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Abstract. The aim of this paper is to evaluate the benefits 
that can be achieved by operating the connection inverters of 
the distributed energy resources as active power filters in LV 
distribution networks. The use of the future fuel cell inverters to 
compensate zero sequence currents, arising from unbalances 
among phases, can improve the efficiency of the distribution 
networks by means of reducing the total amount of losses. A 
common unbalanced load connected to a LV feeder where a FC 
inverter is present has been simulated. The reductions in the 
distribution power losses and compensation of zero sequence 
currents have been analyzed. 
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1. Introduction 
 
Due to the increase in electric consumption, the blackouts 
recently experienced around Europe and in the USA, and 
all the environmental concerns such us the global 
warming, the imperfection of the electric power system 
(EPS) has become a fact. As our impressive and 
successful modern grids were evolving, expectations that 
they could and should be close to perfect led to a system 
of critically interdependent services vulnerable to grid 
failure. Heightened security concerns and large 
penetration of electronics into lots of aspects in everyday 
life are deepening this vulnerability.  
 
While dependence on the grid has intensified, smaller 
generation units using a mix of technologies usually 
collectively called as distributed energy resources (DER) 
[1], have emerged as increasingly competitive with large 
remote centralized generation plants. Some of these 
sources generate power directly, while others involve on-
site energy conversion and storage. These technologies 
are more and more popular and they will present in 
coming days a high penetration rate within LV 
distribution systems.  

The introduction of new distributed generators (DGs) 
should not be faced as a handicap but an opportunity to 
reinforce the whole EPS [2]. It has to be stressed that 
most of the DER are connected to the utility mains by 
means of power converters which can be programmed in 
order to perform a wide range of services. In this way, 
some of the main points which should and could be 
improved are: (1) providing higher power quality and 
reliability (PQR), so that quality provided better matches 
quality needed; (2) hardening socio-technical systems to 
an inevitably imperfect grid; (3) reducing losses in the 
distribution network (by means of reactive power and 
unbalances compensation), and (4) providing power 
sources locally to sensitive loads. This last aspect seems 
to point out the main goal of the system in the future 
trends. In this way, the evolution of the EPS is focused 
towards an electric system formed by the union of 
multiple independent small grids with capability to 
function apart from the main system. These small grid 
units have already been named as microgrids. The main 
advantages of a microgrid can be summarized as:  
a) A microgrid can provide an efficient way to integrate 
DER and loads for taking full advantage of them 
(including CHP). 
b) It should be a "grid-friendly" entity and does not give 
undesirable influences to the connecting distribution grid. 
That means the operation policy of the distribution 
network does not have to be modified. 
c) A microgrid can achieve a flexible way for distributed 
energy resources to connect and disconnect as they like, 
which is called as ''plug-and-play'' feature. 
d) And finally, microgrids can independently operate 
without connecting to the upper distribution grid when a 
fault occurs (islanding mode). 
 
Hence, connection inverters of the different renewable 
energy resources will have to be adapted to this new EPS 
structure philosophy. When the microgrid will work in 
islanded mode, the power converters will be in charge of 
maintaining the voltage and frequency levels within a 
narrow range, so that the reconnection with the main EPS 
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can be done without further problems. Besides, these 
converters will have to perform as active power filters 
(APF) in order to supply the reactive, non linear and 
unbalance currents demanded by the local loads existing 
in the microgrid. Nowadays, most of the connection 
inverters installed in PV installations and those 
developed for fuel cells (FC), and the rest of DER, are 
designed in order to produce the maximum possible 
active power from the energy generated by the renewable 
energy source. It is clear that this configuration will have 
to be modified.  
 
Based on the microgrid philosophy where DG converters 
will have to incorporate lots of control and regulation 
functions, the main objective of this paper is to analyze 
the capability of a fuel cell (FC) connection inverter to 
inject zero sequence currents. That will be done in order 
to compensate the unbalances existing at the point of 
common connection (PCC), which are introduced by 
unbalanced or one phase loads connected to the EPS.  
This would be one of the first ancillary functions to be 
performed by these power converters when the EPS will 
remain connected, that is, to help obtaining a steady state 
sinusoidal balanced three phase current system flowing 
out from the MV/LV distribution transformer. This will 
improve the efficiency of the LV feeder reducing losses 
in the conductors.  
 
The paper pretends to obtain a simulation model 
integrating all the components in the proposed system 
(Transformer, LV feeder, connection inverter and fuel 
cell generator). The whole model taken into consideration 
can be observed in Fig. 1. For that purpose, a LV feeder 
with real parameters and all the rest of components have 
been simulated using Matlab/Simulink/SimPowerSystem 
library. This paper tries to summarize the different 
converters topologies that can be used in order to 
compensate zero sequence currents in three phase four-
wire systems too. And finally, some results on the 
efficiency improvement are introduced and analyzed. 

