated approach based on Boolean 
matrix is described in Section 3. A detailed dynamical study 
is then carried out in Section 4. The condition of the occur-
rence of SOM is mathematically deduced, and it is con-
firmed both in experiments. Finally, conclusions are drawn 
in Section 5. 

2. A ZERO-CURRENT-SWITCHING CONVERTER 
Fig. (1) depicts a three-stage step-up resonant switched 

capacitor (RSC) converter utilizing zero-current switching 
[14]. The switching devices Q1 and Q2 are power MOSFET 
shunted by its body diode. A resonant inductor Lr is connect-
ed in series with the switching capacitors Cr1 and Cr2, form-
ing the resonant unit to create zero-current switching. The 
duty cycle of operation is designed as 50% while the switch-
es Q1 and Q2 are turned ON and OFF alternatively with a 
period of Ts. 

Fig. (2) depicts the normal output waveforms of the RSC 
converter where four operational modes, denoted as Modes 
I–IV, based on the corresponding topological states, can be 
identified.  

A. Mode I [t=t0~t1] 

Switch Q2 and diodes Da1 and Da2 are turned on at t0 with 
zero-current. In this mode, Cr1 and Cr2 are charged up by the 
input source Vin and the charges stored at Cb1, respectively, 
while the power for the load RL is supplied by Cb2. Eventual-
ly, the voltages across Cr1 and Cr2 , denoted as 1Crv  and 2Crv , 
reach their maximum values at time t1. 
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According to the Kirchhoff's voltage law, we have 
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By differentiating (1), it becomes 
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A very large capacitance is usually employed for the out-
put capacitor Cb1. Therefore, vCb1 can be considered as a con-
stant and its derivative is zero. It also implies that the current 
flowing through Cr1 and Cr2 is the same. Hence,  

LrCrCr iii
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where 
  
i
Cr1

 and 
  
i
Cr 2

 are the currents flowing through Cr1 and 
Cr2, respectively. 

B. Mode II [t1~t2] 

In Mode II, all the switches Qi and diodes Dai, Dbi are 
turned off. The voltages vCr1 and vCr2, are kept unaltered and 
the capacitor Cb2 are discharged through RL, supplying the 
output power. 

C. Mode III [t=t2~t3] 

In Mode III, the switches Q1 and diodes Db1, Db2 are turn 
on with zero-current. The output capacitor Cb1 are charged 
up by the input voltage Vin and the charges stored in Cr1. 
Similarly, Cb2 is charged up by Vin and charges stored in Cr2. 
Both vCr1 and vCr2 become minimal at time t3. 

 

 
Fig. (1). A three-stage step-up RSC converter.  

 

 
Fig. (2). Waveforms of iLr and vCr of the RSC converter. 
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D. Mode IV [t=t3~t4] 

The operation at Mode IV is similar to Mode II, where 
vCr1 and vCr2 are kept constant at their minimum values. 

The associated circuits for the four operational modes are 
depicted in Fig. (3).  

For each cycle, the average current flowing to the two 
switching capacitors should be equal to zero. Denoting )1(

1Cr
i , 

)3(
1Cr

i  and )1(
Lri , )3(

Lri as the current at Cr1 and rL  in Modes I and 
III, we have 
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Assuming no power loss and equating the input-output 
power of the circuit, it can also be derived that: 
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Substitute (6) into (7), we have  

ino VV 3=  (8) 

It should be remarked that the relationship between the 
input-output voltages given in (8) is governed by the circuit 
topology, i.e. the number of stages designed [15]. 

3. AUTOMATED SNEAK IDENTIFICATION 

The circuit analysis in Section 2.1 presents the desired 
operational modes of the RSC converter given in Fig. (1). 

  
(a) Mode I  

 
(b) Modes II & IV 

 

(c) Mode III 

Fig. (3). Corresponding circuits of the operational modes for the RSC converter. 
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Recently, it is found in [9-13] that some sneaking operational 
modes may exist in power convertor circuits, affecting their 
performance. In the followings, a scheme for identifying 
these sneaking operational modes is described. 

