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A Novel Multicell DC—AC Converter for Applications
In Renewable Energy Systems

Hans Ert] Member, IEEEJohann W. KolarMember, IEEEand Franz C. ZaciMember, IEEE

Abstract—This paper presents a novel dc-ac converter for are connected directly to the mains and the transformer acts
applications in the area of distributed energy generation systems, as an additional filtering stage. Fig. 1(a) shows a system
e.g., solar power systems, fuel-cell power systems in comblnatlonbased on a full-bridge topology as proposed, e.g., in [1] and

with supercapacitor or battery energy storage. The proposed L .
converter is realized using an isolated multicell topology where [3] for three-phase applications. Alternatively, systems are

the total ac output of the system is formed by series connection Known which rely on a center-tapped line-frequency isolation
of several full-bridge converter stages. The dc links of the full transformer and current shaping using a buck converter [4].
bridges are supplied by individual dc-dc isolation stages which For unidirectional three-phase systems, the application of a
are arranged in parallel conceming the dc input of the total jine frequency transformer gives an interesting possibility to

system. Therefore, all switching cells of the proposed converter hi . idal . t ina t buck t
can be equipped with modern low-voltage high-current power 2CNIEVE SInusoldal mains currents using two buck converters

MOSFETSs, which results in an improved efficiency as compared to in connection with a thyristor bridge [5]. Furthermore, reso-
conventional isolated dc—ac converters. Furthermore, the cells are nant topologies have also been proposed in order to improve
operated in an interleaved pulsewidth-modulation mode which, the efficiency of the dc-to-ac conversion [6]. Of course, the
in connection with the low voltage level of each cell, significantly dc-to-ac stage of Fig. 1(a) (i.e., the MOSFET full bridge) is

reduces the filtering effort on the ac output of the overall system. . . . .
The paper describes the operating principle, analyzes the funda- itself already characterized by high efficiency because the

mental relationships which are relevant for component selection, '€levant dc voltage levels in many cases allow the application
and presents a specific circuit design. Finally, measurements taken of power transistors with ultralow on resistance (e.g., trench

from a 2-kW laboratory model are presented. devices). The significant drawback of all topologies using a
Index Terms—interleaved pulsewidth modulation, multicell, re-  line-frequency transformer, however, is given by the impact of
newable energy converter, solar inverter. the transformer on the total efficiency and on the weight of the

system. The efficiency of line-frequency transformers for the
relevant power level is hardly better than 95% and, hence, the
efficiency of the total system typically is only about 90%—92%.
N CONNECTION with distributed energy generation and In order to avoid the bulky mains transformer and/or to in-
renewable energy sources (e.g., solar-cell or fuel-cell apptrease power density and efficiency, alternatively, topologies
cations having battery or supercapacitor backup), in genefglth high-frequency isolation based on a dc—dc system feeding
unidirectional and/or bidirectional dc—ac converters are appligtk dc link of a full-bridge dc—ac converter connected directly to
frequently [1], [2]. To give an example, specific operatinghe mains are proposed [1], [7] [see Fig. 1(b)]. However, here,
parameters and requirements of solar-power converters for tytpe low losses of the high-frequency isolation transformer have
ical residential applications should be summarized as followts: be seen considering the additional losses of the rectifier stage
dc input voltage: 50-200 V; rated power: 500 W-2 kVA; aand, especially, the line-side inverter. According to the required
output voltage (mains): 230rwms; four-quadrant-operation dc-link voltage level (e.g., 400 V), this power stage, in gen-
of the dc—ac converter stage (generation of reactive powstl, has to be equipped with insulated gate bipolar transistors
for stand-alone applications); and isolated topology (isolatigftGBTs), which show a nonoptimum efficiency for operating in
between dc input and ac output due to safety requirementgje partial load area.
Converter systems for the applications mentioned have toRemark: For equal losses at the rated operating point power
be designed considering very high efficiency and reliabilitfyy OSFETs showing resistive on-state behavior are more effi-
Frequently, circuit topologies using line-frequency trangient as compared to IGBTs which show a more constant and/or
formers for isolation and voltage adaptation are applied. Thisrrent independent on-state voltage drog, (= Rps.on - i3
results in high reliability because no semiconductor devicésr MOSFETS Versugo, ~ Ucg o - ic for IGBTS).
Consequently, considering the efficiency, the systems of
Fig. 1 are about equivalent. The advantage of the topology of
Manuscript received June 11, 2001; revised November 30, 2001. Abstrﬁg_ 1(b) is the increased power density due to the high-fre-
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Fig. 1. Basic circuit topology of a solar-powered converter with (a) MOSFET full-bridge and line-frequency isolation transformer and, ditefioptmmlogy
with MOSFET dc-dc converter (high-frequency isolation transformer) with subsequent single-cell IGBT four-quadrant dc—ac converter.
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II. MULTICELL CONVERTER—BASIC CONCEPT voltage. Each cell consists of a high-frequency isolation stage
ding the dc voltage link of a full-bridge inverter. Because of

