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Abstract— Renewable energy resources available locally are 

ideally suited for providing electricity supply in remote are-

as. This report describes design and layout of a special sin-

gle phase supply system with high voltage quality and low 

power electronics expenditure through application of a spe-

cial quasi-eight-level inverter output voltage shape at four-

level-inverter circuit configuration. Simulation results are 

presented, a laboratory model is in finalizing state (to be 

described in full paper). In addition, an advanced strategy is 

presented for handling heavy load conditions and high pow-

er output motors. 

I. INTRODUCTION 

Approximately one third of world’s population is cut 
off electric supply. This is especially valid for areas not 
densely populated where the cost for central supply is too 
high due to long power transfer distances and relatively 
low power demand. Therefore, power has to be provided 
locally. Renewable energy from resources available near 
or directly at the point of consumption are to be used. 
Such resources generally will be characterized by low 
peak power, fluctuating power input, energy storage ele-
ments, electric energy reconditioning necessity onto prac-
tically constant voltage (230 V RMS) and about constant 
frequency (50 Hz) for rather variable loads. Despite all 
possible benefits cost of total system is to be minimized. 

A. General System Design 

An overview of total power supply system is displayed 
in Fig. 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1. Power supply system general overview. 

Different power input options are possible: Renewable 
energy from photo-voltaics, wind power, if possible small 
water power or even steam from geothermal resources for 
a small steam turbine (however, such systems are ex-
tremely rare) is collected and reconditioned into DC volt-
age by following maximum power point tracking. Prefer-
ably, this DC voltage is also directly the battery voltage. 
In low level renewable power input cases a conventional 
emergency diesel generator followed by a simple rectifier 
for power insertion into the DC rail might be employed. 
Standard AC output voltage is produced by a special in-
verter described in following chapters. 

B. Output Side Configuration 

Power output generally is defined to be single phase ra-
ther than the usual three-phase layout. These few loads 
requiring three-phase voltage are motors which shall be 
driven individually by demand-controlled inverters at cor-
responding various frequencies and voltages. Such an ac-
tive front end single-phase to variable-frequency three-
phase converter efficiently reduces peak loads for the local 
grid and minimizes losses through smooth run-up and 
output power demanded operation of drive. For the in-
tended application, simplicity is more important than the 
official approach of higher power transfer capability of 
three-phase systems. Fig. 2 describes output side. [2] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Fig 2. Distribution and output load system configuration. 
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3-level 

circuit 

2-level 

circuit 

5-level 

inverter 

4 transformers 2 transformers 
1 trans-

former 

Inverter 3: 4 times apparent power S0 

Transformer 1: N(out)/N(in) = 4 * k 

Inverter 2: 2 times apparent power S0 

Transformer 1: N(out)/N(in) = 2 * k 

Inverter 1: 1 time apparent power S0 

Transformer 1: N(out)/N(in) = 1 * k 

II. QUASI-8-LEVEL-INVERTER SYSTEM 

A. High Switching Frequency or Multi-Level-Inverter  

Ideally, the voltage at output side is sinusoidal without 
harmonics. Practically, we have to find a compromise 
between voltage quality (that still must fulfill common 
standards for voltage sags from commutation or switch-
ing, and harmonics) and on other side investment in hard-
ware, amount of losses, and robustness. In order to obtain 
a good voltage shape we may use either high switching 
frequencies and filter circuits (less than optimum because 
of additional losses, extra cost and possible resonances to 
grid and loads), or suitable multi-level inverters [4] which 
can be realized without filters. Any deviation between 
ideal sinusoidal shape and actual switched voltage creates 
a current rate of rise or fall difference to ideal purely si-
nusoidal current waveform. For a certain current differ-
ence the integral of switched minus actual voltage over 
time is decisive. Fig. 3 explains these basics and the ad-
vantage of multi-level systems to improve waveform. 

Considering various types of multilevel inverters, we 
generally find a high number of controlled switches corre-
sponding to the number of levels required (fig. 4).  

B. Multi-Level-Systems with Transformers  

In total, we have to generate one output voltage with 
potential separation through a transformer to separate 
power input side from consumers’ output side. In order to 
yield e.g. 5 steps in output voltage we can use several cir-
cuit and transformer topologies. Transformers have to be 
decoupled magnetically against each other (fig. 5). 

 

 

 

 

 

 

Fig 3. High switching frequency vs. multilevel converter. 

 

 

 

 

 

Fig 4. Switch number for 1-phase circuits with 2 or 3levels. 

 

 

 

 

 

 

 

 

 
 

 

 

Fig 5. 5-level systems with transformer(s) 

All circuits from fig. 5 have 4 steps (in push-pull con-
figuration, between zero and positive maximum) accord-
ing to a 5-level-system as we can set-up the output voltage 
through 5 levels (including level 0). All circuits employ 
the same number 16 of individual switches, too. 