3.1. Topological States Represented by Boolean Matrix 

The on/off stages of switching components, for example 
the MOSFET and the diodes in Fig. (1), govern its opera-
tional modes. Referring to Fig. (1), the following Boolean 
matrix can be constructed: 
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where 

1. each column represents the on/off state of a compo-
nent in the design; the 1st to 6th columns represent the 
MOSFETs Q1, Q2 and Diodes Da1, Db1, Da2, Db2 while 
the 7th to 13th columns represent 
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r
 and inV  as indicated in  

Fig. (1); 
2. the state of a switching component can be ‘1’ and ‘0’ 

denoting the state of ‘on’ and ‘off’, respectively;  
3. the state of a non-switching components, e.g. capaci-

tors, inductors or resistors, is always ‘1’ (Note: these 
columns are dummy and can be deleted. They are on-
ly included for completeness). 

4. each row represents a potential circuit of the power 
converter  

It is obvious that the possible number of states is 2n where 
n is the number of switching components in the circuit. 
However, many of them are in fact invalid and the matrix A 
in (9) can be reduced to its simplest form. 

3.2. Qualitative Reasoning and Knowledge 

In order to extract the sneaking operational modes, it is 
required to eliminate all the invalid topologies represented 
by (9). It can be achieved based on qualitative reasoning and 
the circuit theory. Referring to the RSC in Fig. (1), the fol-
lowing principles of operations are established:  

1. Since the duty cycle of the main switches, Q1 and Q2, 
is 50% and they are not allowed to be on or off at the 
same time, any row with same symbol in the first two 
column (i.e. . state of Q1 = state of Q2) should be 
eliminated. Particularly, all the switches Qi and di-

odes Dai, Dbi are turned off which represent Mode II 
and IV in Fig. (3) should be reserved. 

2. To achieve zero-current switching, the circuit must 
involve both capacitor and inductor. Therefore, using 
Figs. (1 and 9) as an example, it is an invalid circuit if 
the following pairs of diodes are both turned on: (Da1, 
Db1), (Db1, Da2), (Da2, Db2) or (Da1, Db2).  

3. Uni-directional switching devices, i.e. diode in our 
circuit, with reversed direction cannot be turned on. 

4. To obtain the simplest Boolean matrix, a sub-string is 
considered as a dummy, which can always be deleted. 
The definition of a sub-string is given in Definition 1. 

Definition 1: Let }{ ipp = and }{ iqq = are two rows in 
the Boolean matrix, q is a sub-string of p if ipq ii ∀≤ , .  

3.3. Sneaking Mode Identification 

Based on the description given in Section 3.2, a 
MATLAB program has been developed to automatically 
generate the simplest Boolean Matrix and create the circuits. 
Equation (10) shows the final simplest matrix B obtained: 
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As compared with the normal operational modes given in 
Fig. (3), which can be represented by the following matrix 
B0: 

0
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It can be concluded that two sneaking operational modes 
exist which are represented by the matrix C.  
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The corresponding circuits are also automatically gener-
ated in MATLAB program as depicted in Fig. (4).  

4. DYNAMICAL ANALYSIS AND OBSERVATIONS 

4.1. Analysis of the Sneaking Operation Mode 

To further justify the existence of the sneaking opera-
tional modes (Modes I’ and III’) in the studied RSC, a de-
tailed circuit analysis is performed. 

