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A Multiple-Switch High-Voltage DC-DC Converter
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Abstract—Series connection of power devices has evolved into a it
mature technique and is widely applied in HV dc systems. Static
and dynamic voltage balance is ensured by shunting individual - i
devices with dissipative snubbers. The snubber losses become "' Non Yt
pronounced for increased operating frequencies and adversely C
affect power density. Capacitive snubbers do not exhibit these + B i
disadvantages, but they require a zero-voltage switching mode. “¢27F Ciz AN SZM. ZSDM P Aos,
Super-resonant power converters facilitate the principle of zero- —= ]
voltage switching. A high-voltage dc—dc power converter with R e T ucl,_— C)Uz
multiple series-connected devices is proposed. It allows the ap- Ycz1== €2 ZNDa N T \os Aoy
plication of nondissipating snubbers to assist the voltage sharing T C
between the multiple series-connected devices and lowers turn- J_
off losses. Simulation results obtained with a circuit simulator — Yeza== C,, /N Dz NETo
are validated in an experimental converter operating with two _T
series-connected devices. The behavior of the series connection is —
examined for MOSFET's and insulated gate bipolar transistors 5’

(IGBT's) by both experimental work with a 2-kW prototype and  Fig. 1. Super-resonant dc—dc multiple-switch converter.

computer simulation. Applications can be found in traction and

heavy industry, where the soft-switching converter is directly

powered from a high-voltage source. device voltage and/or device current decreases the impact of

Index Terms—Converter, dc—dc conversion, power semicon- parasitic elements in high—voltage components. Soft—switc_h_ed
ductors switches, resonant power conversion. power converters allow the inclusion of these parasitic
components as an essential part in the conversion process.

Trapped energy in the snubber capacitors is not released in
snubber components, but returned to the source of supply and

ESPITE continuing improvements in semiconductdaransferred to the load. Thermal stress is sharply reduced, and
device technology high-voltage applications exceedirthe efficiency improves.
multiple kilovolts are not yet feasible without series-
Connecting of devices or even inverter units. II. PRINCIPLES OF OPERATION AND DESIGN
Multilevel solutions have been suggested for defined dewceThe power circuit of the high-voltage de—dc converter

voltage requirements [1]. This topology requires a split voltaqg shown in Fig. 1 with two series-connected devices. The

supply. Series-resonant-link converters show current-source L . .
bply resonant circuit comprises a resonant inducigr and the

characteristics which include inherent short-circuit Capabilit¥ésonant capacito€’,. The resonant circuit is excited by a
T

The compatibility between soft-switched power converte(/soltageULC = wont iz, resulting from the switching action

and high voltage has been recognized, and many applicatiorﬁhe SWitchesTy, - - - Tyy. The excitation voltagd/y o, is a

have been reported [2], [3]. The objective of this paper is gombination of the input voltag®; and the load voltagé/,

present a method of high-voltage dc-dc power conversion tr\}\%h a pulse repetition frequency,. The resonant current

ZL%VISS; t{:ﬁﬂf&’iﬁiﬁﬁfﬂg dzsitgegesonant power convers%gnwith alternating polarity is rectified by the output diodes

Soft-switching techniques are of particular interest 31+~ Daz. The resonant circuit is written as
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I. OBJECTIVES

high-voltage power converters containing series-connected 7 _wr _ 1
switches. The avoidance of uncontrolled fast transients in " 2r  21/L,.C.
Manuscript received March 22, 1996; revised June 17, 1997. Zy = Vv L”/C” (1)
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A condition of static stability in the absence of power losses
/ \ exists if the energy ;- added to the resonant circuit over the
closed interval[0, 37,] is

