43" Int. Conf. on Power Conversion and Intelligent Motion, Niirnberg, Germany, June 19-21, 2001.

A Novel Multi-Cell DC-AC Converter for
Applications in Renewable Energy Systems

Hans Ertl, Johann W. Kolar*, Franz C. Zach

Technical University Vienna
Dept. of Electrical Drives and Machines
Power Electronics Section

Gusshausstrasse 27/372, A-1040 Vienna

phone: +43-1-58801-37235 fax: +43-1-58801-37297
email: j.erti@tuwien.ac.at

Abstract — The paper presents a novel DC-AC converter for
applications especially in the area of distributed energy
generation systems, e.g., solar power systems, fuel-cell
power systems in combination with super-capacitor or
battery energy storage. The proposed converter is realized
using an isolated multi-cell topology where the total AC
output of the system is formed by series connection of
several H-bridge inverter stages. The DC links of the H-
bridges are supplied by individual DC-DC isolation stages
which are arranged in parallel concerning the DC input of
the total system. Therefore, all switching cells of the
proposed converter can be equipped with modern low-
voltage high-current power MOSFETs which results in an
improved efficiency as compared to conventional isolated
DC-AC converters. Furthermore, the cells are operated in an
interleaved PWM mode which in connection with the low
voltage level of each cell significantly reduces the filtering
effort on the AC output of the overall system. The paper
describes the operating principle, analyzes the fundamental
relationships being relevant for component selection and
presents a specific circuit design. Finally, measurements
taken from a 2kW laboratory model are presented.

1. INTRODUCTION

In connection with distributed energy generation (e.g.,
solar-cell or fuel-cell applications having battery or
super-capacitor backup) in general unidirectional
and/or bidirectional DC-AC converters are applied.
To give an example, typical specific operating para-
meters and requirements of solar-power converters for
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home applications should be summarized: DC input
voltage: 50...200V, rated power: 0.5...2kVA, AC out-
put voltage (mains): 230Vyys, 4Q-operation of the
DC-AC converter stage (generation of reactive power
for stand alone applications), isolated topology (iso-
lation between DC input and AC output due to safety
requirements). Converter systems for the applications
mentioned before have to be designed considering
very high efficiency and reliability. Usually, full
bridge circuit topologies feeding line-frequency trans-
formers for isolation and voltage adaption (cf. Fig.1
(a)) are applied. Here, the DC-AC stage itself (H-
bridge) shows high efficiency if it is equipped with
modern power MOSFETs. However, the efficiency of
the line frequency power transformer is rarely better
than 95% and consequently the efficiency of the total
system typically is only about 90%.

In order to avoid the bulky mains transformer and/or
to increase power density and efficiency, alternatively,
topologies with high frequency isolation based on a
DC-DC system feeding the DC link of a full bridge
DC-AC converter connected directly to the mains can
be applied (cf. Fig.1 (b)). However, here the low
losses of the high-frequency isolation transformer
have to be seen considering the additional losses of
the rectifier stage and, especially, the line side
inverter. According to the required DC link voltage
level (e.g., 400V) this power stage in general is
equipped with IGBTs, which show a non-optimum
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Fig.1: Basic circuit topology of a solar power converter with MOSFET-H-bridge and line-frequency isolation transformer (a)
and, alternatively, topology with MOSFET DC-DC converter (high-frequency isolation transformer) with subsequent single-

cell IGBT four quadrant DC-AC converter (b).
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Fig.2: Basic circuit topology of the proposed DC-AC multi-cell converter based on high-frequency resonant-mode DC-DC
isolation stages feeding interleaved PWM mode MOSFET DC-AC cells connected in series on the AC output (N=4 cells).

efficiency for operating in the partial load area.
Remark: For equal losses at the rated operating point
power MOSFETSs showing resistive on-state behavior
are more efficient as compared to IGBTs which show
a more constant and/or current independent on-state
voltage drop ( p,, = Rpson-in> for MOSFETs vs.
Don = Ucon -ic for IGBTS).