 
Fig. 1.  FC system connected to a LV network. 

 
2. The Fuel Cell 
 
A. Description of a Fuel Cell 
 
The type of FC used in our research is the high 
temperature proton-exchange membrane (HTPEM) fuel 
cell. This kind of FC is quite developed and seems to be 
the first hydrogen technology to be used for massive 

integration into the EPS. Apart from that, the range of 
power they produce is from several watts to some tens of 
kilowatts. This range fits perfectly with the LV 
distribution network and that is way according to future 
trends they will be probably used locally in many places 
by individual consumers.  
 
The behavior of these FCs can be described as follows: at 
the anode of the fuel cell, the hydrogen gas oxidizes 
releasing electrons and creating H+ ions (or protons). 

 
−+ +→ eHH 442 2   (1) 

 
During this reaction, energy is released. On the other 
hand at the cathode, oxygen reacts with electrons taken 
from the electrode (reduction), and H+ ions from the 
electrolyte form water which is a waste product. 

 
OHHeO 22 244 →++ +−       (2) 

 
In the aim to achieve optimal working conditions, proper 
air flow as well humidification of the gases must be 
ensured. The overall reaction taking place at the FC can 
be summarized as:  
 

yelectricitheatOHHO ++→+ 222 22       (3) 
 
Four major irreversibilities can be highlighted in FC [6]. 
• Activation losses. These are caused by the slowness of 

the reactions taking place on the surface of the 
electrodes. A proportion of the voltage generated is lost 
driving the chemical reaction that transfers the 
electrons from one electrode to other. 

• Fuel crossover and internal current losses. This 
energy loss results from the waste of the fuel passing 
through the electrolyte. The fuel loss and its effect are 
usually not very important. 

• Ohmic losses. This voltage drop is the straightforward 
resistance to the flow of electrons through the materials 
of the electrodes and the various interconnections. 

• Mass transport or concentration losses. These result 
from the change in concentration of the reactants at the 
surface of the electrodes as the fuel is used. Because the 
reduction in concentration is the result of a failure to 
transport sufficient reactant to the electrode surface, 
this type of loss is also called “mass transport” loss.  

 

 
Fig. 2. PEM Fuel Cell V-I characteristic. 
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The most important among them are due to the activation 
and ohmic losses [3]-[6]; at high temperatures the 
activation losses become less significant than the ohmic 
ones though. The PEM FC voltage-current characteristic 
resulting from all of this can be observed in Fig. 2.  
 
B. Equivalent model of a Fuel Cell 

 
Taking into account the parameters and characteristics 
presented in the previous section, the steady state FC 
voltage, VFC, is calculated using the following equation:  
 

lohmnicactrevFC EV ηηη −−−=   (4) 
 
Where Erev is the reversible voltage or internal potential of 
the FC, and the other variables are the irreversible loss 
voltages, or overpotentials: 

• actη = The voltage loss produced by the activation 
polarization (activation overpotential) 

• ohmnicη  = The voltage drop related to the ohmic 
polarization (ohmic overpotential). 

• lη = The drop introduced by the concentration 
polarization (concentration overpotential). 

 
Many attempts have been performed to try to develop 
and simplify a mathematical model defining the behavior 
of a PEMFC [7]-[18]. An accurate model can be obtained 
developing equation (4) and substituting the value of the 
different overpotentials. The result is equation (5):   
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Where the different parameters are: 
• R = Universal gas constant (8.31451 J/(mol·K)) 
• F = Faraday’s constant (96485Coulomb/mol) 
• T = Stack temperature. 
• α = Transfer coefficient. 
• n = Number of electrons involved in the reaction. 
• Rint = Sum of electric and protonic resistance. 
• IFC = Fuel Cell current. 
• I0 = Exchange current. 
• Il = Limiting current of the FC.  

 
All this mathematical equation can be represented by the 
equivalent electric circuit shown in Fig. 3, which fits 
quite precisely with Dicks-Larminie’s model []. 

revE

 
Fig. 3. FC equivalent electric circuit. 

The circuit depicted in Fig. 3. is the one implemented in 
Matlab/Simulink in order to perform the DG integration 
simulation analysis introduced in this paper. 
 
