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Abstract 
 

This paper proposes the power conversion mechanism of a bailer-charge-transfer zero-current-switching (CT-ZCS) circuit. The 
operation modes are analyzed and researched using state trajectory equations. The topology of CT-ZCS based on soft-switching 
inverters offers some merits such as: tracking the input reference signal dynamically, bearing load shock and short circuit, 
multiplying inverter N+1 redundancy parallel, coordinating power balance for easy control, and soft-switching commutation for 
high efficiency and large capacity. These advantages are distinctive from conventional inverter topologies and are especially 
demanded in AC drives: new energy generation and grid, distributed generation systems, switching power amplifier, active power 
filter, and reactive power compensation and so on. Prototype is manufactured and experiment results show the feasibility and 
dynamic voltage-tracking characteristics of the topology. 
 
Key words: Bailer-charge-transfer, Double-digit three-state interlocking comparison pulse density modulation (DTIC-PDM), 
Topology, Trajectory of state, Zero-current-switching  
 
 

I. INTRODUCTION 
 

 In recent years, a variety of voltage wave inverter such as 
switch-linearity hybrid (SLH) power converters [1], [2], 
voltage tracking switching power amplifiers (SPAs) [3], high 
frequency link inverters [4]-[6] and resonant soft switching 
inverters [7], [8] have been proposed to overcome the 
drawbacks of the power conversion based on the conventional 
PWM waveform generation mechanism, especially in bridge 
inverters; however, there are still various defects. The purpose 
of this paper is to investigate the PWM waveform generation 
mechanism, and to present a voltage tracking inverter topology 
based on the bailer-charge-transfer zero-current-switching 
(CT-ZCS) and a dedicated pulse density modulation (PDM) 
control method. The output voltage of the topology shows 
good dynamic tracking performances with the input reference 
signal as linear power amplifier and a good output waveform 
which the output signal can track the input reference signal 
without any difference. The inverter based on the CT-ZCS 
offers more advantages than that of the conventional bridge 
topology. 

 

II. CIRCUIT TOPOLOGY AND TRANSFORMATION 
MECHANISM OF CT-ZCS 

The disadvantages of conventional converters such as boost, 
buck-boost, sepic [9] and zeta which accomplish the power 
conversion by using the energy storage inductor are the large 
volume of the inductor and the low power factor. Power 
conversion using an energy storage capacitor provides 
advantages such as small volume, low loss and excellent 
electromagnetic compatibility. Series resonant converters 
(SRCs) [10] have the characteristics of zero-current 
soft-switching and can generate the high-frequency current 
pulse sequences using the energy storage capacitor. Fig. 1 
shows the principle of the CT-ZCS DC/DC conversion 
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Fig. 1. Principle of CT-ZCS converter. 
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topology. 
The input side draws energy from the DC power by the 

resonant way and the output side transfers the energy (charge) 
to the output capacitor Co and load by using the resonant 
current pulse. The charge-transfer frequency of the bailer 
capacitor Cb and the discrete high-frequency current pulse 
chain which charge Co are modulated according to the on-off 
alternation of two power switches. Two power alternative 
switches between the input and output both work in zero 
current switching mode, which helps to reduce the switching 
losses and improve efficiency. By regulating the density of the 
discrete current pulse, the output voltage and power can be 
changed. 

In Fig. 1, assuming that the  switch S1 and switch S2 are 
ideal power switches, they are in the alternative state, when the 
values of the two capacitors meet Co>>Cb. In a switching 
period T, the topology of a CT-ZCS converter can be divided 
into several equivalent sub-circuit topologies the corresponding 
voltage and steady state current waveforms are shown in 
Fig .2,where T1, T2 are respectively the driving signal duration 
on S1, S2, T1+T2=T.  

Mode 0 [t0, t1]: The switch S1 is turned on at t0, and Cb begins 
to resonate with L1 and charge. Energy from the Vs is 
transferred to Cb through L1 and S1. This mode ends when the 
voltage of Cb (VCb) reaches the maxium value V1 (where V1 
must be greater than Vs) and S1 turns off with ZCS. The initial 
condition is vCb(0)=-V2. This state maintains until t2. 