Consequently, considering the efficiency the systems
of Fig.1 are about comparable. The advantage of the
topology of Fig.1 (b) is the increased power density
due to the high-frequency transformer. Furthermore,
both systems of Fig.l are characterized by a single-
stage AC voltage generation. This results in a poor
mains current harmonic behavior, or, if the switching
frequency is increased to lower the current harmonics,
in a reduced efficiency.

2. MULTI-CELL CONVERTER — BASIC CONCEPT

Influenced by the recent developments in the area of
low-voltage power MOSFETs a circuit topology
known from high power converters [1] shall be
proposed for the application in distributed energy
generation systems. With this the drawbacks of the
converter structures discussed in section 1 can be
avoided resulting in a compact unit with high overall
efficiency. There, the key specifications of the deve-
loped system are:

DC input voltage: 100V (80...120V)

AC output voltage: U,c = 230V
rated power: P, = 2kW
efficiency: n > 94% @ rated power

¢ high-frequency isolation stage
¢ low-voltage MOSFETSs (majority carrier devices)

According to Fig.2, the whole circuit is formed by
multiple converter cells which are arranged in parallel
at the DC input side and are connected in series
concerning the AC output voltage. Each cell consists
of a high-frequency isolation stage feeding the DC
voltage link of a full-bridge inverter. Because of the
series arrangement also the inverter stages can be rea-
lized in the same semiconductor technology as the iso-
lation stages (application of low voltage devices).

The isolation stage is implemented using a capaciti-
vely coupled half bridge converter operated in a
constant frequency series resonant mode (no pulse
width modulation), see section 3. This results in low
on-state losses (no free-wheeling states) and low
switching losses (zero-current and zero-voltage turn-
on) for continuous conduction mode at switching
frequencies being higher than the natural frequency of
the resonant network. Therefore, the DC link voltage
of each DC-AC stage varies directly according to the
DC input voltage of the total system.

The control of the AC output voltage/current is
achieved by pulse width modulation (PWM) of the
DC-AC stages. Advantageously, this can be perfor-
med in an interleaved PWM mode of the individual
cells in order to minimize the filtering effort due to
fact that the resulting multi-level output voltage sum
of all cells then very closely approximates the sinusoi-
dal voltage reference value. Therefore, the PWM swit-
ching frequency of each DC-AC cell can be chosen
comparatively low; this results in low switching
losses. Furthermore, it is of advantage to operate also
the isolation stages in an interleaved mode in order to
minimize the ripple current stress of the DC input
smoothing capacitor.



3. SERIES-RESONANT ISOLATION STAGE

As already mentioned, the series-resonant topology
has been chosen for the isolation stage due to the
expected good efficiency based on the zero-current
and zero-voltage turn-on of the power transistors.
Furthermore, the blocking voltage stress on all semi-
conductors is well defined and the leakage of the
transformer contributes to the effective inductance of
the resonant network. Therefore, different to, e.g.,
transformers 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 minimized because the
proposed topology is characterized by a common
mode voltage stress between the individual PWM DC-
AC cells; a low coupling capacitance helps to limit the
resulting common mode current. A circuit topology
which is not sensitive to transformer leakage is
furthermore of advantage because the primary
winding of the transformer shall be realized by
application of the ”“bow winding principle”, i.e.,
copper wire bows are connected via the printed circuit
board (PCB) to form the primary winding, whereas
the secondary windings are of conventional type. Such
a transformer usually shows significant leakage (but
low coupling capacitance) and, therefore, is well
suited for the series mode resonant topology.