dhe series arrangement the inverter stages can also be realized in

%e same semiconductor technology as the isolation stages (i.e.,

Influenced by the recent developments in the area
low-voltage power MOSFETS, a converter topology is pr
posed for the application in residential renewable ener L .
systems which originally is known from high-power applica= p"C""_“O” qf Iow—voltgg_e devices). . .
tions. Multicell multilevel converter systems have been well The |sola.t|on stage is |mplementeq using a capacitively cou-
known for many years for high-voltage/high-power applica‘tion@ed half-bridge converter opera;ed ina consf[ant-frequency se-
in order to reduce the required blocking voltage of the pow Fs-resonant mode [nol pulsewidth madulation (PWM)] (;ee
semiconductor devices. For example, fully static 50 Hz-to-I ction Ill). This re;ult; in low on-state losses (no freewheeling
2/3 Hz inverters for feeding railway overhead lines [8], Cons_tates) and low §WItChII’Ig Iosse; (zero-current ?‘”d_ zero-voltage
verters for input current shaping and traction of Iocomotivégm'on.) . gontmuous conduction mode at switching frequen-
[9], in general, for feeding medium- and high-voltage inductiofi€s being higher than the natl_JraI frequency of the resonant net-
machines [10]-[12], as well as for static var compensato\f\?rk' C(_)nsequently, t_he de-link voI'Fage of each dc-ac stage
[13], [14], and also as a utility interface for medium-poweYa”es directly according to the dc input voltage of the total
renewable energy systems [15] have been reported. system. . :

Considering modern low-voltage power MOSFETSs and inte- The control of the ac output voIta_ge/CL_Jrrent is ach|ev<_ad by
grated gate driver stages, however, multicell topologies have baM Of the dc-ac stages. As described in Section 1V, this can
come attractive, even for converters in the lower power regidh Performed advantageously in an interleaved PWM mode of
The applicability of low-cost standard power components dg1e individual cells in order to minimize the filtering effort. This
signed for high-volume applications (automotive, telecommuri® due to the fact that the resulting multllevel totgl output voltage
cation, etc.) overcomes the main drawback of such systems, i(_)égll cells then very closely approximates the sinusoidal voltage
the high number of switching devices. By application of multiteference value. Therefore, the PWM switching frequency of
level multicell topologies, the drawbacks of the converter strugach dc—ac cell can be chosen comparatively low, which results
tures discussed in Section | can be avoided, resulting in complciow switching losses. Furthermore, it is advantageous to also
units with high overall efficiency. There, the key specificationgperate the isolation stages in an interleaved manner in order
of the developed residential converter system are as follows:to minimize the ripple current stress of the dc input smoothing

dc input voltagd/; = 100 V (80-120 V); capacitor.
ac output voltagé/sc = 230 Vs,

rated powerPy = 2 kW,

efficiencyn > 94% at rated power;

high-frequency isolation stage; As mentioned before, the series-resonant topology has been
low-voltage MOSFETSs (majority carrier devices). chosen for the isolation stage due to the expected good effi-