3. DC/AC inverter topologies 
 
Traditionally, based on Akagi’s Instantaneous Power 
Theory published in 1984 [19], Three-Leg Full Bridge 
(TLFB) inverters have been used as APF in various 
applications.Nevertheless, this configuration does not 
allow the inverter to inject zero sequence currents into 
the EPS, being not useful for three phase unbalanced 
loads with neutral compensation. For LV distribution 
networks with presence of the neutral wire, other inverter 
configurations should be employed to allow zero 
sequence current injections and the corresponding 
unbalance compensation [20]-[23]. Three main 
topologies can be highlighted: 

• The first one is known as capacitor midpoint type 
or Three-Leg Split Capacitor (TLSC). Used for 
small rating applications. Since the entire neutral 
current flows through dc-bus capacitors it must 
have large values. It can be observed in Fig. 4. 

• The second topology, known as the four-pole 
switch type or Four-Leg Full Bridge (FLFB), in 
which the fourth pole is used to stabilize the neutral 
of the APF, shown in Fig. 5. 

• Finally, the Three-Bridge Four-Wire (TBFW) 
configu-ration. It is quite common and allows the 
proper voltage matching for solid-state devices and 
enhances the reliability of the APF system. It is 
currently used for high power systems, in Fig.6. 

 
A. The Three-Leg Split Capacitor Converter 
 
The main advantage of the three-leg split-capacitor 
configuration (TLSC) is its control simplicity. Due to the 
fact that the load neutral is connected to the midpoint of 
the dc bus, all three legs work independently. In this way, 
the output voltage for each leg is easy to control since it 
depends only upon its switches state. In fact, this is the 
most commonly used configuration for low and medium 
voltage applications, up to 120A compensating currents 
per phase in LV networks. On the other hand, the TLSC 
topology has some limitations. First of them represents 
the fact that when no zero sequence is being injected by 
the inverter into the network (just positive and negative 
sequence) not all the DC Bus voltage can be profited. 
This supposes a worse behaviour than the TLFB for this 
situation.  

 
Fig. 4. Three-Leg Split Capacitor (TLSC) Active Filter 
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A second limitation is that the maximum zero sequence 
voltage amplitude that can be generated at a given 
moment is dependant on the positive and negative 
sequence generated in that moment. This is due to the 
fact that the three compensation components have to be 
generated by all the three legs of the inverter. 
 
Apart from those two limitations, the main problem 
arising with this kind of configuration is related to the 
need of all the zero sequence compensating currents 
injected by the three phases to flow back through the 
node 0, Fig. 5. The injection of the zero sequence 
currents on this node comprehends the voltage unbalance 
of the two capacitors forming the DC Bus. 
 
Thus, the three legs do not work symmetrically and their 
output voltage becomes a function of the switch, upper or 
lower, being on. This lack in equilibrium makes the 
control of the inverter harder, since the average output 
voltage level is not any longer proportional to the duty 
time of the leg. More complex control algorithms have to 
be implemented in order to take into account these 
handicaps of the system.  
 
B. The Four-Leg Full Bridge Converter 
 
When higher zero sequence currents have to be 
compensated, the four-leg full-bridge configuration 
(FLFB) has better behaviour than the TLSC. This 
topology, comprehends the three legs corresponding to 
the phases and dedicated to inject positive and negative 
sequence currents, while the unbalance compensation by 
means of zero sequence voltage generation is performed 
by the fourth leg. Moreover, the three initial legs could 
contribute to the zero sequence generation, as in the 
TLSC topology, in order to fit high demands of zero 
sequence currents. 
 
The main advantage of the FLFB configuration is its 
capability to profit all the DC bus voltage to generate the 
positive and negative sequence voltages, as for the case 
of the TLFB, while generating high zero sequence 
voltage levels. On the other hand, the vector control 
modulation algorithms developed for this kind of 
inverters turn to be very complex requiring powerful and 
expensive control hardware systems which do not count 
with a large bibliography until now. 
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Non-linear 
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Fig. 5. Four-Leg Full Bridge (FLFB) Active Filter 

 

C. The Three-Bridge Four Wire Converter 
 
Finally, for high power unbalanced systems requiring 
zero sequence current components compensation, the 
most commonly employed topology is the three-bridge 
four-wire converter (TBFW). This inverter works in a 
similar way to the FLFB but presents some really 
interesting advantages for high power applications. 
 
The first advantage is that, while in the FLFB most of the 
zero sequence current had to flow though the fourth leg, 
with the corresponding need of powerful switches in case 
of high compensation demands, in the TBFW, thanks to 
the isolation transformers, that forth leg of the FLFB can 
be considered to be split into other three legs 
corresponding to three single phase independent 
inverters. That represents a higher current injection 
capacity. Apart from that, since the maximum output 
voltage for each of the three one-phase inverters 
correspond to the DC Bus voltage, this voltage level can 
be lower than for the other topologies. Besides, using 
appropriate modulation techniques three level voltage 
outputs can be obtained, allowing in this way a reduction 
in the switching frequency as well as the ripple in the 
injected current.  
 