For accuracy of switching instants, a 2-level-system has 
the least prerequisites. The only constraint is that one 
switch in a branch must turn off before the second is 
turned on. In order not to destroy the whole system a de-
fined procedure of switching the 4 devices of a branch in a 
3-level system has to be followed. Even more critical is 
switching in a 5 level system. However, the higher-level 
systems require less magnetically decoupled transformers. 

Generally, standard multi-level systems require a so-
phisticated control and protection system with internal 
interconnections for proper operation. In addition, we 
have to control a pretty high number of switches for ap-
propriate output voltage waveforms, too. [5] 

A standard line voltage must not have voltage sags in 
excess of 20 %. As a consequence, a “step” in our gener-
ated output voltage shall have less than these 20 % also 
under consideration of modulation index reserve for con-
trol and in generation of an internal electro-magnetic-force 
(emf) greater than the output voltage due to voltage drop 
at the transformer impedance. [6] 

In order to simplify the system and yet yield high out-
put voltage quality without excessive individually operat-
ed switches and without extensive filtering we propose the 
quasi-8-level converter circuitry including the adapted 
output transformer as described in next chapter.  

C. Quasi-8-Level-System with Transformers  

The basic circuit schematic for generating an 8-level-
output voltage is displayed in Fig. 6. We recognize 12 
individually controlled switches only. Different from 
standard circuits is the 4-2-1 windings ratio used in the 
proposed circuit. 

Table I provides an overview about multilevel system 
designs with switch count versus number of levels. 

 

 

 

 
 

 

 

 

Fig 6. Quasi 8-level system with adapted transformers 

TABLE I. MULTILEVEL SYSTEM OVERVIEW 

Number 
of 

levels 

Basic inverter 
circuit,  

corresponding 
figure 

Number 
of basic 
inverters 

Total 
number 
of indiv. 
switches 

Step size 
in % of 

peak 
voltage 

5 2-level, fig. 5 left 4 16 25.0 % 

5 3-level, fig. 5 mid. 2 16 25.0 % 

5 5-level, fig. 5 
right 

1 16 25.0 % 

7 7-level, --------- 1 24 16.7 % 

9 9-level, --------- 1 32 12.5 % 



Vdc1 … transformed voltage at output side of inverter 1 

Vdc2 … transformed voltage at output side of inverter 2 

Vdc3 … transformed voltage at output side of inverter 3 

7. Vdc3+Vdc2+Vdc1 

 

6. Vdc3+Vdc2-Vdc1 

 

5. Vdc3+Vdc1 

 

4. Vdc3-Vdc1 

 

3. Vdc2+Vdc1 

 

2. Vdc2-Vdc1 

 

1. Vdc1 

 

Fundamental at 50 Hz = 100 % 

0.5 % of fundamental 

THD = 0.60 % 

DC component to be ignored 

quasi-8 2-level, fig. 6 3 12 14.1 % 

Directly visible in fig. 6, we build the total output volt-
age by a binary weighted sum of the individual 2-level 
inverter voltages. Inverter 3 has to contribute 4 times the 
voltage and hence also 4 times the apparent power as in-
verter 1. Inverter 2 has to contribute 2 times the voltage 
and hence also 2 times the apparent power as inverter 1. 

Fig. 7 explains basic switching strategy to develop the 
seven steps yielding 8 levels (including level 0). The push-
pull configuration again yields 7 positive steps and 7 
negative steps. In a given band of voltage we use certain 
output voltages of defined inverters and add these voltages 
at defined transfer ratio of transformer over the series 
connection of output side windings. 

III. EVALUATION OF QUASI-8-LEVEL-SYSTEM 

Inverter 1 generally runs at higher switching frequency 
for minimizing harmonics. We select a simple control set 
based on the standard triangle wave-sinusoidal reference 
comparison to get switching states. Then we perform a 
Fourier analysis of idealized total output voltage at the 
transformer (Fig. 8). 

 

 
 

 

 

 

 

 

 

 

 

 

 

Fig 7. Quasi 8-level system with adapted transformers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 8. Fourier analysis of simulated idealized output voltage 

Results from simulation runs (Fig. 8) include simulation 
properties such as glitches (spikes in voltage occurring 
when 2 inverters should switch at the same time but do not 
due to imperfections of simulation) and a DC component 
(order 0, 0 Hz). These spikes practically do not contribute 
to harmonics and should be ignored as well the DC com-
ponent which comes from internal simulation delays. 