According to Fig. 2, the total circuit is formed by multipleciency based on the zero-current and zero-voltage turn-on of
converter cells which are arranged in parallel on the dc inpilte power transistors. Furthermore, the blocking voltage stress
side and are connected in series for generating the ac outpatall semiconductors is well defined and the leakage of the

Ill. SERIESRESONANT ISOLATION STAGE
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Fig. 2. Basic circuit topology of the proposed dc—ac multicell converter based on high-frequency resonant-mode dc—dc isolation stages fieedied inte
PWM-mode MOSFET dc-ac cells connected in series on the ac outpet @ cells).

transformer contributes to the effective inductance of the reso-
nant network [16]. Therefore, different from, for example, trans-
formers for flyback converters, a certain amount of leakage is
desirable here. This is also of importance because the coupling
capacitance between primary and secondary should be mini-
mized because the proposed multilevel topology is character-
ized by a common-mode voltage stress of the converter cells
caused by the interleaved switching of the individual dc—ac con-
verter cells; a low coupling capacitance helps to reduce the re-
sulting common-mode current. A circuit topology which is not (@)
sensitive to transformer leakage is furthermore of advantage be-

cause the primary winding of the transformer shall be realized

by application of the “bow winding principle,” i.e., copper wire CUg *—_: '
bows are connected via the printed circuit board (PCB) to form U l x L y— 1 I
the primary winding, whereas the secondary windings are of ! (n .
conventional type. Such a transformer usually shows significant l u, uzl 1 U,
leakage (but low coupling capacitance) and, therefore, is well Al
suited for this series mode resonant topology. Ull | x 3
(b)

A. Analysis of the Stationary Operating Behavior L i,—uc

_In the following, the characte.ristics of the stationary oper- ull @ C @ lu2
ation shall be calculated analytically. It should be mentioned

that a center-tapped secondary winding is used for the designed

converter, which results in having only a single diode forward (©

voltage drop as compared to bridge rectification [Fig. 3(2)]. Fig. 3. circuit diagram of the (a) series-resonant converter and (b), (c)
Remark: For the desired output voltage range of up to 120 Vprresponding equivalent circuits.

usually, 400-V diodes would be suitable for center-tapped rec-

tification, whereas for bridge rectification 200-V diodes would Here, the bridge rectifier is given only to develop the equiva-

be sufficient. Although 400-V devices show a higher on-statent circuit diagrams of Fig. 3(b) and (c). The system is char-

voltage than 200-V diodes, the two 200-V devices acting #cterized by four different states defined by the polarities of

series for bridge rectification cannot compete with the singtbe input voltage:; and of the reflected secondary voltage

400-V diode of a center-tapped system. Whereas the polarity af; is defined by the control circuit, the
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TABLE | iy, becomes zero. Consequently, the system transits to state B
OPERATING STATES OF THESERIES-RESONANT CONVERTER where the suni/; + U, causes a high rate of current reduc-
tion [see Fig. 4(b)] according to the circular trajectory with the
u; >0 u <0 center point (U + U,), 0]. At instant 2, the current;, be-
@ AU =U,- U, U+, comes neg_ative, the current_ in the rec_tifier diodgs commutates,
—_— andu, again shows equal (i.e., negative) polarity:as(state
. _E-—”—_L _[’-—"—_L C); now [-AU, 0] is the new center of the trajectory valid until
i >0 U, -[ :l- U, Ul—E ]- U, the lower power transistor turns off at instant 3 and the system
passes over to state D (cente([/; +Us), 0]) which completes
a full cycle at instant 4.
® U+, © AU=U,-U, For the practical realization of the series-resonant converter

—_— stage of the proposed system it is of importance that, in general,
<0 _,__-_"_tl. _L—-—""l AU < U is valid; this is caused by the fact that the charac-
L U, U, Ul—l—,—-_-l—+ U, teristic impedanceZ, = /L/C is defined by the small induc-

tanceL given to a significant extent by the transformer leakage.
With this assumption, the system trajectory in good approxima-
tion shows the shape of Fig. 4(c), i.e., the current contribution
of states B and D t@, can be neglected{, — 0, Fig. 4(c)].

