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ABSTRACT

Traditional transformer in high-voltage power suigsl has many disadvantages such as high turn’s,ritige volume
and great design difficulties. Parallel resonant conees (PRC9 are widely used in high-voltage power supplies. A
kind of high-voltage circuit topology can be formagd combining PRCs and voltage-doubler rectifielnjoh is called
parallel resonant dual voltage convertgBRDVCS. In PRDVCshoth voltage-doubler rectifier and transformer can
boost voltage, which reduced turn’s ratio and vatuai the transformer, makirigeasier to produce. Thus it not only
realizes the high-voltage output, but also realittess miniaturization of high-voltage power suppijiree modes of the
converters were researched and simulated. Conwertonditions of three modes were given. At lasD¥?8s was
used to design &000V/50mAhigh-voltage power supply. The waveforms and tesafl the experiment were given,
which validated the feasibility of the converterslats conversion efficiency might be improve@3éa
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1. Introduction

High-voltage power supplies have been widely used istudied. In Section 5, converting conditions ofethr
inspection equipments such as medicine, non-désteuc modes were deduced. In Section 6, three Modes were
testing, station, customs inspection and also bsed for  verified by PSPICE. In Section 7, a 5000V/50mA high
military purposes such as radar transmitters, mlet  voltage power supply was designed by using PRDVCs.

chart monitor in aviation light. Traditional higlokage . . .
power supplies have affected development of caolla 2- Basic Circuit Topology of PRDVCs

equipments because of large volume and heavy weighbrpvcs was the improvement of PRCs (as shown in
At present, SMPS schemes have been widely adopted Figyre 1). Two kinds of basic topologies of PRDVCs
high-voltage power supplies. It made the volume andyere given in Figure 2. One was the half-bridgeafielr
weight be greatly reduced and power capacity amd €o rggonant dual voltage converter (HBPRDVC) and the
version efficiency be increased, especially emibdie  qr \as full-bridge paralleksonant dual voltage con-

sm_all power high-voltage SMPS. et fo_r all thatnts verter (FBPRDVC), wherel, was the resonant induc-
ratio and volume of transformer were still veryglarand "

its difficulties in design and manufacture werdl stiis-  tance, C, was the resonant capacitandg, was load.

tent. For this reason, using the good adaptalwfityRCs  Here the role of transformer was not only voltagesfer

to high-voltage power supplies, A kind of high-eme  but also electrical isolation. Compared with PRG®

circuit topology can be formed by combining PRCsd an capacitances were adopted to replace two rectifgding

oltage-doubler rectifier, which is paralleésonant dual odes and the heavy inductance was omitted in PRDVCs

voltage converters (PRDVCs) [1]. As a kind of imped  circuit topology.

parallel resonant high-voltage SMPS topology, PRBVC

can increase switch frequency and conversion eff@y L

by using soft switching technologBoth voltage-doubler i _E ]

rectifier and transformer can boost voltage, whithde ST Q !

turn’s ratio and volume of the transformer be dyesd- 1 ol % E—

duced, making it easier to produdhus it realized the T TelRr
1

D, %o,

miniaturization and lightweight of high-voltage pem
supply. In Section 2, the basic circuit topology of GT 5({}@
PRDVCs was introduced. In Section 3, work modals of
PRDVCs were analyzed. In Section 4, three Mode® wer Figure 1. PRCs
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Figure 2. Basic circuit topologies of PRDVCs

3. Analysisfor Work Modals of PRDVCs

Full bridge topology and half bridge topology wash
the same principle [2]. In this paper, we took HBRD
for example to research PRDVCs. For convenience
transformer’s ratio was declared equivalent to 1.
Transformer was equivalent to excitation inductance
and its leakage inductance was neglected. Then the
equivalent circuit could be seen in Figure 3. Htre
direction of voltage and current was referencedlios.
Before analyzing PRDVCs, some reasonable conditions
should be assumed as follows. 1) Q,, Dy, Dy, D3, Dy
were ideal switching tubes. 2) During a switchiygle
both input voltage and output voltage were constant
C,, GC;, Cywere large enough. Electric potential of node A
was V,, /2 and electric potential of node O wag /2.
3) Both inductance and capacitance were losslesggn
storage elements. 4) line impedance was not canside
able.