IV. INVERTER SYSTEM DESIGN 

Actual system will be composed of inverters which run 
at same DC-link voltage and should include same type of 
switches for standardization purposes. Inverter 1 has pow-
er transfer value S0. Therefore, inverter 2 shall have dou-
ble that power transfer value, i.e. 2 * S0. As a rule of 
thumb, a standard design for industrial systems exhibits 
switching losses in controlled semiconductors being equal 
on-state losses. For a really good output voltage quality, 
we will choose a slightly higher frequency than this. 
Therefore, about 40 % of total loss dissipation capability 
of inverter 1 is attributed to on-state-losses. Then we can 
estimate that inverter 2 can be exactly the same device as 
inverter 1. Inverter 2 runs at 3 times the fundamental fre-
quency (see Fig. 8) and the corresponding switching loss-
es practically can be neglected. This allows 2.5 times on-
state losses and about 2 times current capability which 
yields the demanded value of 2 * S0 for inverter 2. Conse-
quently, inverter 3 will be 2 inverter units in parallel oper-
ation. The whole system requires 4 identical 2-level stand-
ard inverters only. 

V. LABORATORY MODEL DESIGN 

For practical evaluation of total system we establish a 
laboratory model. For cost reasons, we also integrate used 
components as transformers. We have 7 identical trans-
formers organized in parallel groups of 1, 2, and 4. We 
also use 7 identical inverters implementing MOSFET 
switches (Fig. 9, Fig. 10) for the laboratory model.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 
 

 

Fig 9. Laboratory model hardware layout 
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Fig 10. Laboratory hardware (capacitors, heat sink, transformers). 

A special standard MOSFET inverter module with 
switches mounted on module cooling plate and driver cir-
cuits implemented is designed and realized (Fig. 11). 

Transformer parameters are measured (Fig. 12) and 
listed (Table III). 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Fig 11. MOSFET inverter module with driver circuit 

 

 

 

 

 

 

 

 

Fig 12. Transformer parameter measurement 

High frequency switching pulse control set operation of 
inverter 1 is explained in Fig. 13.  

For inverter control set operation, all switching states of 
the 3 inverters are defined (Table II). 

 

 

 

 

 

 

 
 

 

 

 

Fig 13. Switch state calculation for control set 

TABLE II. INVERTER SWITCHING STATE OVERVIEW 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

TABLE III. PARAMETERS OF 7 TRANSFORMERS USED IN LABORATORY MODEL 

 

 

 

 

 

 

 

 



Maximum power limit 

Frequency deviation from rated value 

Actual active power 

0 % 

+2 % 

−2 % 

operation at 

power P1 
final point 

of operation 

Maximum power limit 

Frequency deviation from rated value 

Actual active power 

0 % 

+2 % 

−2 % 

operation at 

power P1 

Load step onto 

power P2 at Δf = 0 

gradual drop of 

frequency 

final point 

of operation 

Load step onto 

power P2 at Δf = 0 

gradual drop of 

frequency 

f0 

n 

Maximum power limit 

Frequency deviation from rated value 

Actual active power 

0 % 

+2 % 

−2 % 

operation at 

power P1 

Load step onto 

power P2 at Δf = 0 

gradual drop of 

frequency 

final point 

of operation 

f0 

n 

VI. DC LINK CONSIDERATIONS 

In general, converters are of 3-phase input to 3-phase 
output type. Here we propose a 1-phase system. Such a 
system exhibits the disadvantage of no constant instanta-
neous power like with a 3-phase system. DC link voltage 
fluctuations are defined by fundamental wave apparent 
power. DC link capacitors are electrolytic capacitors for 
the voltage level in the proposed system. Due to design 
according to rms value of individual capacitor current for 
avoiding overheating we generally shall have large capaci-
tors and remaining DC link voltage fluctuation can be 
compensated for output side by proper DC link voltage 
dependent adaptation of inverter modulation index. Intro-
ducing a 100 Hz series resonance circuit inside of DC link 
for suppressing fluctuating voltages arising from instanta-
neous power oscillation or advanced filter technologies [8] 
shall not be necessary. 

In case of higher power generation from e.g. photo-
voltaics or wind power and e.g. a short circuit at output 
side some power cut-off circuitry is to be implemented at 
the source side to handle such a condition. However, a 
pulse-width-modulation DC link switch engaging a resis-
tor for dissipating power peaks until standard control takes 
over the situation is to be implemented. 

The DC link is directly connected to buffer batteries for 
minimizing components count and power transform stag-
es. Therefore, a high number of individual batteries will 
be connected in series. Battery balancing must be imple-
mented in final system for a long life cycle of the batter-
ies. In case batteries are affected by higher values of even 
low frequency currents (also 100 Hz currents may be criti-
cal) a reduction of operational life time will be the conse-
quence. We shall implement well-damped filters between 
batteries and DC-link capacitors. 