With this and using the conduction angle
Qo
Jo
the equations
(e + AU) cos(m — o) = e — AU 2
and
Zoly = (e + AU) 1 / sin(wt)dwt (3)
@ Jo

can be written according to the geometric relations given by
Fig. 4(c) and according to the fact that the average valug of

@ (b)
Zyi, (i.e., the rectified inductor currert) in the stationary case is

defined by the load curredit. Evaluation of (3) and rearranging

2 iy
1 i m / using (2) finally leads to
Yt ot AU =Iy - Rows With R = Zo—2— (4)
o 2 o tan 5
1 g . and
IZ_W“W‘ uc :§Z0_[2 = 4]07 (5)
\_ A | « ot These equations state that, for a given switching frequency
Ug U ‘ v (fixed conduction intervady), the output voltagé/, decreases
) proportional to the load current, i.e., the converter shows
© (d) a quasi-ohmic output impedance (current-independent output

Fig. 4. (a) System trajectory and (b) time behavior of the series—resonarﬁtSIStanCaqO“tE see equivalent (.:IrCl.Jlt given .m Flg. 5).
converter. (c), (d) Simplifications valid foAl/ < U,; i»: output current of  Remark: This system behavior is very similar to the com-
the rectifier [see Fig. 3(b)]. mutation voltage drop of line commutated converters where the
commutation inductances finally cause a current-proportional
polarity of u, is given by the direction of the resonant currenbutput voltage reduction.
ir,. The four possible states (A» B — C — D) are listed in An exact calculation as given in [17] results in an output char-
Table I. For state A, voltages; andu» show equal direction acteristic described by ellipses (see the thin curves in Fig. 5).
and the (small) differenc&l/ = U; — Us is applied to the However, as is indicated by the shaded area of Fig. 5, for the
LC series circuit. This results in a circular-shaped system traperating region being relevant for the proposed syst&i &
jectory around the center pointAU, 0] (see theuc — Zoi;, 10%) the simplified calculation given here shows excellent ac-
diagram in Fig. 4(a)7Zy = +/L/C defines the characteristic curacy. Fig. 6 demonstrates that the output impeddticg is
impedance of the resonant network). Because the system opgaproximately linearly dependent on the switching frequency
ates with a switching frequendgfs above the natural frequencyandiZ,,,, — 0 for fs — fy is valid. Therefore, the desired stiff
fo = 1/(2xv/LC), the input voltage:; changes its polarity at output characteristic suggesfs = fo. However, this would
instant 1 due to the turn-off of the high-side transistor befofead to a worse transient response (voltage overshoot) because
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U1 Fig. 7. Transformer of the resonant 500-W dc—dc converter using “bow
winding” technique (shown here fa¥, = 4) for direct PCB mounting and

Fig. 5. Output characteristic of the series-resonant converter fopmPonents of the coil former.