Under above conditions, PRDVCs had four resonant
switching modals (as shown in Figure 4) and fonedir
switching modals (as shown in Figure 5). Whete

was the resonant inductanc€, was the resonant ca-
pacitance, L,, was the excitation inductance. The direc-

tions of arrows were real directions. In Figurendl &ig-
ure 5, it could be seen that switching tubes anections
of i, and v, were different from one modal to an-
ther.

Equivalent circuit of resonant switching modals was
shown in Figure 6. The corresponding relations betw

Design of a Kind of Improved Parallsonant Converters

V¢ and conducting components and resonant inductance

current were given in Table 1.

Copyright © 2009 SciRes

L«
o ay[Pt.. o e
B —_—
v C;: l él.m
A » o R
G QE’}DZ KDA ==C4
Figure 3. Equivalent circuit of PRDVCs
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Figure5. Four linear switching modals
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Figure 6. Equivalent circuit of resonant Switching modals
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Table 1. The corresponding relations between v, and con-
ducting components and resonant inductance current

Componegs Resementeurer,
Q i, >0 Ve=2 Vi
D, i, >0 Ve=2 Vi
Q iL, >0 VE:'%Vin
D, i, >0 Ve=-2Va

Analyzing the equivalent circuit in Figure 6, diféa-
tial equations were shown as (1).

L di. (t)
dt
dve (t)
S
Ve, (1) =L,

+Ve, (1) =Ve

C +i, ®) =i, (1) 1)
diLm ®
dt
The initial conditions were assumed as follows.
i, (0)=1,, v (0=Ve, i, (9=1,

when L » L., general mathematic expressions¥f ,

i, » i_ couldbe shown as (2).

ve (1) :(V% —VE)cosa),t+ Z,( I - Ilm) sinw t+\,

i (t):\/'L‘:'Zi(v% —VE)sina)rH%(le 1)

m m

(1- coswrt)+\|f—Et+ I

m

i, (t)=i_ (t)+(| L, Lm)cosag —Zi(\/% —VE) sinwt

(@)

where @ =1/,/LC ,Z =L /G ,Z =1, /G .

Equivalent circuit of linear switching modals was

shown in Figure 8. The corresponding relations betw

V. and conducting components and capacitance voltage

were given in Table 2.

iL, ;f‘l;(f‘f\

Figure 7. Equivalent circuit of linear switching modals
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Table 2. The corresponding relations between Ve and con-  linearly and ii. would be increased linearly. Here
ducting components and capacitance voltage "

stored energy. In inductance would be transmitbelbad,

Conducting Equivalent power Equivalent output . . A L ..
components supply voltage/e voltageV, as shown in Figure _5(b). Subsutut_mg initial c_ctrtmhs to
1 1 (3), the corresponding mathematic modelsiof, v, ,

Q Ds Ve =5 Vin Vr—E Vo 0 :

1 1 i, could be deduced
D, Ds Ve ='§ Vin \/r=E Vo m
o D Ve=-1v, v=1v, 412 SN|tch|ng M oda! 2 [ty-t5]

l2 l2 At tymoment, i (t,) =i, (t,) and Qwould shut off natu-
D D Ve=3 Vi V=3 Vo rally. Then B would shut off naturally tooi, would be

The initial conditions were assumed as follows. increased reversely ang ~would be increased posi-

i (0): I iLm (0) =1, O tively. Here circuit state would be transferrednfréinear

) ) o ) modal to resonant modal, as shown in Figure 43bh-
Analyzing equivalent circuit general mathematic eX-stituting initial conditions to (2), the correspangl

pressions ofV, , i_, i, could be shown as (3) mathematic models of, , v, , i__could be deduced.
B 4.1.3 Switching M odal 3 [t,-t3]
v, (D =V, At t, moment, v (t,)=-V,/2 and D, was con-
i, ) =1, +Mt (3) ducted. Here circuit state would be transferredmfro
' ’ L resonant Modal to linear modal. During this periog,
i ©)=1,_ +\L/_rt was constant and,  would be linearly decreased re-
m versely andi,  would be linearly decreased positively.
4. Three Modes of PRDVCs Here stored energy in inductance would be transthiib

load, as shown in Figure 5(d). Substituting initahdi-

PRDVCs appeared three operational modes when Ioadﬁons to (3), the corresponding mathematic models o,

and operational ranges changed. .
4.1 Operational Mode 1 Ve, » I, could be deduced.