A. Analysis of the Stationary Operating Behavior

In the following, the characteristics of the stationary
operation shall be calculated analytically. It should be
mentioned that a center-tapped secondary is used for
the designed converter, which results in an only single
diode forward voltage drop as compared to bridge
rectification (Fig.3 (a)). Remark: For the desired
output voltage range of up to 120V usually 400V
diodes would be suitable for center-tapped rectifi-
cation whereas for bridge rectification 200V diodes
would be sufficient. Although 400V devices show a
higher on-state voltage than 200V diodes, the two
200V devices acting in series for bridge rectification
cannot compete with the single 400V diode of a center
tapped system.

Here, the bridge rectifier is given only to develop
the equivalent circuit diagram of Fig.3 (b, c). The
system is characterized by four different states defined
by the polarities of the input voltage u, and of the
reflected secondary voltage u,. Whereas the polarity
of u, is defined by the control circuit, the polarity of
u, is given by the direction of the resonant current
i, . The four possible states (A—B—C—D) are listed
in Tab.1. For state A, voltages u, and u, show equal
direction and the (small) difference AU =U, -U, is
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Fig.3: Circuit diagram of the series resonant converter
(a) and corresponding equivalent circuits (b,c).
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Tab.1: Operating states of the series resonant converter.

applied to the LC series circuit. This results in a
circular shaped system trajectory around the center
point [+AU ,0] (cf. u.Z,i, — diagram of Fig.4 (a),
Z, = Juic defines the characteristic impedance of the
resonant network). Because the system operates with a
switching frequency f; above the natural frequency
f, =1/2nyic), the input voltage wu, changes its
polarity at instant 1 due to the turn-off of the high-side
transistor before i, becomes zero. Consequently, the
system transits to state B where the sum U, +U,
causes a steep current reduction (cf. Fig.4 (b))
according to the circular trajectory with the center



point [ —(U, +U,) ,0]. At instant 2, the current i, be-
comes negative, the current in the rectifier diodes
commutates and u, again shows equal (i.e., negative)
polarity as u, (state C); now [—-AU ,0] is the new
center of the trajectory valid until the lower power
transistor turns off at instant 3 and the system passes
over to state D (center [+(U,+U,),0]) which
completes a full cycle in instant 4.

Zyy,

Zyiy,

(© ' (d)

Fig.4: System trajectory (a) and time behavior (b) of the
series resonant converter; (c), (d): simplification valid for
AU << Uy ; i, : output current of rectifier (cf. Fig.3 (b)).

For the practical realization of the series resonant
converter stage of the proposed system it is of impor-
tance that, in general, AU <<U, is valid; this is
caused by the fact that the characteristic impedance
Z, =4ric is defined by the small inductance L given
to a significant extent by the transformer leakage.
With this assumption the system trajectory in good
approximation shows the shape of Fig.4 (c), i.e., the
current contribution of states B and D to i, can be
neglected (¢,, — 0, Fig.4 (c)). With this and using the
conduction angle

“= i M
the equations S0
(tic + AU)cos(m — ) = iz, - AU ()
and .
Z,T, = (i + AU) . [sin(t) dot 3)
0

can be written according to the geometrical relations
given by Fig.4 (c) and according to the fact that the

average value of i, (i.e., the rectified inductor current
i, ) in the stationary case is defined by the load
current I, . Evaluation of Eq.(3) and rearranging using
Eq.(2) finally leads to

AU = IZ 'Rout Wlth Rout = ZO tanZ % (4)
and

o =22, =22

Ue =54 2_4fsc . (5)

These equations state that for a given switching
frequency (fixed conduction interval «) the output
voltage U, decreases proportional to the load current
I,, i.e., the converter shows a quasi-ohmic output
impedance (current-independent output resistance
R,,, cf. equivalent circuit given in Fig.5). Remark:
This system behavior is very similar to the commu-
tation voltage drop of line commutated converters
where the commutation inductances finally cause a
current-proportional output voltage reduction. An
exact calculation as given in [3] results in an output
characteristic described by ellipses (cf. thin curves in

1.0 v

U, 12 AU/U,
2 | "ﬁ—\
U, 1.5

\
0.8
2
] f_s \ \
fo

0.6 - N \
i
o.z:
0.0 | ‘
0.