fixed-frequency operation above the natural frequency.
rated powerPy = 500 W,
switching frequencyfs ~ 100-125 kHz.
For the two power MOSFETs the SiliconMAX devices
7 PSMNO035-150P (TO220 type package, 150 V, 3®)nhave
3 - been chosen. The gate drive is realized using an IR2113 driver
&r& circuit with additional turn-off speedup using two p-n-p transis-
Z, tors BC327 to enhance the discharge of the MOSFET gate. The
center tapped rectifier on the secondary side of the transformer
is equipped with an MUR1640 (2 8 A, 400 V) diode.
The power transformer is, as already mentioned at the begin-
ning of Section 11, realized by application of the “bow winding
principle,” i.e., the primary winding is formed b¥; = 5
1 15|0° Z120° zZ,J, ————— copper bows®2.5 mm) on the selected E42/21/20 ferrite core
| (material: N87). The secondary winding8{ = 2 x 10 turns
1 2 3 4 5 6 to get a 1:1 voltage transfer ratio of the convertéd, mm)
fs are implemented using conventional winding techniques. A coill
fo former of specific shape (see Fig. 7) is applied to get a compact
transformer design and to guarantee the required creepage and
Fig. 6. Dependency of the output impedarite,. and of the capacitor peak clearance distances. The dimensioning data given before cause
voltage valueii. on the switching frequency. a peak flux density of3 ~ 100 mT resulting in core losses of
Pre < 3Wat U, = 120V, fs = 125 kHz, T = 100 °C)
R also acts as damping resistor for the resonant circuit givea specified by the data sheet. Although the proposed winding
by the output inductance (not shown in the equivalent diagrd@chnique does not show very tight coupling, the stray induc-
of Fig. 5) and the output smoothing capacitor. Furthermore,t&nce of the transformer is too low and a small additional choke
has to be taken into account that the turn-off of the power traffive turns of litz wire on a single ETD29 leg (half core set))
sistors has to be performeddt > 0; only in this case there has to be used for adjusting the natural frequency of the reso-
exists a remaining current which charges the drain-source g&nt circuit tofo ~ 80 kHz. With the applied resonance capaci-
pacitance of the transistors in order to get zero-voltage turn-d@rs (2x 5 x 0.1 ;F polyester-foil-type components in parallel,
For a practical realization the resonant network typically is df- = 1 uF) for fs = 125 kHz this results in
mensioned to achieve ~ 120° (i.e., fs = 1.5fy).

L ~4 uH
B. Practical Design and Realization Zo = L _ 90
Concerning the design of the multicell converter with the ¢
key specifications as given at the beginning of Section Il (rated Js ~1.5
power 2 kW in a four-cell arrangement) the specifications of the fo .
dc—dc isolation stage are defined by the following: o 22120
dc input voltage/; = 100 V (80—120 V); Rou 0.7

dc output voltagé/; =~ U; (1:1 transfer ratio); e ~16Vatl, =4A
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Fig. 9. Measured losses and efficiency of the prototype dc—dc isolation stage;

parameterst/; = 120 V.

proposed in Section V. Furthermore, the switching losses could
be optimized by implementation of a load-dependent interlock
delay time of the driver stage or, alternatively, by application
of a driver stage with inherentps = 0 turn-on capability
(according to the dual-thyristor principle as described in [17])
to achieve true zero-voltage switching within the entire load
region.

IV. MuLTICELL DC-AC CONVERTER

For the description of the dc—ac converter for generating the
230-V,,s ac output of the system, one should refer to a large ex-
tent to the analyses of the multi-cell class-D switch-mode am-
plifier presented in [18]. It has to be pointed out that the essen-
tial benefit of the multicell topology is that, if th& individual
switching cells are operated in an interleaved PWM mode, the

(a) Measured voltage and current wave shapes and (b) meas%@ﬂput current ripple is reduced by a factor/ét. By applica-

system trajectory of the laboratory prototype of the series-resonant dc—dc

tion of a second-orddrC output filter, the output voltage ripple
across the filtering capacitor is reduced®y according to [18,
egs. (5) and (6)], i.e., foV = 4 the ripple is reduced by a

using the equations of Section IIl. Concernifig,, it has to factor of 64 as compared to a single-cell topology, e.g., given in
be noted thafz,.; specifies the output impedance related to thelg. 1(b). This makes it possible to operate the system at a com-

primary side of the transformer; this value has to be multipligepratively low PWM switching frequency. For the realized pro-
by (N,/N.)? = (10/5)2 = 4 for characterizing the output {OtyPe system, a single-cell switching frequency ef= 1 kHz

(load-side) behavior of the converter.