/—'r(Tk)
/ (1/2)T,
/ \ ELCc = / ULCir dr = 0. (3)
ll \\ o
0 Ty %Tp t— Introduce
T, (/2T
Q= [ lilds Q= [ Tidde @
0 Ty
pe Then, it follows with (2)—(4) that
- U
"4 Crmax
l—q @
— =—=—>0. (5)
Uet—= / I+q Q2
,/ The conversion ratig is then restricted to leve} < % SO
B / U, < LU, Inevitable losses will reduce the output voltage
Ucrmax i 2
~+—+—- Ucs range further.
! / The peak-to-peak voltag€c.,, of the resonant capacitor
! ,’ C, is uniquely related to the curremt by
ol R
/ .
: / UCrpp = 2Ucr max = F / Z?‘(t) dt. (6)
I/ 4 0
Fig. 2. Resonant waveforms. Upper trace: resonant curirefth. Lower Under conditions of cyclic stability, the average output
trace: resonant capacitor voltage:, (t). current l, is, therefore
(1/2)Tp
The design of this power converter encompasses three I Py 2 C
. ) , == =— t(t) dt = 4f,C.Ucr max. (7
issues. A defined rated powg} is processed for rated output SA 1, ®) Tr © 0

voltage Us. Secondly, a minimum pulse repetition frequency

is a prerequisite. The lowest (for super-resonant mode allow-By taking the inevitable losses into account, a realistic

able) frequencyy, is close to the resonant frequengy and choice for the maximum value of seems to be 0.9. The

coincides with the highest resonant currgntind, hence, the peak resonant capacitor voltage:, max iS one of the design

highest possible output curreft. Thirdly, excessive voltages parameters and is kept at a moderate level to avoid volt-

on the resonant capacitors are avoided. age overrating. The capacitor voltage overrating fa¢tas
These three design parameters are satisfied by a proigioduced as

choice for L,, C,, and f,,. Both rated output powef» and Iy max

output voltagel/; are predefined by the user. &= iy, (8)
The characteristic waveforms of the curréntind capacitor ) ) ) ?

voltage uc,. are shown in Fig. 2. They are shown for a half 't |s.p955|ble to reduce this fact@rtq a value less than one.

period0 < ¢ < 1T, whereT, = 1/f,. The active switches Combining (2), (7), and (8) results in the resonant capacitor

are turned off at the time¢ = Tj. For the cyclic stable Cr @S

mode of operation, the waveforms are periodic functions with Py

alternating polarity|i.(¢)| = [ir(t + 3T,)| and |uc, ()] = Cr = GCUZE,

lucr(t + $7,)|. The amplitude of the resonant capacitor i i .

voltage uc(t) for the cyclic steady-state mode of operation Evaluation of the half-pulse periodiT;, facilitates the cal-

iS Uy ma culat!on qf the resonant inductdr,.. The _equatlon describing
Fig. 2 depicts the ac-link quantities for cyclic stable operéhe Flme |_nteryaITp for the characteristic waveforms shown

tion. During the first time interval0, T%], the series-resonantin Fig- 2 is written as (see [4])

circuit is excited by the voltag&/r~; = i(%Ul - U,), and B g —14+¢q @€ +1+gqg

power is transferred to the resonant circuit and the load.  “r{p =2 {arCCOS <m) - arccos <m)} .
During the second time intervalZ}, $7;], the series- (10)

resonant circuit is excited by the voltagg.co> = i(%Ul + where is defined by (8).

U,), and the excess of energy in the resonant circuit isThe unknown resonant frequency. can be obtained by

(9)

removed. solving (10) for given values fog, ¢, and f, = 1/7,,.
The conversion ratig is introduced as The resonant inductak,. is found by
U 1
q= 22 (2) L, (11)

w2C,
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I1l. SNUBBER CAPACITOR DESIGN ISSUES 154

The adaptation of the super-resonant half-bridge converter
to a high input voltage by connecting switching devices in
series must meet several conditions.

1) The switching semiconductor devices should, as cIoseI)]/“
as possible, have identical characteristics. Since turn-
on of the switches takes place at zero voltage and
zero current, primarily the turn-off situation has to be |
considered.

