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 In this paper, a high-voltage driver with a switch-capacitor cell and a current-sensing 
resistor for implementing the functions of zero-voltage switching (ZVS) and overcurrent 
protection is proposed.  It has the following advantages: (1) By using a switch-capacitor cell 
for implementing the function of ZVS, we can reduce the switching losses of active switches.  
(2) By using a voltage-doubler circuit, we can easily obtain a high voltage (8 kV).  (3) By 
incorporating a sensing resistor and a logic circuit, we can sense overcurrent conditions to 
achieve the function of protection.  Therefore, the proposed high-voltage driver can increase 
efficiency and safety.  To verify its performance, a prototype of the proposed high-voltage driver 
is built.  The experimental results have confirmed that the proposed high-voltage driver with a 
switch-capacitor cell and a current-sensing resistor for implementing the functions of ZVS and 
overcurrent protection is suitable for application to air cleaners.

1. Introduction

 Advances in science and technology provide a convenient life for human beings but also 
create many environmental and air pollutants.  Air pollutants contain many suspended particles 
(PM2.5–10).  The weight of the suspended particles is very small, and they can float in the 
air for a long time.  If the suspended particles are inhaled by humans, they can cause allergy, 
asthma, emphysema, and bronchial diseases.(1)  According to statistics, people live in indoor 
environments about 90% of the time.  If many suspended particles (PM2.5–10) exist in indoor 
environments, they will affect the air quality and harm human health.(2,3)  Thus, improving the 
air quality and maintaining health are serious research topics nowadays.
 Air cleaners are useful in modern life, especially in terms of improving indoor air 
quality.  There are many types of air cleaners.  Among them, air cleaners with electrostatic 
dust collectors not only have a high cleaning efficiency, but also have the characteristics of 
low power consumption, small wind resistance, and cleaning ability.  In recent years, people 
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have gradually increased the frequency of using air cleaners.  For effective dust collection, 
the electrostatic dust collector must use power with a high voltage (8 kV).(4)  However, the 
electrostatic dust collectors with a high voltage to ionize suspended particles have disadvantages 
as follows: (1) High-voltage sparks will be produced when there are too many large suspended 
particles in the air.  (2) The produced high-voltage sparks will result in excessive ozone.  Normal 
ozone concentration should be controlled to under 0.05 ppm.(5)  If human beings inhale a high 
concentration of ozone, they will have headaches or coma.  To limit the high-voltage sparks, the 
electrostatic dust collectors of air cleaners must use overcurrent protection of circuits to shut 
down the power of the air cleaners.  In this paper, a high-voltage driver with a switch-capacitor 
cell and a current-sensing resistor for implementing the functions of zero-voltage switching 
(ZVS) and overcurrent protection is proposed, as shown in Fig. 1.  The proposed high-voltage 
driver incorporates a sensing resistor to sense high-voltage sparks and to achieve the function of 
protection.  Additionally, to reduce the switching losses of the active switches, a ZVS technique 
is used.  Therefore, the high-voltage driver can increase efficiency and safety.  The structure 
of the proposed high-voltage driver is described in Sect. 2.  The operational principles of the 
proposed high-voltage driver are described in Sect. 3.  Experimental results obtained from the 
proposed high-voltage driver are presented in Sect. 4.  Finally, a conclusion is given in Sect. 5.

2. Structure Analysis of High-voltage Driver

 Figure 1 shows the structure of the proposed high-voltage driver with a switch-capacitor 
cell and a current-sensing resistor for implementing the functions of ZVS and overcurrent 
protection.  The proposed high-voltage driver consists of three circuits.  The first circuit is a 
conventional switching-power converter with a switch-capacitor cell, as illustrated in Fig. 2.  
To reduce switching losses of the main switch (M1) and increase efficiency, the conventional 
switching power converter needs to use ZVS techniques.(6–9)  The conventional switching-power 
converter with ZVS techniques will result in no voltage across an active switch to avoid 

Fig. 1. (Color online) Structure of the proposed 
high-voltage driver with a switch-capacitor cell 
and a current-sensing resistor for implementing the 
functions of  ZVS and overcurrent protection.

Fig. 2. (Color online) Conventional switching- 
power converter with a switch-capacitor cell.
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concurrent high voltage during the turn-on transition, as illustrated in Fig. 3.  Thus, a ZVS 
operation is an effective technique to solve or alleviate switching losses and stress problems of a 
conventional switching power converter.(10–13)  
 The secondary circuit is a voltage-doubler, as illustrated in Fig. 4.  To obtain high-voltage 
(8 kV) output to supply the electrostatic precipitator of the air cleaner, a simple series circuit 
with two capacitors is incorporated.  
 The third circuit is an overcurrent detection and protection circuit, as illustrated in Fig. 5.  
When the overcurrent condition of the high-voltage driver occurs, the current-sensing resistor 
produces an overcurrent signal via a protection circuit to turn off the power of the high-voltage 
driver.  Therefore, the safety of the high-voltage driver can be achieved.  