C. Laboratory Prototype System—Measurements

The measurements (see Fig. 8) taken from the laborat

has been chosen. Due to the 1:1 voltage transfer ratio of the
dc—dc converter the power stages of the dc—ac converter can
be equipped with the same type of power MOSFETs as used

ggothe isolation staged(x 4 = 16 pieces of PSMN035-150P

-V/35-n{2 devices).

model show a close correspondence to the theoretical wi
shapes as given in Fig. 4 with the exception that the real system )

shows a significant reverse-recovery currdpi, ~ 3.5 A A PWM Pattern Generation

of the rectifier diodes; this matches also with the datasheetThe pattern generation for the interleaved PWM is performed
specifications of MUR1640 fodi/dt ~ 40 A/us. The loss by a circuit showing remarkably low effort (see [18, Fig. 7 ).
measurements demonstrate an efficiency of 96.3% at raféidst, a simple CD4047 IC oscillator generates the basic clock
power (500 W) for 110-kHz switching frequency (Fig. 9). Thé4fs) of the modulator. Subsequently, a “tree” of six toggle
partial load region is characterized by efficiency values up fbip-flops (three pieces of CD4013) forms four interleaved
97%. It has to be noted that the rectifier diodes contribute tectangular signals feeding the inputs of four analog integrator
about up to 50% of the total losses. This suggests the applistages realized by a single TL084 operational amplifier IC.
tion of synchronous rectification circuit extensions as will bat the integrator outputs four phase-shifted triangular signals
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appear which define the carrier signals for the total of eight ' ' ' ' ' ' ' ‘
comparators (two pieces of LM339). These devices act as ¢
PWM stage comparing the carrier signals with the reference
signals u,¢ (i.e., in this case, a 50-Hz sinusoidal signal)
of the output voltage. The LM339 ICs directly drive eight
simple low-cost optocouplers (SFH606) which are used to
provide the required isolation between the PWM generator
and the (floating) driver stages of the switching cells. Interlock
timing and gate drive of the power MOSFETSs of a half-bridge
arrangement is performed using eight standard integratec >
driver ICs (IR2111). The auxiliary supply of these devices
is provided by small 0.5-W standard dc—dc converters. The
whole PWM pattern generation, control, and gate drive of the
dc—ac converter fits on a single 1&0L00-mm PCB using
standard (non-SMD) components. The power consumption of
the total board (including driver stages) has been measured to
be< 1.8 W. @

150V/div 2ms/div

B. Output Filter—\oltage Control

The presented prototype system has been designed for stan
alone applications only and not for feeding energy to the public | .
mains. For the latter application, the voltage is defined by the ‘
mains and the converter would have to be equipped with ar t .
output current control to ensure a voltage-proportional mains '
current of corresponding amplitude. For stand-alone applica- =t |
tions, the output voltage, is defined by the PWM control of
the converter. In the simplest case—as implemented for the re
alized laboratory setup—an open-loop control can be applied
However, with this, the damping of tHeC output filter has to
be performed exclusively by the impedance of the load. If a |
pure ohmic load characteristic,,, = Ry IS guaranteed, a oA/div 2ms/div  zoom: 1AMy 400us/div
sufficient damping is achieved &y > R,y is valid for the . . . . . . s : .
characteristic impedancg, = ,/L/C of the LC filter. For ()

Rout = 26 Q (i.e., output power 2000 W &f,,, = 230 V) Fig. 10. (a) AC output voltagere before filter HerLC outout