Referring to the Mode I’ given in Fig. (4a), the induct-
ance current will not go to zero after the normal Mode I. 
Instead, it will be kept excited in the branches, Cr1-Db1-Cb1-
DQ2-Lr and Cr2-Db2-Cb2-DQ2-Lr. Define )'1(

1Cri  as the current 
flowing through Cr1, it is derived that 
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Similarly, as indicated in the Mode III’ shown in Fig. 
(4b), the inductance current will continuously be excited 
after the normal Mode III via the branches Da1-Cr1-Lr-DQ1 
and Cb1-Da2-Cr2-Lr-DQ1-Vi. Denoting )'3(

1Cri  as the current flow-
ing through Cr1 in Mode III’, it can be obtained that 
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where the voltage at switching capacitor Cr1 is 
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Similar to the normal modes, it can also be proved that 
the currents flowing through the switching capacitors are the 
same, and hence the relationship (5) holds. 

In Modes I’ and III’, the output power at the load is given 
as: 
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where )'1(
Lri  and )'3(

Lri  represent the inductance current in 
Modes I’ and III’, respectively, Ts is the period of one cycle. 

Consider the capacitor voltage 1Crv  during t1~t4, the volt-
age difference is 
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Substitute (17) into (18),  
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However, from (3) and (16), it is given that 
 

 

(a) Mode I’ 

 
(b) Mode III’ 

Fig. (4). Corresponding topologies for the sneaking operational modes 
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inCrCr Vvv 2min1max1 =−  (20) 

By comparing (19) and (20), we have  
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As shown in (21), the input-output ratio is no longer a 
constant when sneaking operation modes occur. The result-
ant output waveforms are depicted in Fig. (5). Since the in-
put-output ratio is linearly proportional to ,srL fCR  the out-
put voltage and power will be reduced, causing the deteriora-
tion of the output characteristics. 

4.2. Condition of Existence 

As shown in Fig. (5), the currents )'1(
Lri  and )'3(

Lri  in Modes 
I’ and III’ are non-zero. From (13) and (14), the conditions 
for the occurrence of sneaking operational modes can be 
obtained as:  
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From (23)-(25), we have 
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Substitute (28) into (22), the occurrence condition for the 
sneaking operational modes is 

5.1<srL fCR  (29) 

4.3. Experimental Results  

In order to experimentally confirm the analysis given in 
the previous sections, the RSC converter in Fig. (1) has been 
built with the components listed in Table 1. 

To operate in its normal operational modes, 3
2L r sR C f > . 

An example is given in Fig. (6a) where Vin=2V, fs=42kH and 
1.522 17.8L
r s

R
C f

= Ω > = Ω . However, when the load drops below 

the critical value, sneaking operational modes are excited 
and the resultant output waveforms are obtained as depicted 
in Fig. (6b). It clearly shows that the results are well 
matched with the analytical ones. Minor deviation is noticed 
which is probably due to the internal resistance of power 
supply and the forward voltage drops in the diodes. 

 

 
Fig. (5).Waveforms of the RSC converter with sneaking operational modes. (fr>2fs). 
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CONCLUSION 

In this paper, the existence of sneaking operational 
modes in soft-switching power converter is reported. They 
are excited by some undesired topological states, which can 
be revealed by the construction of a Boolean matrix, repre-
senting all the feasible on-off states of the switching compo-
nents. In particular, a common 3-stage step-up resonant 
switched capacitor converter has been analyzed. It is mathe-
matically proved that, if certain condition is fulfilled, sneak-
ing operational modes will occur and the dynamics of the 
power converter are affected. This phenomenon is also con-
firmed both in simulations and experiments. Finally, it 
 

should be remarked that similar analysis can be performed in 
the designs of other power converters or soft-switching de-
vices, serving as a performance and reliability test. 
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Table 1. Components for the realization of RSC converter. 

 Symbols in Fig. (1) Device or Values 

MOSFET Switches Q1,2  IRFZ44N 

Schottky Diodes D1,2,3,4 S30SC4M 

Resonant inductor Lr 320nH 

Switching capacitors Cr1, r2 2mF 

Output capacitors Cb1,b2 330mF 

 

   
(a) Normal operational modes with RL=22Ω 

 

   

(b) Sneaking operational modes with RL=8.9Ω 

Fig. (6). Output waveforms obtained in experiment for different loads. 
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