3. Operational Principles

 To facilitate the analysis of operation, Fig. 6 shows the current and voltage waveforms of 
the key components and the driving signals of the main and auxiliary switches (Ma and Mb).  

Fig. 3. (Color online) Illustration of ZVS technique 
for an active switch.

Fig. 4. (Color online) Illustration of voltage-doubler 
with two capacitors.

Fig. 5. (Color online) Illustration of overcurrent 
protection circuit.

Fig. 6. (Color online) Driving signals and key 
waveforms of the proposed high-voltage driver.
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Fig. 7. (Color online) Equivalent circuits of operating modes for the proposed high-voltage driver.  (a) Mode 1 
(t0 < t < t1), (b) Mode 2 (t1 < t < t2), (c) Mode 3 (t2 < t < t3), and (d) Mode 4 (t3 < t < t4).

(a) (b)

(c) (d)

Figure 7 shows the topological stages of the proposed high-voltage driver during a switching 
cycle.  To simplify the description of the operational stages, the following assumptions are 
made.
(1) To analyze the ZVS feature of the main switch (Ma), the body diodes (Da) and parasitic 

capacitor (Ca) of the main switch (Ma) and the leakage inductance (Lk) of the transformer (Tr) 
will be considered during the steady-state operation of the circuit.

(2) Output capacitors (C1 and C2) and the clamp capacitor (Cc) are large enough so that the 
voltages across them are constant over a switching period.

(3) All the components are ideal.
 On the basis of the above assumptions, the operation of the proposed converter over one 

switching cycle can be divided into nine modes.  The operational principles are explained 
stage by stage as follows.  
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(e) (f)

(g) (h)

(i)

Fig. 7. (Color online) (Continued) Equivalent circuits of operating modes for the proposed high-voltage driver.  (e) 
Mode 5 (t4 < t < t5), (f) Mode 6 (t5 < t < t6), (g) Mode 7 (t6 < t < t7), (h) Mode 8 (t7 < t < t8), and (i) Mode 9 (t8 < t < 
t9).
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Mode 1 [Fig. 7(a), t0
 < t < t1]:

 At time t0, the main switch (Ma) is turned on, and the current iLr of the resonant inductor 
is flowing through the diode (Df2) and the main switch (Ma).  Simultaneously, the dc-link 
capacitor (Clink) discharges through the primary winding of the transformer, as shown in Fig. 
7(a).  The current iDS(Ma) (= iLr + ic(link)) flowing through the main switch (Ma) is the sum of the 
currents iLr and ic(link), which is linearly increased.  During this interval, the energy of the dc-
link capacitor (Clink) will be transferred to the secondary winding through the transformer, and 
the current iNs in the secondary winding of the transformer can be expressed as

 p
Ns Np

s

N
i i

N
= . (1)

 At this operation, there will be a voltage across the secondary winding, which will turn 
on the diode D1 and turn off the diode D2.  The current is2 in the secondary winding of the 
transformer (Tr) will flow through the capacitor (C1) to the load.  The equivalent circuit is shown 
in Fig. 7(a).
Mode 2 [Fig. 7(b), t1 < t< t2]:
 The main switch (Ma) is turned off at time t1, and the parasitic capacitor (Ca) of the main 
switch (Ma) will be linearly charged by the current iDS(Ma) (= iLr + ic(link)).  Because the charge 
time of the parasitic capacitor (Ca) is very short, the voltage VDS(Ma) of the main switch (Ma) will 
steeply increase.  The current iLr of the resonant inductor still continuously flows through the 
main switch (Ma), and its equation can be given as 