Mode 1 [t2, t4]: At t2, S1 is off and S2 is turned on. Cb begins 
to resonate with L2 and Co. Due to Co>>Cb , Co is equivalent 
with the constant voltage source. This mode ends when the 
voltage across Cb, VCb, reaches zero and the diode D turns on. 
Energy in the bailer capacitor Cb is transferred to the load and 
Co through S1 and L2. 

If S1 is a fast thyristor, the time between ZCS of S1 and the 
moment V1 drops below Vs must be greater or equal to off of 
the thyristor.  

Mode 2 [t4, t5]: At t4, VCb reaches zero and D starts to 
conduct as Cb continue to resonate with L2 and Co and the 
voltage across it becomes negative. This mode ends when VCb 
reaches the negative peak value, -V2. Energy in the inductor L2 
is transferred to the load and Co. 

Mode 3 [t5, t6]: At t5, the switch S2 is turned off with ZCS  
and D is still on. The current through L2 and L3 decreases 
linearly. At t6, the current through L2 may be continued to 
decrease. At the end of this mode, S1 is turned on and this 
begins the beginning of a similar switching of half cycle. 

Analysis above shows that S1, S2 and D can turn on and off 
softly with ZCS. Capacitor Cb plays a dual role: 1) as a zero 
current switching resonant component to ensure power device 
has a lower di/dt during the state of turning on and off, and 2) 
as the core component to transfer energy from Vs to Vo. If the 
pulse density is controlled by the power switch, which is called 
pulse density modulation (PDM) method, the amplitude of the 
output voltage or current can be changed. 

 

III. THE STATE TRAJECTORIES OF CT-ZCS 
CONVERSION TOPOLOGY 

The advantages of the state trajectories is its convenience in 
the quantitative calculation and intuitive analysis. The 
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Fig. 2.  Waveforms of CT-ZCS converter. 
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Fig. 3. State trajectory of CT-ZCS converter with DCM. 
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standardized parameters are given as below [11], [12]. 
Standardized voltage: l== SOON /VVV ，vCN =vCb/Vs. VON 

and vCN are respectively standardized output voltage and 
standardized capacitor voltage. 

Standardized current: 
SCbCN VZii /1×= , 

SOON VZII /1×=  

and  
bCLZ /11 = . 

Standardized frequency: 
fN /11 ww = , fN /22 ww = , fN /33 ww = .

b11 /1 CL=w , 

b22 /1 CL=w  and )/(/1 32b323 LLCLL +=w  are the 

three circuit resonant angular frequency respectively. f=1/T is 
switching frequency. 

The state trajectories will be determined respectively by the 
current through L2, which is discontinuous or continuous. 

In the case of the current through L2 being discontinuous, the 
dynamic process of resonant state variables when the CT-ZCS 
converter is in the steady-state can be expressed by the state 
trajectory on the iCN~vCN plane which is shown in Fig. 3. The 
state point starts from point A (t=t0), moves along the curves 
AB, BCD and DA, and returns to point A. The closed 
trajectory curve is formed and a switching cycle is finished. 

Mode 0 [t0, t1]: The state trajectory curve AB segment in Fig. 
3 moves along with the semi-circular arc with the center point 
(1,0) and reaches B at t1. 

The state equation and standardized state trajectory equation 
are expressed as 
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The state point stays at point B before t2. VCON and ILON are 
respectively the standardized initial value of capacitor voltage 
and the current through L2. The radius of the semi-circle 
trajectory is ρ1 which is determined by the initial value. 

Mode 1 [t2, t4]: The state equation and standardized state 
trajectory equation are expressed as 
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The state trajectory curve BD segment in Fig. 3 moves along 
with the elliptical arc with the center point (VON, 0). The 
semi-major axis is ρ2. Semi-minor axis is

21/1 r×K , where 

K1=L2/L1 and K1≥1. 
Mode 2 [t4, t5]: The governing equation of this mode is  

)/( 3232 LLLK += , 
ONKN VKV 2= and

CONKN IKKI ×= 21
. 

