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Abstract: - The high voltage power supply is widely used in various fields. The paper presents detailedly the 
topology, the operation and the key techniques of a high precise direct current (DC) negative high voltage power 
supply. To enhance the power factor of input side and the voltage precision of output side, the power supply uses 
BOOST converter for power factor correction and voltage regulation. It converts DC to high frequency (HF) 
alternating current (AC) square wave with phase-shifted full bridge. The voltage of the AC square wave is 
boosted by HF transformer, then the HF high voltage AC square wave is double rectified to DC high voltage 
output. The HF high voltage transformer, which is designed and manufactured with special 
material—polytetrafluoro ethylene (F4) and special technique, solves several technical difficulties including 
influence of distributing parameters and insulation, and meets demands of high frequency, high voltage and high 
power. The supply’s output voltage is 25kV and its maximal output current is 100mA.The experimental result 
shows the power supply has high input power factor, stable output voltage and small ripple.    
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1   Introduction 

The high voltage power supply includes positive 
voltage source and negative one, which is wildly used 
in various fields such as scientific research, industry 
and medical treatment. Of these fields, to satisfy 
usage demands, the high voltage power supply 
should has high precision and low ripple. 

At present, the rapid development of power 
electronics prompts the trends of high voltage power 
supply to high switch frequency. However, the 
technique in the HF high voltage power supply 
whose output power is more than 1 kW isn’t mature 
yet.  There are three main problems[1~3]: (1) input 
power factor is low; (2) the output voltage ripple is 
high; (3) it’s difficult to deal with the insulation, 
parasitical inductance and distributed capacitor of the 
high voltage high frequency transformer. 

According to actual application demand, the 
paper researches on and develops a high precise 
negative high voltage power supply used for 
industrial analysis, whose output voltage is 25kV. 

The paper uses BOOST converter for power 
factor correction and voltage regulation, which 
improves input power factor and reduces output 
ripple of the power supply. And the paper adopts 
special material and design method, which solves the 
problems of insulation and parasitical parameters of 
transformer under high voltage and high frequency.  

 The steady output current of the power supply is 
about 60 mA and the maximal 100 mA.  
 
    2 The main circuit and the control 
scheme  

As illustrate by Fig. 1, the high voltage power 
supply is composed of rectifier, primary stabilizing 
and power factor correction (PFC) circuit, zero 
voltage switching (ZVS) phase-shift full-bridge 
inverter, HF high voltage transformer and 
double-voltage rectifier.  

The first rectifier, using full-bridge uncontrolled 
rectifier, changes the grid voltage to DC pulsant one. 
The primary stabilizing and power factor correction 
(PFC) circuit is realized by a BOOST converter, 
which has two functions: (1) to make input current 

track input voltage  by current feedback, which 
guarantees input power factor of the power supply is 
close to 1; (2) to adjust the output voltage  of PFC 
circuit, which guarantees the output voltage of the 
power supply is stable. To reduce switching losses 
and to diminish voltage ripple, the inverter adopt 
ZVS phase-shift full-bridge circuit, which converts 
smooth DC voltage to AC square wave with high 
frequency. The HF high voltage transformer is the 
key of the power supply, which boosts AC square 
wave to scheduled high voltage. Double-voltage 
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rectifier, including rectifier circuit and filter one, 
changes the HF high voltage AC square wave to 
smooth DC negative high voltage. 

 
  Fig. 1 Structure diagram of the main circuit 

In the power supply, the duty cycle of the 
switches of the phase-shift full-bridge inverter is 
constant and equal to 0.95, hence the adjustment of 
output voltage is realized only relying on primary 
stabilizing and PFC circuit. 

The switch Q5 in BOOST converter is realized by 
IGBT (Toshiba MG50Q1ZS50) and the switches 
Q1~Q4 are realized by IGBTs (Mitsubishi 
CM50DU-24F). The control structure of the whole 
power supply is illustrated as Fig. 2. 