 ( ) .
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r
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The equivalent circuit is shown in Fig. 7(b).
Mode 3 [Fig. 7(c), t2 < t < t3]:
 At time t2, the voltage VDS (Ma) of the main switch (Ma) is increased over the input voltage 
VDC, and the current iLr of the resonant inductor begins to be reduced linearly.  Thus, the diode 
Df2 is reversely biased and Df1 is forwardly biased.  During this interval, the parasitic capacitor (Ca) 
via the main switch (Ma) is continuously charged.  The equivalent circuit is shown in Fig. 7(c).
Mode 4 [Fig. 7(d), t3 < t < t4]:
 When the voltage VDS(Ma) of the main switch (Ma) is equal to the voltage VCc of the clamping 
capacitor, the body diode (Db) of the auxiliary switch (Mb) is conducted and creates a ZVS 
feature for the auxiliary switch (Mb).  The current iLr of the resonant inductor is diverted to a dc-
link capacitor (Clink) and a clamping capacitor (Cc).  The equivalent circuit is shown in Fig. 7(d).
Mode 5 [Fig. 7(e), t4 < t < t5]:
 At time t4, the auxiliary switch (Mb) is turned on under the ZVS condition.  The current iLr 
of the resonant inductor is diverted to the capacitors Clink and Cc continuously.  During this 
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interval, the secondary current flow is the same as that during the t3–t4 interval.  The equivalent 
circuit is shown in Fig. 7(e).
Mode 6 [Fig. 7(f), t5 < t < t6]:
 When the current iLr of the resonant inductor reaches zero at time t5, the circuit operation 
enters a discontinuous conduction mode (DCM) and both diodes (Df1) and (Df2) are reversely biased.  
Within this mode, the current is reversed and flowing through the clamping capacitor (Cc) and 
the transformer to the dc-link capacitor (Clink).  In the secondary winding of the transformer, 
owing to the change in the voltage polarity, the diode D1 is turned off and D2 is turned on.  The 
current is2 will flow through the diode D2 and output load.  The equivalent circuit is shown in 
Fig. 7(f).
Mode 7 [Fig. 7(g), t6 < t < t7]:
 At time t6, the auxiliary switch (Mb) is turned off.  The reverse current will continue to flow 
through the dc-link capacitor and the parasitic capacitor (Cr).  The voltage VDS(Ma) of the main 
switch (Ma) will be decreased in a resonant manner towards zero.  The equivalent circuit is 
shown in Fig. 7(g).
Mode 8 [Fig. 7(h), t7 < t < t8]:
 When the voltage VDS(Ma) across the main switch (Ma) is decreased to zero at time t7, the 
body diode (Da) is conducted to create a ZVS operating feature for the main switch (Ma).  The 
equivalent circuit is shown in Fig. 7(h).
Mode 9 [Fig. 7(i), t8 < t < t9]:
 The main switch (Ma) is turned on under the ZVS condition at time t8.  When the current 
iDS(Ma) is increased in the forward direction at the end of mode 9, the operation of the converter 
over one switching cycle is completed.  The equivalent circuit is shown in Fig. 7(i).  

4. Experimental Results

 To verify its feasibility, a prototype of the proposed high-voltage driver with a switch-
capacitor cell and a current-sensing resistor for implementing the functions of ZVS and 
overcurrent protection is built and its specifications are as follows:

• input voltage: VDC = 24 V,
• first-set output voltage: V1 = 4 kV,
• second-set output voltage: V2 = 4 kV,
• total output voltage: Vout  = 8 kV, and
• switching frequency of active switches: f = 50 kHz.

 The experimental results of key components for the proposed high-voltage driver are 
described in this section.  Figures 8 and 9 show the measured voltage and current waveforms of 
the main switch (Ma) and auxiliary switch (Mb), from which it can be seen that the main switch 
and auxiliary switch are operated under the ZVS condition.  Figure 10 shows the measured 
voltage waveforms of the output voltage, from which it can be seen that the high-voltage driver 
can obtain a stable high voltage (8 kV).  Figure 11 shows the high-voltage (8 kV) discharged 
waveform of the high-voltage driver.  Figure 12 shows the overcurrent protection condition.  
When overcurrent happens, the current-sensing resistor produces an overcurrent signal via a 
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protection circuit to turn off the power of the high-voltage driver.  Figure 13 shows the overall 
circuit of the high-voltage driver with a switch-capacitor cell and a current-sensing resistor for 
implementing the functions of ZVS and overcurrent protection.  

Fig. 9. (Color online) Measured voltage and current 
waveforms of auxiliary switch (Mb).

Fig. 10. (Color online) Measured output voltage 
waveforms of the proposed high-voltage driver.

Fig. 11. (Color on l i ne) T he 8 kV d ischa rged 
waveform of the proposed high-voltage driver.

Fig. 12. (Color online) The overcurrent protection condition of the proposed high-voltage driver.

Fig. 8. (Color online) Measured voltage and current 
waveforms of main switch (Ma).
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5. Conclusions

 In this paper, a proposed high-voltage driver with a switch-capacitor cell and a current-
sensing resistor for implementing the functions of ZVS and overcurrent protection has been 
built and implemented.  It uses a switch-capacitor cell and a current-sensing resistor to 
implement the functions of ZVS and overcurrent protection.  In addition, by incorporating a 
voltage-doubler circuit, it can generate a stable high voltage (8 kV) to achieve efficiency and 
dust collection.  Therefore, the proposed high-voltage driver not only reduces the switching 
losses of active switches (Ma and Mb), but also improves air quality.  Experimental results have 
confirmed that the proposed high-voltage driver with the functions of ZVS and overcurrent 
protection is relatively suitable for application to air cleaners.  
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