2) The switches must be turned off as synchronously as
possible.

3) It is necessary to force an equal voltage distribution ga|
by placing capacitor€’, in parallel with the switching
devices.

In addition, these capacitor§},, act as snubbers and LD 0wl v M i fvil
limit the rate of rise of the blocking voltage of theFig.3. Waveforms of the device current and snubber capacitor current during
switching device that may turn off earlier. The intrinsi not-synchronized turn-off between switching devi@gs and 7' (delay
capacitors of the switching semiconductors support tHe = 300 ns).
snubber operation. It is advisable to choose the value
of snubber capacitof’; higher than that of the intrinsic 4o0v

1.4280 ms 1.4285 ms 14290 ms 14205 ms 1.4300 ms

capacitor.

The choice of the snubber capacitor value is dependent upon
the following three requisites: zov Av,

1) minimal internal losses;

2) adequate voltage distribution; ov

3) fast commutation at switch turn-off. 700V
A. Minimal Internal L'osses. N p— Uerg

The amount of circulating energy within the converter
increases for increasing values of the snubber capacitor, which
means that the capacitor value is limited to a maximum [7], [8]. . Ucny

14280 ms 14285 ms 1.4290 ms 1405ms 14300 ms

B. Adequate Voltage Distribution Cof o Tl v vl i [l

On the other hand, the value 6f should be higher than aFig. 4. Voltage difference\uy (upper trace) and voltageg11 anduci2

specific minimum value to ensure adequate dynamic voltaé‘né(’jv‘;r trace) for a not-synchronized turn-off between switching deviGes
. . 11 (delay T, = 300 ns).

balance across the series-connected switches.

To derive an equation for the choice of the value (&f
meeting the adequate voltage distribution requirement, abovef-urther, all snubber capacitors are considered to have the
it is assumed that the switch,» (see Fig. 1) is turned off, same valueCy; = C12 = Cy = Ca = C;, and the resonant
while its series-connected counterpdit, is turned off with currenti, = I,..o,, = constant during the commutation interval
a delay time7p. from the switching devices to the opposite diodes.

A computer simulation with PSPICE is used for studying The voltage differenceAur between the two series-
the commutation behavior for MOSFET’s (IR IRFPE50). T§onnected device®y; and7i» is
create worst case conditions, a turn-off delay = 300 ns was _
introduced between the opposite series-connected switches. Aug(t) = ucia(t) — ucwn(t). (12)
The turn-off current of MOSFET's falls linear, therefore, they The time intervals in Figs. 3 and 4 and the accompanying
will be more suitable for a first approach. In a second steépxt are symbolized by Roman numerals 1-VII. Fig. 3 shows
the considerations are extended for tail-current devices likee current waveformsy1,ir12,ic11, andicio through the
IGBT's (Toshiba GT15N101). devicesTi1,T12,C11, and Ci2. Not shown are the current

To support the results of a PSPICE simulation, an expressiwaveforms through the devicd3,;, D22, Ca1, and Cos. The
for the quality of the voltage balance is derived theoreticallswitching events are described in seven characteristic time
as a function of’; and is denoted as the maximum allowabl@tervals |-VII.
voltage unbalanc@\Ur 5. Time interval 1[0, 7;]: turn-off switch73, at¢ = 0, charg-

