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ABSTRACT

Conventional DC/DC converter topologies contain a single
semiconductor switch, a diode, and various arrangements of
inductors and capacitors to filter the resulting waveforms into low
ripple DC. The cutput or input voltage is limited to the rating of
the semiconductor switch and diode. For high wvolige
performance, transformers are added to form forward, flyback, or
push-pull topologies. For high input voltages, semiconductor
switches are arranged in an inverter bridge topology with a
iransformer to operate at higher voltages. Generally,
conveniional DC/MDC converters are limited to low voltage
applications. The addition of a transformer to provide sufficient
voltage gain adds significant weight to the converter. Series,
parallel resonant circuits with dual bridge circuits can function
like a DC/DC converter with a transformer. Resonant converter
topologies concepts have existed for the past 30 years. This
paper will present a simplied generalized view of resonant
circuits as mn-fillers and T-filters which give insight into
improving circuit performance and developing new resonat
topologies for bidirectional power flow.

INTRODUCTION

Switch-mode  power  converters  generally  have the
disadvantage of producing losses when the converter attempts to
abruptly turn off current while simultaneously atterpting to
standoff a voltage across the same switch. In reality, the current
hag a gradual decay with a rising voliage producing power that is
not dissipated usefully in the load. Various types of resonant
circuits give the power circuit the ability to tum off at a zero
point in the resuliing sinusoidal waveform, helping to reduce
power losses. This reduction in losses permits high frequency
operation of the switches, which in twrn reduces the size of
capacitors, inductors and transformers, making resonant
converters relatively small even at high power levels.

Resonant circuits were applied to silicon controlled rectifiers
{SCR) to make these early converter citcnits efficient and smaller
in size. Early SCR’s would tumn off relatively slow {20ps
typically) so that any voltage present would produce power
losses. SCR’s could not tolerate large dV/dt and would actally
furn on again if enough delay was given before full voltage
appeared across the switch. Finally, early SCR’s could not
tolerate large dI/dt at fumon since the current carders a limijted to
a small area, which looks like a high resistance and therefore high
power dissipation. The power dissipation was usvally bigh
enough to cause hoi spots that would burn the SCR out if dl/di
were too large. Resonant circuits produced zero current and
voltage points to allow “'soft” turnon and turnoff of the switch.

Traditionally, resenant converters are categorized into three
types: senes, parallel, and series-parallel. The series resonant
converter contains a resonant circuit in series with the load and
the parallel resonant converter contains a resonant circuit in
parallel with the load. The series-parallel converter contains a
resonant circuif parallel to the load with a series resonant circuit
connected between the power source and parallel combination.
The three conventional categories of resonant ciccuits can be
viewed as subsets of m-filter and T-filter circuits. Using a simple
impedance model gives a reasonable qualitative analysis of the
influence of the different circuit elements on voltage and current.
The simplified models gives a clearer picture if adding extra
components will change the performance of the converter.
Studies have shown thal resonant n-filters and T-filiers can act as
voltage boost circuits or “resonant transformers.” A high power
resonant voltage step up converter for a MHD power conditioner
was designed by Maxwell Laboratories in 1976 converting 30
KW, 2.5 KV source to 27 MW, 20 KV and a 3 MW, 200 KV,

Filter models easily apply to any type of resonant converter
and with some siretch of the imagination, the analysis can apply
to quasi-resonant circvits. A simplified analysis is basically
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representing each inductive or capacitive element (or
combination) as a simple impedance Z. The effects of initial
voltage and cument conditions are lost, however, important
effects such a power quality, the degree of isolation of source ang
load, and bi-directional compatibility can be assessed.

VOLTAGE-FED =-FILTER TOPOLOGY

Fig. | shows a conceptual converter topology using a
generalized w-flter fed by a constant voltage source with a
Thevin equivalent sobrce impedance.
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Fig. 1 - Voltage Fed n-filter converter

Switch-mode inverter generally have four basic states consisting
of a positive on state, an off-slate, a negative on state, and a final
off-state. The dead-time state is nsually required for to turn-off
switches like thyristors and prevent shorting the power bus. In
addition, the off-state helps to reduce dV/dt power losses,
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Fig. 2 - Switching States

The state equations are written in the frequency domain to
produce simple algebraic relations. States 1 & 3 are basically
equivalent circuits, where only polatty of the source changes.
The simplified analysis ignores initial conditions which are
require to determine the currents and voltages in States 2 & 4.
Only a detailed analysis for specific circuit elements can fully
account for the effects of initial voltage and current.