I
0.0 2 0.4

z,I,

U,
Fig.5: Output characteristic of the series resonant converter
for fixed frequency operation above the natural frequency.

- ]
I
5 6
fs
fo

Fig.6: Dependency of the output impedance Rou: and of the
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Fig.5). However, as is also indicated by the shaded
area of Fig.5, for the operating region being relevant
for the proposed system (AU < 10%), the simplified
calculation given here shows excellent accuracy.
Figure 6 demonstrates that the output impedance R,
is approximately linearly dependent on the switching
frequency and R,,, — 0 for f; — f, is valid. Therefore,
the desired stiff output characteristic suggests fg =7, .
However, this would lead to a worse transient res-
ponse (voltage overshoot) because R,, also acts as
damping resistor for the resonant circuit given by the
output inductance (not shown in equivalent diagram of
Fig.5) and the output smoothing capacitor. Further-
more, it has to be taken into account that the turn-off
of the power transistors has to be performed at i, > 0;
only in this case there exists a remaining current
which charges the drain-source capacitance of the
transistors in order to get zero-voltage turn-on. For a
practical realization the resonant network usually is
dimensioned to achieve a = 120° (i.e., fy =1.5f,).

B. Practical Design and Realization

Concerning the design of the multi-cell converter with
the key specifications as given at the beginning of
section 2 (rated power 2kW in a four cell
arrangement) the specifications of the DC-DC iso-
lation stage are defined by:

DC input voltage: U, =
DC output voltage: U, =
rated power: P, =
switching frequency: f; =

100V (80...120V)
U, (1:1 transf. ratio)
500 W

100 ... 125 kHz.

For the two power MOSFETs the SiliconMAX®-
devices PSMNO035-150P (TO220 type package, 150V,
35mQ2) have been chosen. The gate drive is performed
using an IR2113 driver circuit with additional turn-off
speed-up using two PNP transistors BC327 to enhance
the discharge of the MOSFET gate. The center tapped
rectifier on the secondary side of the transformer is
equipped with a MUR 1640 (2x8A, 400V) diode.

The power transformer is, as already mentioned at
the beginning of section 3, realized by application of
the “bow winding principle”, i.e., the primary winding
is formed by N, =5 copper bows (J2.5mm) on the
selected E42/21/20 ferrite core (material: N87). The
secondary windings (N, =2 x 10 turns to get a 1:1
voltage transfer ratio of the converter, J1mm) are
implemented using conventional winding techniques.
A coil former of specific shape (cf. Fig.7) is applied
to get a compact transformer design and to guarantee
the required creepage and clearance distances.

The dimensioning data given before causes a peak
flux density of B =100mT resulting in core losses of

Fig.7: Transformer of the resonant S00W DC-DC converter
using “bow winding” technique (shown here for N;=4) for
direct PCB mounting and components of the coil former.

P, <3W @ (U, =120V, f,=125kHz, T =100°C) as
specified by the data sheet. Although the proposed
winding technique does not show very tight coupling,
the stray inductance of the transformer is too low and
a small additional choke (5 turns of litz wire on a
single ETD29 leg (half core set)) has to be used for
adjusting the natural frequency of the resonant circuit
to f, = 80 kHz. With the applied resonance capacitors
(2x5x0.1pF polyester foil type components in parallel,
C =1 pF) for f =125 kHz this results in

L=4puH Zy=ic=2Q
Isoys a~120°

fo

R, =0.7Q Lo =16V @ I, =4 A

using the relations of section 3. Concerning R, it has
to be noted, that R,, specifies the output impedance
related to the primary side of the transformer; this
value has to be multiplied by (N,/N,)*=(10/5)>=4
for characterizing the output (load-side) behavior of
the converter.