The state trajectory curve DA segment in Fig. 3 moves along 
with the elliptical arc with the center point (VKN,0). The 

semi-major axis is
213 / KKr , and the semi-minor axis is ρ3. 

The state equation and the standardized state trajectory 
equation are expressed as 
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The state point stays at point A before t6.  
If the current through L2 is continuous, the continuous 

current mode will occur when the current through L2 
decreases slowly and cannot be reduced to zero after a period. 
There is a slight difference in Mode 1 [t2, t4]. Its state 
trajectory curve is shown in Fig. 4. 
 

IV. PARAMETER CALCULATION AND ANALYSIS 
The calculation methods of the main parameters about 

CT-ZCS and the CT-ZCS DC-DC converter circuit constraints 
can be obtained in [13]. 

In the working process of CT-ZCS converters, the maximum 
voltage across the capacitor Cb should be given a particular 
concern, because the excessive capacitor voltage will have high 
demands on the breakdown voltage. It can be seen from state 
trajectories shown in Fig. 3, under the steady-state operation, 
that the maximum forward standardized voltage value of vCb is 
V1N and the largest negative standardized voltage value of vCb is 
V2N. Under the condition of ignoring the resonant loss, the 
expression between V1N and V2N is 

221 += NN VV                (7) 
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Fig. 4.  State trajectory of CT-ZCS converter with CCM. 
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The standardized voltage values V2 directly determines the 
maximum forward standardized voltage values V1. Based on 
the capacitor ampere-second balance principle and state 
trajectory, the calculation method of V2 is derived. 

As shown in Fig 3, 

KN13 1 V+-= rr              (8) 

12N1 +=Vr                 (9) 

ON12 1 V-+= rr              (10) 
From (1) through (6) 
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where ONV=l , according to the relationship above, we can 

obtain the following results 
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where
23 /)1( LLlb -= , from (12), if the direct current transfer 

ratio satisfies λ=1 and V2=0 (if λ=0, V2=V2N). V2N is closely 
related with L3. In order to reduce the capacitor voltage, L3<<L2 
is usually chosen.  

If the condition of the current through L2 is discontinuous, V2 
is related with Vo, and is not with Io. Whereas, in the case of the 
current through L2 is continuous, V2 is also related with Io. If Io 
increases, so does V2. 

Based on the equation (6), (8) and (9), combining with the 
current waveform in the continuous mode, the expression can 
be expressed as  
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Under the ideal conditions, ignoring the converter losses, 
from (7), the energy transfer to the output load during a 
steady-state cycle is deduced as 

)(2)(
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1bT VVVCVVCW +=-=      (16) 

Therefore, as the output voltage and output current are 
obtained, the charge transfer frequency is given as 

)(2 S2Sb
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=               (17) 

where V2 is determined by (12) with discontinuous current 
mode. V2 is related with Io and f. Supposing the output voltage 
and output current are obtained, f can be obtained from (16) 
and (17). 

Assuming that the output load current is constant, under the 
closed loop voltage control of PDM, the output voltage 
increment from the transferred energy is 

OVD , based on (16) 

and the per cycle charge transfer energy balance relationship, 

the maximum output voltage ripple is shown as follows 

Ob21maxO /)( CCVVV -»D          (18) 

If the voltage transfer ratio is constant and Co>>Cb, the 
output ripple is very small.  

 

V. VOLTAGE TRACKING CT-ZCS INVERTER 
TOPOLOGY 

The AC frequency converter using the hysteresis current 
tracking control method [14] can make the stator current track 
change the given reference signal dynamically. It offers the 
advantages of fast tracking response and excellent waveforms. 
Its working mechanism is to exert the discrete voltage pulses 
sequence with positive and negative polarity on the inductor; 
the inductor current is characterized by the alternating positive 
and negative variations. Under the condition of the appropriate 
control of the polarity and the width of the voltage pulse based 
on closed-loop control, the inductor current can track the given 
reference signal change automatically. If the hysteresis width is 
small enough, the change of the inductor current is almost 
proportional to the change of the given reference signal. 
According to the circuit duality principle, we can exert the 
discrete current pulse sequence with positive and negative 
polarity on the capacitor to construct a voltage tracking 
converter topology, and the capacitor voltage can track the 
change of the given reference signal. As a result, how to obtain 
a controllable discrete current pulse sequence with polarity and 
width becomes the key issue [15]. 