Considering lead-acid batteries as a general solution for 
low cost buffer batteries we get a variation of the DC link 
voltage through charge level state of batteries in the range 
of +/- 10 % coming from a single 12 Volts (rated) battery 
running in between 11.4 Volts (discharged) and 13.8 Volts 
(fully charged, buffered operation, voltage kept under 
electrolysis voltage in order not to generate hydrogen and 
oxygen inside this battery). 

Lower battery voltages not necessarily imply high cur-
rents because battery charge calculation will impose a 
power saving command in this case. Therefore, a some-
how lower battery voltage when stored energy comes to 
its low end and current from batteries must be reduced is 
not considered a disadvantage for system operation. 

About 40 lead-acid batteries rated 12 Volts 50 Ah are 
available for testing the laboratory model with real batter-
ies. Fig. 14 depicts a subset of 24 batteries of this type in 
buffered state.  

 

 

 

 

 

 

 

 

Fig 14. Batteries for laboratory model test 

VII. STRATEGY FOR HANDLING HEAVY LOADS 

In case of power shortage and/or severe peak loads we 
come to the limit of the power generator hardware or have 
to consider energy storage constraints. [7] 

Standard central supply systems operate using a fre-
quency – active power interaction (f/P-diagram, fig. 15). 
Load step transient conditions are displayed in fig. 15. 

We shall have to include the load for correct operation 
of the system. We propose to derive a set-point value for 
the frequency of the produced voltage out of the active 
load and remaining battery capacity. Frequency dependent 
switches at certain loads will automatically turn off these 
loads under critical conditions and automatically turn 
them on provided the energy or power situation improves. 
A further method of operation is a statistical connection to 
the grid to balance power flow and to avoid power peaks. 

The solution proposed provides a flexible frequency 
versus active power characteristic influenced by reserve to 
peak power and remaining stored energy. The intercept 
point f0 is defined by available power. The rate of descent 
n (droop) of characteristic is defined by remaining energy. 
Details are presented in fig. 16 and fig. 17. 

 

 

 

 

 

 

 

 

 

 

Fig 15. Standard frequency versus active power (f/P) characteristic. 

 

 

 

 

 

 

 

 

 

 

Fig 16. f/P characteristic for high power and low energy availability. 

 

 

 

 

 

 

 

 

 

 

Fig 17. f/P characteristic for low power and high energy availability 



VIII. CONTROL SET DETAILS 

A thorough simulation should minimize “surprise” ef-
fects at commissioning and testing of the laboratory mod-
el. Fig. 18, 19, and 20 explain control set operation.  

Fig. 21 shows simulation results with a 3-phase circuit 
and corresponding phase currents. Currents are rather 
smooth without additional filters. Output side voltages do 
not exhibit spikes due to the 2

nd
 order inherent filter pro-

vided by leakage reactance of the transformer and cable 
capacitance of distribution system.  

 

 

 

 

 

 
 

 

 

 

Fig 18. Control pulses of inverter 1. 

 

 

 

 

 

 

 

 

 

Fig 19. Control pulses of inverter 2. 

 

 

 

 

 

 

 

 

 

Fig 20. Control pulses of inverter 3. 

 

 

 

 

 

 
 

 

 

 

 

 

Fig 21. Simulation for 3-phase output capability (f(switch) = 3kHz). 

Three-phase configurations require careful load sharing 
between phases and imply a much more complicated 
transformer for balancing. Advantages in shape of line-to-
line waveform (see fig. 21) are lost when we have to pro-
vide balanced phase voltages referred to a common 
ground and earth potential. Further research is concentrat-
ed on single-phase supply. 

Single-phase supply AC systems also could be used for 
low-cost energy transmission over limited distances. A 
single pole line and current return path over earth keeps 
down cost of investment. 

CONCLUSION 

Providing electric power supply under sustainable con-
ditions at remote areas is a demanding task. The proposed 
system fulfils the requirements of simplicity, quality and 
ruggedness. The quasi-8-level inverter system is based on 
a binary weighting voltage addition at the transformer and 
can be composed of 4 identical PWM bridge modules 
with 12 individual control signals. Only the lowest power 
module is switched at higher frequencies. 3 kHz have 
been found adequate for obtaining a low THD. Other 
modules are switched at 150 Hz and 50 Hz, respectively, 
allowing their switching losses to be neglected. 

Power from various energy sources is transferred into 
DC link at fluctuating battery voltage level. Three-phase 
loads such as induction machines are operated via 1-phase 
/ 3-phase converters with variable and load dependent 
output frequency for optimum efficiency and low reactive 
load to the supply system. 

Power management runs in a stable and favorable way 
using the conventional f/P characteristic with power avail-
ability defining intercept point f0 and energy availability 
defining rate of descent n (droop) of characteristic. Fre-
quency dependent automatic turn-off of uncritical or lower 
importance loads provides stability and avoids black-outs 
due to overload conditions in the small islanding grid. 
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