 
Fig. 2 Structure of the control system 

usk --sampling gain of pulsant DC voltage || ; -- 

sampling gain of incductance current ; -- sampling gain 

of output voltage ; --the gain of BOOSTconverter ; 

-- the gain of  inverter ;  --the transforming ratio of 

transformer; -- the gain of mulitple-voltage rectifier ; 

--the reference value of output voltage;  --the 

reference value of current controller 
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3 The key implementation techniques  
3.1 The primary stabling and PFC circuit[3~6]  

To make the input current track input voltage, 
BOOST converter runs in current-control mode. The 
error between reference voltage and feedback of 

output voltage  is adjusted by PI controller, 
whose output is multiplied by the measure signal of 
pulsant DC voltage and gains the reference 

current . In the control of the power supply, the 

switching frequency is invariable. When the current  
 of inductor L1 increases to , the switch Q5 is 

switched off for a while; when the switching period is 
over, Q5 is switched on again. And the process above 
mentioned is circulated repeatedly, which not only 
realizes power factor correction, but also guarantees 
the stabilization of output voltage. The paper selects 
the integral control IC--UC3854, which can realize 
these functions expediently. Under the condition that 
the switching frequency is invariable, the duty cycle 
D changes when input voltage changes and there is 
the below relationship: 
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in the design,  is selected as 350V. dU

Suppose BOOST converter runs in ideal state, the 
input power is equal to the transient power, by which 
the ripple voltage of filter capacitor C5 can be 
deduced: 

t
C

I
dti

C
tU d

Cd ω
ω

2sin
2

1)(
5

5
5

−=≈Δ ∫                (2) 

in formula (2), ω is the frequency of the grid 
voltage; is the average current flowing to the back 
circuit. 
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According to formula (2) and ripple restricting 
condition-- dUΔ =2% , the filter capacitor C5 can 
gained by calculation:  , and is 
selected as . 

dU
uFC 31855 =

uF3000
In addition, a LC composed of  and , 

whose resonant frequency is 
fL fC

ω2 , can effectively 
eliminates low order harmonics. 
 
3.2 The HF  high voltage transformer 

The HF high voltage transformer is the core and 
the difficult point in the whole high voltage power 
supply, under the condition of high voltage and high 
frequency, whose parasite parameters and distributed 
ones directly influence the performance of the high 
voltage power supply. In the design process, three 
factors are considered: (1) the leakage inductance of 
the transformer. The leakage inductance at high 
frequency shall restrict the output power of the power 
supply, at the same time, the leakage inductance, 
being as resonant inductor of phase-shift full-bridge 
inverter, should guarantees the switches in the 
inverter switch under zero voltage. (2) the distributed 
capacitor of the transformer. The distributed 
capacitor at high frequency shall reduce power factor 
and increase empty-load current. (3) the insulation of 
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the transformer. The insulations between low voltage 
side and high voltage side, between different 
windings, between layers are should considered. 

In the design process, transforming ratio of the 
transformer should be determined firstly. 
Considering the loss of duty cycle of transformer’s 
second side under ZVS phase-shift, the duty cycle of 
transformer’s second side is determined as 0.85, so 
the voltage of  transformer’s second side is: 
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in formula (3), is output voltage; is voltage 
drop of the filer inductance. So the transforming ratio 
of transformer is:  
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n  is selected as 43. 
The paper selects ferrite magnetic core (UF96), 

whose effective area conducting magnetism is 

and saturation magnetic induction intensity 
. To avoid magnetic saturation, the 

maximal single direction magnetic induction 
intensity is selected as: 
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switching frequency of the inverter , the 
winding turns of transformer‘s primary side is: 
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the winding turns of transformer‘s second side is: 
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To solve the problems aroused by parasite 
induction, distributed capacitor and insulation in 
transformer, some measures are taken with regard to 
the  structure and the  material of the transformer: (1) 
the low voltage windings and the high voltage ones 
are isolated by using two frameworks of different 
dimension, which are coupled inside and outside, 
respectively. (2) the high voltage winding framework 
is made of special material—polytetrafluoro ethylene 
(F4), which has good insulation performance. (3) 
there are 21 grooves in the surface of the high voltage 
winding framework, and the bordered grooves are 
isolated by F4 with appropriate thickness. The 
winding is divided averagely and there are 39 turns of 
windings in each groove which is divided 4 layers, 
inserting the polyester film between layer and layer. 
As a result, the voltagea groove bears is only 
about 720V, and there is a voltage about 180V 
between layer and layer in each groove. (4) to 
diminish the voltage between layer and layer and 

reduce distributed capacitor, the high voltage 
windings is divided into many subsection, then is 
coiled. (5) the surface of the transformer is sealed by 
epoxy colophony and the windings is immersed by 
paint in the vacuum condition. (6) the high voltage 
winding is covered by a F4 cover, which prevents air 
discharge. The overall picture and the partial one of 
the HF high voltage transformer are shown as Fig. 3. 

 
a. The overall picture of the HF high voltage 

transformer 

 
b. a. The partial picture of the HF high voltage 

transformer 
Part A -- the high voltage windings and their framework;   
Part B -- the F4 cover of the transformer;  
Part C -- the magnetic core of the transforer;  
Part D -- the low voltage windings and their framework. 