The CT-ZCS DC conversion topology in Fig. 1 is used as 
the component unit. The cross-connection with two 
complementary symmetry (output positive and negative current 
pulse sequences) topology units is considered. The outputs of 
two units are connected together, which put an effect on the 
public output capacitor Co and load, and control the output 
capacitor voltage to rise (charging) or to fall (discharge) 
respectively. Therefore, a soft switching voltage tracking 
CT-ZCS inverter topology is obtained as shown in Fig. 5. 

The value of the soft switching resonant inductor in CT-ZCS 
inverter topology decreases with the increase of switching 
frequency. Compared with the conventional converters based 

 
Fig. 5.  CT-ZCS inverter topology. 



Journal of Power Electronics, Vol. 13, No. 1, January 2013                         55 
 

 

on the energy storage inductor， the energy transferring 
mechanism based on the bailer-capacitor has such advantages 
as small volume, low loss, cost savings, and good 
electromagnetic compatibility, etc. Furthermore, it also has 
many characteristics, such as tracking the input reference signal 
dynamically and replicating it in proportion to its value 
accurately, bearing load shock and short circuit, multiple 
inverter N+1 redundant parallel and power balance 
coordination easy control, and the efficient high-capacity 
comes from the soft-switching commutation technology. These 
advantages have been confirmed by the DC arc welding power 
supply and the short-circuit experiment composed of the 
CT-ZCS DC-DC converter. Owing to the CT-ZCS inverter 
resonant zero current switching mechanism [16], a fast 
thyristor can be used as the switching device, and it has no 
short circuit on one of the arms as the conventional bridge 
inverter, making it more appropriate for expansion of output 
capacity, reducing costs and improving reliability. In an AC 
variable frequency variable speed drive system based on the 
CT-ZCS inverter, the sinusoidal current waveform, the flux 
locus and the low-frequency speed running performance of the 
motor will achieve a qualitative improvement.   

The reactive energy exchange between the inverter and 
its load, and the energy reverse transmission function of AC 
active load are very important whether for AC motor drive, or 
for a new energy power grid distributed generation system, 
active power filter and reactive power compensation and so 
on. No matter which kind of the load is, the CT-ZCS inverter 
can automatically transfer the energy from the AC side to the 
DC side under the condition that the power switching control 
timing does not change. This function can be accomplished 
via alternation working of positive and negative unit of the 
CT-ZCS converter. As shown in Fig. 5, when the output 
instantaneous voltage is positive (or negative) and the 

negative (or positive) unit works, the energy in Co is fed back 
to the positive (negative) side of the DC side through the 
freewheeling path composed of -

2L and -D  ( +
2L and +D  ). Due 

to the dynamic voltage tracking mechanism and the fact that 
Co has the buffering function on the active energy of the load, 
the time when CT-ZCS inverter starts to be in the state of 
feedback is automatically achieved according to the need of 
maintaining the output voltage waveform (tracking the 
reference voltage waveform), regardless of the load energy 
swallowing-or-spitting state [17], [18]. 