Selecting logical parameters Mode 1 appeared. $®@d 4 1 4 The second half of cycle [tatg]

erating waveforms of Mode 1 were shown in Figur®8e  agter t;moment circuit state would enter the second half
switching cycle could be divided into six switchingpdals. ¢ cycle. These were similar to the first half.

4.1.1 Switching Modal 1 [tg-tq] .
Before smoment Qand Dwere conducting, @ D, D, 42 Operational Mode 2

D, were off. Aty moment Q would be turned off. B when switching frequency was higher than resonamnt f
would be conducted because of continuays and then  quency, PRDVCs would be shifted from Mode 1 to Mode

Q,would be put into operation by ZVS. During this pe-2 With the decreasing load. Steady operating wawmego

riod, v, was constant and, would be decreased of Mode 2 were shown in Figure 9. One switchingleyc
' ' could be divided into six switching modals.

r Q1 Q2 Ql R
Ve | | : — : — 4.2.1 Switching M odal 1 [to-t,]
| | | | | | |
T T I [ Vi 2 i
V“T ! L ! [ T I‘gl; i i 9 ] 1] 1 9 |
‘ 1 : : : [ Vet 1 ! LY ! 1 t
4 R S 7 AU N s S S
I I N 1 [ N : i : i i ; / ¢
, e L S N
e s = A I S WU I R
I I - 1 o Li+— N e
e O S s s SR ¥ & S N | N Qs
T T 1 T 1 [ 1 11 i |
Rt B B T
:lr: ! I : D] ! : i imT | '\: ! t
2 i CRS==ip s :
o t 5 'ty G LR Lot te
Figure 8. Steady oper ating wavefor ms of M ode 1 Figure9. Steady oper ating wavefor ms of M ode 2
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Before § moment, Q was conducting and Dy, D,, Ds,
D, were off. At § moment, Q would be turned off and
D, would be conducted because of continudgs Dur-

ing this period circuit was in resonant state, le®s in
Figure 4(d). Substituting initial conditions to (2he cor-
responding mathematic models qf , v, , i, could

be deduced.

4.2.2 Switching Modal 2 [t;-t,]
At t; moment, v, would rise tov, /2 and I would

be conducted. Then ,Quould be put into operation by
ZVS. During this period,v, was constant and_

would be linearly decreased positively and would be

linearly decreased reversely. Here stored energin-in
ductance would be transmitted to load, as showkigrb

(b). Substituting initial conditions to (3), theroespond-
ing mathematic models of_, v, , i, could be de-

duced.

4.2.3 Switching M odal 3 [t,-t3]
At t; moment, i (t2):iL (tz) and O would shut off

naturally. Then B would shut off naturally too.i_
would be increased reversely arid would be in-

creased positively. Here circuit state would begferred
from linear modal to resonant modal, as shown gufé
4 (b). Substituting initial conditions to (2), tteorre-
sponding mathematic models of , v, , i, could be

deduced.
4.2.4 The second half of cycle [ts-tg]

After t;moment, circuit state would enter the second halpgfined

of cycle. These were similar to the first half.

4.3 Operational Mode 3

When switching frequency was lower than resonast fr
gquency PRDVCs would be shifted from Mode 1 to

Analysis and Design ¢fiad of Improved Parallel Resonant Converters

4.3.1 Switching M odal 1 [te-t4]

Before t moment, Q and O were conducting, Q D;, D,
D were off. During this period, circuit was in limestate.
At to moment, i (t,) =i (t,) and O would shut off
naturally. Then B would be conducted and circuit state
would be transferred from linear modal to resomaatial.
At t,moment, Q would be turned off by ZCS, as shown
in Figure 4(d). Substituting initial conditions {@), the
corresponding mathematic models af , v, , i_

could be deduced.

4.3.2 Switching M odal 2 [t;-t5]

At t; moment, Q would be put into operation and,D
would be shut off. This was a hard switching andilo
lead to switching loss. Here circuit was still Esonant
state, as shown in Figure 4 (a). Substitutingahitondi-

tions to (2), the corresponding mathematic modgls,o,

VCr )

4.3.3 Switching M odal 3 [t,-t3]
At t, moment, v, would rise toy/2 and Qywould be

i, could be deduced.

conducted. Here circuit state would be transfenesb-

nant modal to linear modal and stored energy iuéad
tance would be transmitted to load, as shown imr€idp

(a). Substituting initial conditions to (3), therasponding
mathematic models of,_, V. , i, could be deduced.