. N N _Fig.10. (a output voltageu(sw » : before filtering;u.o: afterLC outpu
filter componen';s of, ~ 2 mH andC = 3 1F have been se filter having a cutoff frequency ot 2 kHz) and (b) output filter inductor current
lected resulting in a cutoff frequency @& ~ 2 kHz and a char- . of the dc—ac converter laboratory prototype; parameter:= 1 kHz.
acteristic impedance aof;, = 26 €. However, in the case of

no-load or light-load operation or for reactive load, this load-

based damping fails and an additional damping branch (e.g,, a.. . .
RpCp-series snubber arranged in parallel to the filter capa'tigri‘fllter which can be lowered very much using a closed-loop

itor C, typical valuesRp, ~ Zo, Cp ~ 3C) would be re- contrpltofthtle tlgltaltoutput vtolti';llge. ijsmg aﬂs:mplt: prf)ﬁortlone}l-
quired leading to additional losses appearing in the dampi s-integral (PI)-type controller reduces the output harmonics

branch (i.e., inRp). The drawback of the reduced efficienc the load mentioned before to a THD 82%. A detailed de-

: : : . fm gy . iption of the dimensioning of the controller is given in [18,
of this solution can be avoided if an “active” damping of tt@ scrip . .
output filter is performed. Implementing a negative feedback ¢. V] and shall be omitted here for the sake of brevity. More

the filter capacitor current to the reference voltage input of t éppmstlcated resuits W.OUId be e_lch|evable if a multiloop control
PWM stage (feedback coefficiefity ) gives the desired shift €.g., current control with superlmposgd output voltage control
of the poles of the.C filter to the left side of thes plane (see and feed-forward of the load current) is applied.

[18]). Choosing, e.9.Rrr = Zo/+/2 results in a Butterworth
response of the system.

However, as indicated by [18, Fig. 10] even for active filter The measurement results of the prototype system illustrate
damping the output voltage quality is low if nonlinear loadthe multilevel voltage generation of this multicell topology [see
(e.g., diode-bridge rectifiers) are supplied. Analysis of the loveonverter output voltagepwy in Fig. 10(a)]. The ripple of
frequency harmonics give a total harmonic distortion (THDQXhe current  through the output filter inductor shows “nodes”
~7% of ue for a diode-bridge rectifier load according to theébeing typical for a multilevel approach [Fig. 10(b)]. Across the
following parametersLiy = 1 mH, Cpc = 2mF, Ipc = 5 A;  filter capacitor there appears the very smooth ac output voltage
Inrvms = 102 A, (P = 1550 W, § = 2340 VA, and A = wuo of the system. As indicated by the Fourier analysis of the
0.66). This behavior is originated by the output impedance of thenfiltered output voltagepwyr (Fig. 11), significant harmonic

C. Laboratory Prototype System—Measurements
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guarantee the operation of the charge pump of the IR2111 driver. ojq T T F:L’
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09 e 80 rectification and (b) to bidirectional operation.
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1 6\\>< L possible using exclusively MOSFETs with comparatively
97 — . 40 low-rated voltage. These devices are characterized by a very
| p -] L low on-state voltage drop which results in low conduction
% ‘ foss 2 losses. Due to the interleaved switching of the individual cells,
| _1* ] the output voltage ripple of the total system is small and, there-
o5 — = — —¥ 0 fore, good mains behavior (i.e., low mains current harmonics)
0 s00 | 1000 | 100 2000 can be achie'vedl although the PWM .of a single cell i; bgsed
—» P [W] on a low switching frequency (causing only low switching

losses). Consequently, the converter shows very high efficiency.
Fig. 12. Efficiency and losses of the dc—ac converter. The characteristBecause the voltage control of the system is performed by

shown by the dashed curves give an approximation based on an ideal ZSQ’\WM of the dc—ac converter. the de—dc converter being re-
voltage source with 0.7% output resistance and 1.8-W permanent no-load !