 

VI. THE CONTROL METHOD AND THE 
EXPERIMENTAL RESULTS OF CT-ZCS 

INVERTER 
A dedicated adaptation control method proposed is the 

double-digit three-state interlocking comparison pulse density 
modulation (DTIC-PDM) control method. The output voltage 
is first sampled and the sampling result is compared with the 
input reference signal. Then the error signal is used as the 
control signal of the bailer-charge transfer frequency. The 
density of discrete current pulse charging the output capacitor 
Co is adjusted and the output voltage tracks the changes of the 
input signal dynamically. The dynamic tracking of alternating 
input reference signal can be obtained by controlling the 
current pulse density and keeping the flexibility in the anti-two 
CT-ZCS converter unit alternation. Double-digit three-state 
logic signal forms the cross interlocking logical combination 
through a logic gate. The double-digit three-state interlocking 
logic variables is gained, which is used as the reset control 
signal of two square-wave generator, so that the switch drive 
pulse density of the two square wave generator output can be 
modulated. The maximum output frequency of the two 
square-wave generator determines the upper limit of the current 
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Fig. 6. Control circuit of CT-ZCS inverter based on DTIC-PDM. 
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pulse density of the CT-ZCS inverter under PDM control, and 
also determines the maximum load short-circuit current. This 
method based on the nonlinear control mode with pulse density 
modulation on double-digit three-state logic interlock 
comparator is defined as double-digit three-state interlocking 
comparison pulse density modulation (DTIC-PDM). There are 
similar characteristics with the hysteresis current control and 
the current predictive control, i.e., a simple, reliable and fast 
response. Based on the AC side voltage waveform and tracking 
the feedback signal, organic combine according to a certain 
deviation tolerance, it reduces sensitivity with circuit parameter, 
ie, capacitor, inductance, resistance and load changes, which 
help to improve the robustness of the system. 

To observe the inverter’s dynamic voltage tracking 

performance, the experiment of the step wave voltage tracking 
and single-phase asynchronous motor unit frequency control 
have been carried out and a 1.5 kW prototype of the proposed 
converter has been constructed. The control circuit setup 
treated here is shown in Fig.6. The parameter values of 
CT-ZCS inverter used in this paper are: Vd=600 V; L1=10 uH; 
L2=100 uH and fast thyristor with 100 A / 1200 V. The 
experimental setup using DTIC-PDM is presented in Fig. 7.  

Fig. 8-9 show the operational waveforms of Fig.1 and Fig. 
10-13 show the operational waveforms of the Fig. 5. Fig. 14 
shows the efficiency graph of Fig. 5. These waveforms show 
that the output voltage (vo) can track the input reference signal 
(vB) dynamically and replicating it in proportion to its value 
accurately. The power balanced relations and the power flow 
direction are determined by the unique coordination control 
method. The presented experimental results confirm the 
theoretical analysis provided in the previous sections. 

 

VII. CONCLUSIONS 
A new topology of CT-ZCS converters was proposed in this 

paper. By analyzing the equivalent topological decomposition  
and establishing the standardized state trajectory equation 
trajectory diagram, the transformation principle and working 
waveform  were discussed, and the  quantitative analysis and 
research on working process were conducted; the difference of 

 
Fig. 7.  Resonance compensation block diagram using DFT filter. 

 
Fig. 9.  The experimental waveforms of the voltage across Cb. 

 
Fig. 10.  The experimental waveforms of the pulse sequence on 
positive unit and negative unit. 

 
Fig. 8.  The experimental waveforms of ouput voltage vo and the 
current through L2. 
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the state trajectories between continuous current mode and 
discontinuous mode was researched; the switching frequency 
and output voltage ripple calculation methods were given, and 
a set of valuable design and calculation formulas were obtained. 
The CT-ZCS converter based on the bailer-capacitor provide 
many characteristics: tracking the input reference signal 
dynamically and replicating it in proportion to its value 
accurately, bearing load shock and short circuit, multiple 
inverter N+1 redundant parallel and power balance 
coordination easy control, soft-switching commutation being 
benefits for high efficiency and the large capacity. The 
advantages are distinctive from conventional inverter 
topologies which are especially demanded in AC drives, new 

energy generation and grid distributed generating systems, 
switching power amplifiers, active power filters, and reactive 
power compensation and so on. By using a unique PDM 
control method, the CT-ZCS inverter output voltage combined 
with CT-ZCS transformation mechanism and work 
characteristics show a good dynamic tracking features and a 
good analogue voltage output waveform effect on the input 
reference signal. 
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