4.3.4 The second half of cycle [ts-tg]
After t; moment, circuit state would enter the second half
of cycle. These were similar to the first half.

5. Converting Conditions of Three Modes

F=f/f, M=V,/V,. Steady output volt-
age could be acquired by PFM when PRDVCs was ap-
plied. With load being reduced, the steady outmltage
could be realized by increasing or decreasing Witcls-
ing frequency.

When switching frequency increased, PRDVCs state

Mode 3 with decreasing load. Steady operating wavey,oid be converted from Mode 1 to Mode 2. The caiti

forms of Mode 3 were shown in Figure 10. One switch

ing cycle could be divided into six switching maslal

Vie b Q2 Ql Q2
I t
Ve
l t
B
Ve t
| A
it /’— \ t
k /
I / F— t
t
\‘\ ——
il)
t
= t, t, t, t; t, t, ts th

Figure 10. Steady operating wavefor ms of Mode 3
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UM 1-M

frequency was F, =77/ +arccos—— (appar-
q y 1 M+1 M (app

ently M>0, F;=1). WhenF<F,, leading to Mode 1.
When F > F,, leading to Mode 2. When switching fre-
quency decreased, PRDVCs would shift from Mode 1 to
2Im |

Mode 3. The critical frequency waB, =77/ M —1

arccosi;—k/l/I (apparentyM=1, F,<1). WhenF>F,,

leading to Mode 1, WhelR>F,, leading to Mode 3.

6. Simulation Experimentsfor Three Modes

For verifying the analyzed results, some simulaton
periments were carried on by Pspice. The simulgti@n
rameters were as follows.

JEMAA
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Input direct voltageV;, = 250VDC;

Output direct voltageV, = 300VDC;
Q1(D1)-Qua(D4): IRPF640;

Resonant parameters:, =63.3yH C, =20nF;
Mode 1: Switching frequencyf, =15KHz;

Output power; p, = 200W
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(a) Simulation waveforms of Mode 1
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(b) Simulation wavefor ms of Mode 2
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(c) Simulation wavefor ms of Mode 3

Figure 11. Simulation wavefor ms of three M odes

Copyright © 2009 SciRes

of Improved ParalR¢sonant Converters 71

haEsF =S

e

Figure 12. Wavefor ms of experimental circuit

Mode 2: Switching frequencyfs =24CKHz
Output power p, = 60W ;
Mode 3: Switching frequencyf_ = 60KHz ;
Output power p, =130W .
Simulation waveforms of three modes were shown in

Figure 11. It was verified that the analyzed resuere
correct.

7. Design of 5000V Power Supply

In this section, a 5000V/50mA high-voltage powep-su
ply was designed by applying HBPRDVC. The design
parameters were given as follows.

Input direct voltage: 250VDC;

Switching frequency: f, =161kHz;

Resonant inductancet, =52,H ;

Resonant capacitanceZ, =15000p ;

Output direct voltage: 5000VDC;

Full load: 250W;

Power tubes: IRPF460;

Ratio of transformer: n=5.55;

Under above parameters, PRDVCs operated in Mode 1
when full load. The 5000V/50mA power supply was re-
alized by experiments. The power supply was high pe
formance. It was verified that PRDVCs is feasibbe f
high-voltage power supply. Under full load conditjdhe
relationship between the voltage across power arixe
its trigger pulse was given, as shown in Figure A@-
parently, power tubes were conducted by ZVS. The co
version efficiency was up to 93%.

8. Conclusions

A 5000V/50mA high-voltage power supply was built
by HBPRDVC. It was verified that the plan is fedsib
by experiment results. Compared with traditional
plans of high-voltage power suppliefRDVCs has
following merits: 1) Soft switching was realized by
resonant technology, thereby switching frequencg an
conversion efficiency were boosted; 2) Distributed
capacitance and leakage inductance in high-frequenc
transformer were available. The influence of distri
uted parameters was reduced and EMC of the power
system was improved. Thus the reliability of thenco
verters was ensured; 3) Both voltage-doubler riegatif
and transformer could boost voltage, which reduced
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turn’s ratio and volume of the transformer, makihg
easier to produce. Therefore, the miniaturizatidn o
high-voltage power supply was realized. In summary/3]
PRDVCs was applied to pint-size high-voltage and
low-current SMPS, which is worthy of broad applica-

tion prospect.
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