Fig. 3 The real picture of the HF high voltage 
transformer 

 
3.3 ZVS Phase-shift full-bridge inverter 
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As shown in Fig. 1, C1~C4 are output junction 
capacitors of the switches Q1~Q4, and  is 
resonant inductor, C6 is the capacitor blocking DC 
and used to prevent transformer’s DC magnetization. 

 is mainly used to absorb the peak voltage of 
transformer. Accorrding to [6], the leading arm 
can easily realize zero voltage switching (ZVS), 
while the lagging arm is difficlut to realize ZVS. 
Take Q3 for example, to achieve ZVS, the 
following formula must be meet:  
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dPr UCIL >                                   (6) 

in which,  is the current of tranformer 
primary side when Q3 is switched off. 

pI

In the design process, it’s destined that the 
lagging arm realizes ZVS when output current is 
equate to or more than 30mA. At this point the 
current equivalent to transformer primary side is: 

. Known from 
manual data of IGBT CM50DU-24F that its 
typical junction capacitance value is 0.85nF, 
According formula (6), in order to ensure that 
lagging armcan achieve ZVS, . 
The transformer leakage inductance is about 

 in the design of the paper, so it can work 
as a resonant inductor. In the condition of one 
third of the maximum load, lagging arm can 
realize ZVS. Hence, in this power supply design 
, resonant inductor is also transformer leakage 
inductance in ZVS phase-shift full-birdge 
inverter.   
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The loss of duty cycle of transformer’s second 
side is decided by formula: 
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when output current  is 100mA, substitutes the 
actural values of  the remaining variables into 
formula (7), it’s can be gained that the largest  duty 
cycle loss is 0.114. When the inverter maintains 
constant duty cycle of 0.95, in such a loss of duty 
cycle, the output voltage can be adjusted by 
primary stabling and PFC circuit to ensure its   
stability. The inverter is controlled  by IC-- 
UC3875. 
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3.4 The double-voltage rectifier and 
sampling of output voltage 

The main parameters of the  double-voltage 
rectifier are as below: maximum input voltage is 
30kV; maximum input current is 500mA; maximum 
output voltage is 50kV; maximum output current is 
200 mA; the ripple coefficient is 1% when the 
frequency of its input voltage is 10kHz and 0.2% 
30kHz; in addition, there are built-in filtering circuit 
and resistors for voltage sampling. The voltage signal 
gained by the built-in resistors is sent to a voltage 
follower, whose output signal is amplified by a linear 
optocoupler and sent to back signal dealing circuit. 
The model of operational amplifier used as voltage 
follower is LF444A, and the model of optocoupler is 
HCNR200 (Agilent). To prevent voltage sampling 
resistors from widening arc to generate peak voltage 
which will damage voltage follower, a TVS 
(transient voltage suppressor) clamp circuit and a RC 
filter circuit are installed in the input of voltage 
follower. Sampling circuit is shown in Fig. 3. 

 
Fig. 4 The circuit of the output voltage sampling 

 
4  The experimental results 

The experimental results indicates that: the 
lagging arm can realize ZVS when the output current 
of the power supply is equal to or more than 28mA; 
the input current can track the input voltage well and 
output voltage has good stability when the load alters 
in a wide scale. When load current is 85 mA, the 
input power factor is 0.99 and ripple coefficient of 
output voltage is below 0.3% (peak-to-peak). 

Fig. 5 shows the voltage of the driving signal 
and collector-emitter of Q3 and Fig. 6 the voltage of 
primary side of the transformer.  

Fig. 7 shows the waveforms of input current and 
input voltage, and Fig. 8 output voltage and its 
spectrum. 
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Fig.5 The voltage of the driving signal and 

collector-emitter of Q3 

 
Fig.6 The voltage of primary side of the 

transformer 

 
Fig.7 Input voltage and input current 

 
Fig.8 Output voltage and its frequency spectrum 

5   Conclusion 

(1) The high voltage power supply designed in 
the paper, using two high frequency converters as 
well as high voltage high frequency transformer and 
rectifier, not only diminishes output voltage ripple, 
but greatly increases the input power factor, so avoids 
the pollution to the grid in great degree.  

(2) The transformer designed and manufactured 
by special material and technique, solves several 
technical difficulties such as the  influence of parasite 
parameters and insulation, and meets demands of 
high frequency, high voltage and high power.  

(3) The experimental result shows the power 
supply has high input power factor, stable output 
voltage and small ripple. 
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