C. Laboratory Prototype System — Measurements

The measurements (cf. Fig.8) taken from the labora-
tory model show a close correspondence to the
theoretical wave shapes as given in Fig.4 with the
exception that the real system shows a significant
reverse recovery current I,,=3.5A of the rectifier
diodes; this matches also with the datasheet
specifications of MUR1640 for di/dt = 40A/us.

The loss measurements demonstrate an efficiency of
96.3% at rated power (500W) for 110kHz switching
frequency (Fig.9). The partial load region is charac-
terized by efficiency values up to 97%. It has to be
noted that the rectifier diodes contribute to about up to
50% of the total losses. This suggests the application
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and measured system trajectory (b) of the laboratory
prototype of the series resonant DC-DC converter;
parameters: U; =120V, fg = 125kHz, P = 440W.
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Fig.9: Measured losses and efficiency of the prototype
DC-DC isolation stage; parameters: U; = 120V.

of synchronous rectification circuit extensions as will
be proposed in section 5. 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
inherent u,g = 0-turn-on capability (according to the
dual-thyristor principle as described in [3]) to achieve
true zero-voltage switching within the total load
region.

4. MULTI-CELL DC-AC CONVERTER

For the description of the DC-AC converter for
generating the 230V, AC output of the system it
should be referred to a large extent to the analyses of
the multi-cell class-D switch-mode amplifier presen-
ted in [2]. To give a short summary, it has to be
pointed out that the essential benefit of this multi-cell
topology is that if the switching cells are operated in
an interleaved PWM mode the output current ripple is
reduced by a factor of N? (N ... number of cells). By
application of a second-order LC output filter, the
output voltage ripple across the filtering capacitor is
reduced by N® according to Egs.(4,5) in [2], i.e., for
N =4 the ripple is reduced by a factor of 64! This
makes possible to operate the system at a comparati-
vely low PWM switching frequency. For the realized
prototype system a single-cell switching frequency of
fownr = 1kHz has been chosen. The interleaved pulse
width modulation is performed by a circuit similar to
the circuit shown in Fig.6 of [2]. There, flip-flops
generate 4 interleaved rectangular signals feeding the
inputs of 4 analog integrator stages. At the integrator
outputs 4 phase-shifted triangular signals appear
which act as carrier signals for the PWM comparators.

Simple low-cost optocouplers (SFH606) are used to
provide the required isolation between the PWM
generator and the (floating) driver stages of the
switching cells. The auxiliary supply of the gate drive
circuits (IR2111) is by small 0.5W standard DC-DC
converters. The power consumption of the total
control board (incl. driver stages) for the multi-cell
converter has been measured to be <1.8W.

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 MOSFET
(4x4=16 pcs. of PSMNO035-150P devices). The mea-
surement results of the prototype system illustrate the
multi-level voltage generation of this multi-cell topo-
logy (cf. converter output voltage w,,, in Fig.10 (a)).
The ripple of the current i, through the output filter
inductor (L=2mH) shows nodes being typical for a
multi-level approach (Fig.10 (b)). Across the filter
capacitor (C=3uF) there appears the very smooth AC
output voltage u, of the system. As indicated by the
Fourier-analysis of the unfiltered output voltage upy,,
(Fig.11) significant harmonic components exist only
in the vicinity of multiples of 2N, i.e., here for
fs = 1 kHz, in the vicinity of 8 kHz, 16 kHz,... due to
the cancellation of all lower frequency components
according to the interleaved PWM mode.