For this reason, it is assumed that for each switching devicey capacitorC .
the di/dt during turn-off is constant, the current fall tin¥ Time interval [I[T,Tp]: switch 11, is turned off, charg-
is equal, and the conduction loss is zero. ing capacitorCis.
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Time interval Il [T, Tp + Ty]: turn-off switchTi; atTp,
charging capacito’;; and Ci». 1.0
Time interval IV[Tp + Ty, Taq1]: switch T3, is turned off, 0.9
charging capacitor’y; and Cys. T
Time interval V[T, Ty1 + Ty]: charging capacitorCyy _
and Ciy G
Time interval VI[Ty; + Typ, Ty2]: charging capacitorCy
and C1a. A
Time interval VII[t > Ty»]: charging capacitorC;; and
012.
Fig. 4 shows that the voltage differenc®uy is mainly o1
developed during the time interval Il between the turn-off
signals forTi» and 1i;. The voltage unbalancéu; has 0.0 T
reached its maximum value after the second switching device BT, R

is turned off. This occurs at the end of interval 1l1. T,
The currentis (¢) (see Fig. 1) also depends on the current =
through the capacitors of the lower leg of the half bridge: Fig. 5. Turn-off current with linear tail and its characteristic values.

i51(t) = Lrcom — Cmdudc;m C. Tail-Current Devices
duczz Devices with tailing turn-off current (e.g., IGBT'’s) are now
=lrcom — C22 dt (13)  considered and require the introduction of additional factors.

Fig. 5 shows the waveforms of devices exhibiting a tailing
The voltages across the switchiBg and7}, are written as turn-off current, e.g., IGBT’s. The introduction of the param-
etersA and B for the tailing current corresponds to the work

ducii(t)  isi(t) —ir11(t) of Swanepoel and van Wyk [7]. As shown in Fig. 5, the
dt Ci1 parametersd (amplitude of the tail current component) and
duci2(t)  is1(t) —ir1a(t) B (BT} time mark of the start of the tail) define the tail current
e o : (14)  completely (the simple linear fall behavior of MOSFET'’s can

also be described by this model by usidgt- B = 1).
Depending on the switching interval I-VII, the voltagigis ~ The fall time 77 is usually found in the data sheets (fall
impressed on the series connection of the snubber capacit§f§€ Period during decline from 90% to 10% value of the

Interval | + Il [0,7p]: Cay, Ca2, Cha. device current). The total fall time can be calculated from the
Interval lll [jﬁD7 Tp + Tf]: 021, 022, 011, Cia. COﬂVGntIOI’]EﬂT} by employlng
SinceU; is constant, the derivatives of the capacitor volt- Al - A) )
. T, = Ts.
ages of the upper and the lower leg are as follows: / 1,1A+0,1B— A2—0,1—0,24B" 1
(18)
Interval I+ 11 [0, Tp]:
d Equation (18) can be seen as an extension of the work
p7 (uc21 +uca2 + uc12 = @Ul =0 of McMurray [9], which derives expressions for the case of

Interval III [Tp, Tp + T¥): linear and exponential fall and haversine switching character-
d d istics. The switching timg’; is divided into two subintervals
7 (o2 Fucez Hucn +uciz) = U1 =0. (15) [0, BTy and [BIy,Ty], as shown in Fig. 5. Therefore, the
calculation is executed for two intervals, la and Ib or llla
The conduction losses of the switching devices are n@nd lllb, respectively. As a consequence of using tail-current
glected. During interval I 11, switch 7y, is conducting. The devices, the orlglr_wal mFervaIs I and Il, as shown in Figs. 3 and
voltage across the capacit6t; is equal to the voltage across# have to be divided into two parts, “a” and *b.”

the conducting switch in parallel: The switching deviced’; or 131, are turned off with a
constant fall timeZ’; and a tailing current [6], [7]. The current
uc11(t) =0 (16) t112 (Or ér11) of the switching devicéy, (or T11) is
t
ir12(t) =ir12(0)[ 1 - (1 — A)——= }[0, BT
The initial conditions for the switching process starting for tr12(t) =iz )< ( )BTf>[ /]

t =0 are t— BTy

ir12(t) IiT12(0)A<1 - m) [BTf,T¢]. (19)

uc12(0) =0 The current through the switching devidg, is zero for
uc21(0) +uc22(0) =U; the remaining part of the commutation interval. Apart from
151(0) =i711(0) = i712(0) = L.com- (17) different initial conditions forir11(7Tp) and the different time
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interval [Tp, Tp + 1], the same equations will describe the TABLE |

current during turn-off ofl;.