For the circoit shown in Fig. 1, the loop equations for State |
(t0 < t < tI), VS{t) = V5, VS8(s) = VS/s, (droping the
conventional frequency notation “s™},

V.
—S—:ZS-IS +Z1{IS—-I2)
s

0=Z1(12 - 18) + 72 [24- Z3- (12— [L)
(=z3(IL-12)+ZL-IL 5

The load current [L. becomes,

_ VS 1
a1 L1
5 Z5

(-—+~)-(22«|-Zl)+IJ-—+<—+-)-Z’2+1

7L Z3 ZI  \Z3 7L @
We see that Z3 and ZL work in parallel and that the source
impedance ZS and the series impedance Z2 have an influence on
the performance of the circuit. A non-zero source impedance

interacts with every impedance in the circuit. For minimal source
impedance (ZS = 0), the load current simplifies to,

Vs 1

sZL [ 1] 1
—+—]z2+1
3 2L 3)

The load voltage (VL = ZL IL) is given by,

VS 1

I 1 1 1
i [<-~+—)-(22+21)+I}E§+(—+-_)‘zz+1
ZL. 73 Z3  ZL

vi=
z1 @
and again for minimal source impedance,
vs§ 1
s ( 1 1 )
—+—qz2+1
Z3 7L (5)

The source current becomes,
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The source current is a major component of power quality seen
by the power system and all of the component effect power
quality. The source current for minimal source impedance is,

Vs V2L Z3

1=
sZI 1 1
(— +—>Azz+ 1
23 7L

1 1)
—t+—Z2+zZh+1

4 )]
The voltage gain from source to load is given by,
VL_ 1
Vs
(i+i)‘(22+21) + l}‘ﬁ"- (l +i)-Z2-|—1
ZL. Z3 Z1 z3 ZL 3]

We see the n-filter circuit is a natural buck circuit. To produce a
voltage boost, the initial capacitor voltage must be higher than the
source voltage or a transformer must be added.
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The voltage gain for minimal source impedance,

VL 1

vs (1 1 )

—+—]-zz2+1

Z3 7L, )]
When Z8 << Z1, the influence of ZS can be minimized. If Z3 is
open (Z3 = =} then the circuit simplifies to a classic series
converter which is a really a narrow bandpass filier. For bi-
directional power flow in a voltage-fed n-filter topology, given
22 remains the same, the value of Z3 can be adjusted to produce
a good impedance match with ZE. For State 2 and State 4, the
solutions are [5(s) = 0 and IL{s) = 0 when the initial conditions
are ignored. For State 3 the solutions for current and voliage are
the negatives of State 1.

VOLTAGE-FED T-FILTER TOPOLOGY

Fig. 3 shows a conceptal converter using a generalized T-
filter with a constant voltage source using a Thevin equivalent
impedance
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Fig. 3 - Voltage fed T-filter converter

The loop equations in State 1 where t0 < t < 1, V58{s) = V5/s,
are,

Vs
—=Z5- IS+ Z1' IS+ Z3-(I5— 1L}
B

CFz3-(IL—1s) + 22 L+ 7L 1L (10)
The load current becomes,

Vs 1

s 7L (I 724 ZL) 7821 72
_'_ -

Zz3 7L _i (1

All circuit elemenits interact even if ZS is minimized (ZS = 0,

_ V8 1

sZL ( ZZ-:—ZL) 71 72
1"‘ — .—_+
Z3 7L (12)

The circuit will produce a more complex frequency response,
which may be desired for some applications.

bi-directional power flow.

Impedance
matching would be difficult, making this topology less suited for

The load voltage is again given by VL =2L 1L,

_Vvs 1
EALE
s (I+22+ZL)_ZI+ZS )
a4 a3

For the case of minimal source impedance,

Vs 1
V -
s (j ﬂ+2~'~).2 z
2. ZL a4

The source current has a complex frequency response,

22
1+ZLL
o= Y8
s7ZL (1_'_22+ZL)‘ZI+ZS Lz
Z3 7L ZL (13)

and even for minimal source impedance,

1L BAT2
o=V8 . 73
sZL (I_'_ZZ-I—ZL)E}_ z2
= (16)

indicating more complications for power quality compared to the
voltage fed n-filter converter. Finally the source 10 load voltage
gain is,
Vi_ 1
v 24
S (HZ 4 ZL)'ZH—ZS L2
z3 ZL ZL an

and for minimal source impedance,
VL_ 1
V§ (1 . zz+zz,)‘_g.1v z .
Z3 I, (18}

which implies a natural voltage step-down,
CURRENT-FED PI-FILTER TOPOLOGY

Fig. 4 shows a conceptual DC/DC converter using a
generalized resopant A-filter and a constant cument source
represented with a Norton equivalent impedance.