As indicated by Fig.12, the DC-AC converter
shows the expected excellent efficiency due to the low
R, of the power transistors in connection with the
almost negligible switching losses. However, it has to
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cycle limiting stage which is required to guarantee the
operation of the charge-pump of the IR2111 driver).

be noted that the accurate measurement of the losses
of ultra-efficient converters requires a very precise
testing equipment; even very low measurement errors
show serious impact on the resulting efficiency/loss
characteristic of the tested converter. Especially for
the case that prototypes of different systems are tested
using different measurement equipment, the measure-
ments and the comparison of the results should be
performed very carefully.
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Fig.12: Efficiency and losses of the DC-AC converter. The
characteristics shown by the dashed curves give an approxi-
mation based on an ideal 230V voltage source with 0.75Q
output resistance and 1.8W permanent no-load losses.
Furthermore, the diagram demonstrates the sensitivity to
measurement errors especially for very high efficiency
values because the dashed curve in any case defines an
upper limit for the efficiency.

5. CONCLUSIONS — FUTURE DEVELOPMENTS

With the proposed multi-cell multi-level converter
topology energy conversion to the mains voltage level
(230Vgrys) is possible using exclusively MOSFETSs
with comparatively low rated voltage. These devices
are characterized by a very low on-state voltage drop
which results in low conduction losses. Due to the
interleaved switching of the individual cells the output
voltage ripple of the total system is small and
therefore, good mains behavior (i.e., low mains
current harmonics) can be achieved although the pulse
width modulation of a single cell is based on a low
switching frequency (low switching losses). Conse-
quently, there result very low total losses and the
converter shows very high efficiency.

Because the voltage control of the system is perfor-
med by PWM of the DC-AC converter, the DC-DC
converter being required for feeding the floating DC-
AC stages can be realized by application of an
uncontrolled fixed frequency series-resonant topology
using equal MOSFET devices as for the DC-AC
converter.

The high quantity of required power semiconductor
devices (e.g., 24 transistors plus 12 half bridge driver
circuits for the designed 2kW prototype) might be
seen as a drawback of the proposed topology.
However, on the other hand this does allow the appli-
cation of low-cost standard power semiconductors; the
low total losses distributed to a high number of power
transistors (i.e., the more uniform heat distribution)
significantly simplifies the system cooling. To demon-
strate this circumstances it should be mentioned that
the prototype DC-AC converter can be operated at
50% of the rated power (1kW) without any heat sink!
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Fig.13: Extension of the resonance-mode DC-DC
converter to synchronous rectification (a) and to
bidirectional operation (b).

As already mentioned in section 3, concerning future
developments it would be of interest to apply syn-
chronous rectification to the DC-DC isolation stages
because the on-state losses of the diodes 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 higher
efficiency caused by the basic physical characteristic
of majority-carrier based semiconductors (in theory
Rpson=Upsna) and to allow the application of
transistors of same type for the input and output
sections of the converter.

In principle, the converter of Fig.13 (a) also permits
a bidirectional power flow. This operation mode
would be of interest if the system is utilized for super-
capacitor or battery based systems (e.g., uninterrupt-
able power supplies, power flow equalizer systems
etc.) to re-charge the energy storage device on the DC
input. It should be mentioned, that the DC-AC
converter using the proposed multi-cell arrangement
itself intrinsically permits a full four-quadrant opera-
tion. (This is of special importance also for reactive
power generation if the system is used for stand alone
applications being not connected to the mains.)

However, the converter of Fig.13 (a) does provide a
DC current path on the secondary which might result
in a saturation of the core. This can be avoided by
application of a secondary side blocking capacitor or,
alternatively, by splitting up the resonance capacitor
to both transformer windings as shown in Fig.13 (b).

In this connection, finally the multi-cell converter
topology also should be proposed for non-isolated
solar power systems as shown in principle in Fig.14.
Despite the fact that the solar panels show significant
common mode voltages (which, however, may be
lowered by current compensated input chokes) and
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Fig.14: Application of the multi-cell topology to
non-isolated solar converter systems.

that a relatively complex control is required to achieve
low AC harmonics also for different DC input vol-
tages, this topology could gain attention due to its
ultra-high efficiency. Furthermore, this system might
be also of interest for realizing as distributed power
converter in photo-voltaic applications.
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