is1(t) is calculated using (13)—(17) and with expression for
the tail current (19) for each time step of the time intervals

Il [0, Tp + Ty]. The equations are solved @i, > T7.
Time interval 1a[0, BT}]

U/Cll(t) =0
m (t) _ I’I‘COIH (1 A)i (20)
“Y T3, BT}’
Time interval Ib[BTy, Ty]
U/Cll(t) =0
Ircom (t - BTf)2
=—|(1-AQ2T-B —,
uc12(t) 3C, ( )(2T - BTy) + A=B)T;
(21)
Time interval Il [T}, Tp]
U/Cll(t) =0
I’I’COIH
Time interval la[Tp,Tp + BTy]
_ Ircom (1 - A)(t - TD)2
uenlt) =50 BT;
I,
— TCcoI1m 4 _ 2 A B
uc12(t) 0. [ t — 2T¢(A+ B)
_ _ _ 2
1 A({t—A (t-1Ty) ' (23)
2 2 BTy

Time interval lllb (T, + BTy, Tp + T7]
I’I’COIH
U/Cll(t) = — (1 bt A)(Qt bt 2TD bt BTf)
4C,
(t — (Tp + BTy))?
(1-B)Ty

ITCOI]l 2
U,Clg(t) = 6C |:(3 + A)t —2ATy — gBTf

1 A (t= (Tp + BIy))?
AP+ S T } (24)

As already shown in Fig. 3, both snubber capacitots
and Cy» are charged by the same current for 7'p + 17%.
The maximum value foAuz is reached fot = T'p + 17:

AUvT max — AU/T (TD + Tf)
= ucm(TD + Tf) - ucn(TD + Tf) (25)

resulting in

I’I’COIH 2
AUp max = =Tp. 26
P = 5% ST (26)

Equation (26) calculates the maximal voltage differen

INFLUENCE SNUBBER CAPACITOR VALUE

C, [nF)  AUU,

10 0,016
4,7 0,064
0 0,48

simplifications given in Section 11I-B, (26) gives a qualitative
design for the lower limit value of the snubber capacitor. The
influence ofA, B, and7’; vanishes for that case.

D. Fast Commutation at Switch Turn-Off

The timeT, for commutating the current from the switching
devices to the diodes of the opposite branch increases with
the value of the capacitof’,. There is no soft switching
possible at turn-on of the next active switch if the diode will
not conduct. To ensure soft switching, it is necessary to limit
the commutation time following:

wTs < o 27)

According to a worst case consideration that the resonant
current must not become zero until the commutation of the
switching device to the opposite diode is finished, a maximum
value for C, can be established by

2 L,
V — rcom 7 28
S 1max U]?(]_—"—q—i-g) ( )

where ¢ is defined by (8).

IV. EXPERIMENTAL VALIDATION

A breadboard dc—dc super-resonant power converter was
assembled to observe the influence of the snubber capacitor
and turn-off delay on the voltage distribution across the series-
connected devices (Sections IV-A and IV-B).

A. Influence of the Snubber Capacitor Value

First experiments verified the voltage distribution across the
series-connected MOSFET switch&s, and 13, (IRFPES50:
Upsmax =800V, Ip = 7,8 A). In addition, the behavior of
the series connection was examined by using only the intrinsic
capacitors of the MOSFET'€;, = 0. The maximal deviation
in voltage AUt ..« Was measured as a function of the value
of the snubber capacitar, (see Table I).

The voltage distribution across the series connection was
sufficient in each of the examined cases. The voltage;
across one switching device never exceeded the value of the
maximum blocking voltage of the used type IRFPES5O0. In Table
I, the voltage balance is observed for rated voltage conditions.