losses. Furthermore, the diagram demonstrates the sensitivity to measurerflgfifed for feeding the floating dc—ac stages can be realized by
errors, especially for very-high-efficiency values because the dashed curvajpplication of an uncontrolled fixed-frequency series-resonant
any case defines an upper limit for the efficiency. topology. Equal MOSFET devices can be applied for the dc—dc
_ ) o ) _ stage and for the dc—ac converter because of similar voltage
components exist only in the vicinity of multiples aNef's, i.€.,  Jevels of the design used. The high quantity of required power
for fs = 1kHz, here, in the vicinity of 8 kHz, 16 kHz, etc., duésemiconductor devices (e.g., 24 transistors plus 12 half-bridge
to the cancellation of all lower frequency components accordiggiver circuits for the designed 2-kW prototype) might be seen
to the interleaved PWM mode. as a drawback of the proposed topology. However, on the other
As indicated by Fig. 12, the dc-ac converter shows the €and, this does allow the application of low-cost standard
pected excellent efficiency due to the dw) .o, Of the power power semiconductors; the low total losses distributed to a
transistors in connection with the almost negligible switchingigh number of power transistors (i.e., the more uniform heat
losses. However, it has to be noted that the accurate measggnibution) significantly simplifies the system cooling. To
ment of the losses of ultraefficient converters requires very Pigsmonstrate this circumstance, it should be mentioned that the
cise testing equipment; even very low measurement errors shiiotype dc—ac converter can be operated at 50% of the rated
a serious impact on the resulting efficiency/loss characterisfigwer (i.e., at 1 kWwithout any heat sink
of the test_ed converter. In particular, for t_he case where Proto-a g mentioned in Section I, concerning future developments
types of qn*ferent systems are tested using different MeasUt&yould be of interest to apply synchronous rectification to the
ment equipment, the measurements and the comparison OfJEEdc isolation stages because the on-state losses of the diodes
results should be performed very carefully. contribute considerably to the total system losses. In this case,
however, it would be preferable to change to a full-bridge circuit
as shown in Fig. 13(a) due to the improved efficiency caused by
With the proposed multicell multilevel converter topologythe basic physical characteristics of the majority of carrier-based
energy conversion to the mains voltage level (33Qs is semiconductors (in theor&ps,on>cUBS ,,..,) @nd to allow the

V. CONCLUSIONS AND FUTURE DEVELOPMENTS
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a secondary-side blocking capacitor, or, alternatively, by split-
ting up the resonance capacitor to both transformer windings as
shown in Fig. 13(b).

Finally, the multicell converter topology should also be pro-

posed for nonisolated solar power systems as shown in principle
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Fig. 14. Application of the multicell topology to nonisolated solar converter

systems.
Y [12]

application of transistors of the same type for the input ant}.l13
output sections of the converter. In principle, the converter o
Fig. 13(a) also permits a bidirectional power flow. This opera-
tion mode would be of interest if the system is utilized for superyy 4
capacitor or battery-based systems (e.g., uninterruptable power
supplies, power flow equalizer systems, etc.) to recharge the en-
ergy storage device on the dc input. It should be mentioned thgts]
the dc—ac converter using the proposed multicell arrangement
itself intrinsically permits a full four-quadrant operation. (This [16]
is of special importance also for reactive power generation if
the system is used for stand-alone applications not being cont7]
nected to the mains.) However, the converter of Fig. 13(a) does
provide a dc current path on the secondary which might resuﬁw]
in saturation of the core. This can be avoided by application of

in Fig. 14. Despite the fact that the solar panels show signifi-
cant common-mode voltages (which have to be lowered by cur-
rent-compensated input chokes) and that a relatively complex
control is required to achieve low ac harmonics also for different
dc input voltages with maximum power point (MPP) tracking,
this topology could gain attention due to its ultrahigh efficiency.
This multicell structure might also be of interest for the realiza-
tion of “distributed” power photovoltaic converters.
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