Fig 4 - Current-Fed m-filter converter



The nodal equations for the cwrent fed m-filter converter
shown in Fig 4 easily determine since there are only two node
voltages, VS and VL. For Siate 1 (t0 < t < 11), 18(s) = IS/s,

IS_VS VS—VL V§
et S/ S gt R
s Zl 72 Z8

YL—¥5S VL VL

F—t— =
zz Z3  ZL a9

The solution for load voltage is given by,

ZLIS 1
Vi
5

I 1 1 1
. (—+—)-(22+23)+1 'EJr(—Jr—)-zerl
IRVASA| Z3 V2L Z§ 20
If the source impedance is maximized (ZS = =), the load
voltage becomes,

ZLI8 |

vi= —
& 21+ 7. 72

( . +1)'—+—+1
£1 Zl

(21)
The load current {IL = VE/ZL) is then,

18 1
n=—-

3
Hi i L)-(&+Z3)+l:|'&+(l+i)‘m+l
A TIVAL Z3 \Zl ZS (22)

Even for a large source impedance, the load current is

IS 1

& (2‘2+2‘3 + }_)%4_2_'_]
Zl A

(23)

The load current has a complicated frequency response making
impedance matching difficolt. The source voltage becomes,

(1+Q)+~Z~2-
VS:ZL-IS;_ 3 1
) {(l+i)-(zz+z3)+l-—ZLmtw(—Jri)-zzH
AR z3 \zl Zs (24)

50 thal power quality is more difficult to manage even for large
source impedance,

I-|—%+FE
ve=ZLIS ZL -
: (ZZ'FZBH)E—LH 24
Zl Z3 7l (25)

The source to load current gain is,

IS
Hi-rl)-(zz—kznﬂ—I}-%-r(lﬂ—i)-zz-rl
AT A\ Z3 \Zl Z8 (26)

for the large source impedance, the current gain becomes,

o_ 1
a (zz+23+1)_g+§+1
Zl 23 Zl (1))

The corrent gain indicates the circuit has a natural tendency to
reduce current.

CURRENT-FED T-FILTER TOPOLOGY

Finally, the conceptual converter using a T-filter and a
constant curreni source represenied with a Norton equivalent
impedance is shown in Fig. 5.

Fig. 5 - Current-Fed T-filter converter

The nodal equations for the cucreni-fed T-filter converter for
State | where t0 < t < tl, IS(t) = IS, [S5(s) = IS/s,

ISLVS  VS—-V2
.————--f-.__—____
s ZS Zl
V2Z—V§ V2 V2I-—-VL
rF—t—t——
zl 72 Z3
YL-VZ VL
Z3 ZL {28)
The load voltage becomes,
VL_ZL']S- ZI+Z2 ZlL.
FARNAL
? ( * +I)- T
z2 zs 29

which indicates that Z3 and ZL naturally work in series but that
Z) and Z2 work in series. I ZS >> Z1 + Z2 (large source
impedance), the load voltage reduces to,

_ZLIS i
M W
s + +1
22 (30)

If Z3 = 0, the current-fed T-filier topology simplifies to a classical
parallel converter. In the bi-directional case where Z2 remains
the same, Z3 can be chosen to match the convetter impedance to
the load impedance easily.

The load current is given by,

15

1
s (:a +Z2 1)‘21,4-23 2
s 2 Z8 {31)




and for large source impedance, the load current is,

18 1
s ZL+7Z3 1
£ (32)

The source voltage is,

(ﬁ l)‘ZL'i—ZS Lz
o= LTS 72 7L 7
ZI+Z2 ZL-+23  Zl
s ( + + 1)_ - +2 40
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For large source impedance, the source voltage is,

(g I)AZLJrzsdl_g
ye=Zl1S (72 7L
§ ZL-]—Z'.3+1
22 (34)

The source voltage quality is highly influenced by the converter.

The source to load current gain is given by,

DL 1
18 (zwzzﬂ)_zurzs

ZL
8 (35)

+

The current gain equation implies that current is reduced at the
output of the T-filter circuit so that large currents must flow
through Z2, a classic disadvantage of parallel converters. For
large source impedance,

L. 1

15 ZL+23 + 1
Z2 (36)

CONCLUSION

Conventional series, parallel, and series-parallel circuits can
be viewed as resonant m-filters and T-filters. Bi-directional
resonant converts using full filters topologies provide the best
impedance matching and isolation between the source and load.
Filters naturally reduce the voltage or current seen by the load so
that voltage or current boosting reqires a transformer or adjusting
the initial voltage of circuit capacitance through the turn-off time
of the switches. The source and load ¢an be reasonalbly isolated
when the source side impedance of the voltage-fed w-filter is
sufficiently greater than the Thevin equivalent sonrce impedance
or the impedance of current-fed T-Glter is sufficiently smaller
than the Norton equivalent source impedance
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