& Influence of a Turn-Off Delay

AUt nax between the switching device turned off first and Operating the converter with IGBT’s at a voltabje = 1000

its series-connected counterpart. The voltage differehge

V, a delay timel’p between the turn-off signals @f, and7i;

decreases linearly for increasing values of the snubber capiadantroduced artificially. Fig. 6 shows the measured unbalance

itor C; and increases linearly with the delay tirfig. By the

in voltagesuc1; and uci2 across the switches for a delay
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time Tp = 300 ns. The measured value for the normalized
voltage difference between the switching devices as defined °-°0 5 o's T o
by (12) is thenAup = 0.75(U1/2). The snubber capacitors ' ' 0.75 .

. . . 1, —»
areC, = 1,5 nF. Fig. 6 shows a nearly worst case situation 2
for the _unb_alance_between the voltages;; anduc12 across Fig. 9. Efficiencyn as a function of the normalized output voltaje’ and
the switching devicedi, and 1i;. the normalized output currer for an IGBT switch.

Fig. 7 indicates the proper voltage balance because the
voltages over both series-connected devices (IGBT Toshib
GT15N101:Ucg max = 1000 V, Icmax = 15 A) are equal
now. The waveforms were recorded for an input voltag
U; = 1200 V. Ceramic capacitors were selected for th
snubber capacitor€,; = 4.7 nF.

aI'he losses for the converter with IGBT’s are shown in Fig.

. The characteristic values afgé. = 235 nF, L,. = 670 uH,

s = 4.7 nF. In particular, for higher output current, the
converter with IGBT's is clearly more efficient.

The losses are presented for the normalized output voltage
3 = Uy /Uy and the normalized output curre} = I /Iy

_ 1 _ Or _
C. Efficiency Measurements whereUy = 3U1 = 250 Vand Iy = 4 A.

Losses were recorded, and a graphical representation is
shown in Fig. 8 for the converter with MOSFET’s. This figure
indicates the extensive operation area for which high efficiencyAn ac-link high-voltage power converter has been intro-
is maintained. duced. The excited series-resonant circuit acts as a current

V. SUMMARY
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source. In the case of short-circuit conditions, it inherentlye]
limits the output current. This is in contrast to common voltage
switching types of dc—dc converters.

The soft-switched operation not only reduces dynamig7]
losses, but also supports the concept of a nondissipating
voltage divider. Capacitors connected in parallel to theg
switching device ensure an unconditional specified voltage
balance for the individual devices. [

The output voltagé/, cannot exceed the input voltaééfl,
so the converter can, thus, operate in the step-down mdéd
only. A transformer can be inserted in series with the resonant
circuit, resulting in a conversion ratio greater than one [10].
It is then feasible to run the converter either as a step-down
or step-up converter.

The zero-current zero-voltage condition eliminates virtually
all turn-on losses. Losses at turn-off are reduced by regenera-
tive capacitive snubbers in parallel with the switching devic

The current-source characteristic alleviates the proble
associated with reverse recovery of diodes. The rectifier dio
can be of medium speed. Their current is zero when it
commutating to the other pair of diodes.

Successful soft switching is associated with a minimui
turn-off energy in the resonant inductor. A minimum amour
of circulating energy is a requisite.
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source characteristics, it is very suitable for charging on-boe
batteries in railway cars directly powered by high-voltage ¢
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line Voltage The super-resonant converter may also serv
ploylng thyristors, power transistors, and IGBT’s. His current interest is

as a prlce -favorable and |OW-We|ght on-board power suppﬁ;@ control of converters and electrical drives. He has published a variety of
in transport applications, for retrofitting rotating convertergapers on series-resonant converters for low- and high-power applications and

or hard-switching static converters. The principle of mu|t|p|§as designed and built prototypes of the early dc—dc to the recent ac—ac series-
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series connection of switching devices may also be consi eEﬁ"l generators, communication power supplies, radar signal generators, arc

for induction heating or, by applying the series connection atlders, and space applications.
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