The last interesting point of the TBFW is that the control 
of these single phase inverters is simple and well known, 
increasing the reliability in high power applications. The 
main limitation of these inverters is their cost. 

Fig. 6. Three-Bridge Four-Wire (TBFW) Active Filter 
 
4. FC integrated simulated system 
 
Two different studies have been performed and are 
presented for comparison on this paper: the first one 
analyzes the LV network distribution losses without any 
compensation, and then a second analysis studies the 
reduction of losses in the same network when the 
compensation offered by the FC connection inverters is 
introduced.  
 
For the first case, a standard example of a MV/LV real 
transformer with one LV feeder supplying energy to 
unbalanced loads has been modelled. The scheme of the 
system can be observed in Fig.7. The three unbalanced 
loads included in the model correspond to each of the 
three floors in a residential building which comprehends 
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ten apartments per floor. Some reference unbalance 
levels have been measured previously in real MV/LV 
substations in order to model these unbalanced loads 
properly.   
 
The feeder has been split into 4 different LV cable 
sections: A1 from the distribution transformer to the 
connection of the building (measuring 100m), A2 from 
the entrance to the building to the first floor connexion 
point (measuring 20m), A2 from the first to the second 
floor connection point (measuring 10m) and finally A3 
from the second to the third floor connection point (10m).  
 
The values established for the different elements in the 
model are obtained from the characteristic parameters of 
the real standard elements used by Spanish utilities. In 
this way, the electrical conductor considered for the 
different line sections is the standard 240 mm2 aluminium 
conductor for phase wires and a 120 mm2 aluminium 
conductor for the neutral one. Depending mainly on the 
material, cross section and length, the values for the four 
line sections together with LV distribution transformer 
impedance (SN=630kVA, 20/0.4kV) are shown in table I. 
 

 
TABLE I: SYSTEM IMPEDANCES 

 

 Transf A1 (ph/ 
neutral) 

A2 (ph/ 
neutral) 

A3 (ph/ 
neutral) 

A4 (ph/ 
neutral) 

R (mΩ) 2.54 12/24 2.4/4.8 1.2/2.4 1.2/2.4 

X (mΩ) 10 3/0 0.6/0 0.3/0 0.3/0 

 
 
For the second case, the same system has been simulated 
connecting a FC inverter to each of the connection points 
of the scheme. Each of the converters will transfer the 
power proceeding from the FC owned by each of the ten 
neighbours in the same floor. This represents a future 
scenario in which every family will have a FC stack at 
home. Taking into account that the simulated FCs are 
1.2kW HTPEM, the three inverters have a rated power of 
12.5kW. So the maximum power to be used for 
unbalanced compensation when no active power is 
demanded is 37.5kW. A TLSC topology converter has 
been used which is the most appropriate configuration for 
this range of power. 

 
Fig. 7. MV/LV distribution network analyzed. 

 

 
 

Fig. 8. FC system integrated to the distribution network. 
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By injecting compensation currents at three different 
points of the feeder, the losses and values of currents 
flowing along the four LV sections can be studied. The 
layout of the whole system can be observed in Fig. 8. 
 
 
The different parameters implemented in the converters 
are CDC_bus=3300μF for the capacitors in the dc bus and 
LCW = 2.2mH for the L connection winding filter. The 
Fuel Cell Blocks comprehend a DC/DC converter block 
which increases the dc voltage from VFC to the minimum 
dc voltage allowing the inverter to inject current into the 
network, around 750V. This FC block comprehends too 
the HTPEM model which implements the different 
equations defining the FC behaviour.  
 
Finally, the control system driving the different inverters 
to inject active power and produce the compensation are 
shown in Fig. 8 as “Control Blocks”. They comprehend: 
the zero crossing detection algorithm, the zero sequence 
current compensation algorithm, the dc bus control 
algorithm (which drives the DC/DC duty cycle fixing the 
FC system to work approximately at its MPP) and the 
current control block which is implemented in this case 
as a hysteretic band control.  
 
5. Simulation results 
 
Results and comparison of losses (for balanced load 
situation and unbalanced load situation, with and without 
compensation) have been obtained with Matlab for the 
two cases under study. The first case considered is when 
the power demand in the building is high, during evening 
hours, and the degree of unbalance is not very important. 
And the second case taken into account corresponds to 
the midday hours when not much energy is required but 
the system is highly unbalanced.  

 
TABLE II: DEMANDS PER PHASE AND FLOOR (IN KW) 

 
 Demand Floor1 

Phases A/B/C 
Demand Floor2 
Phases A/B/C 

Demand Floor 3 
Phases A/B/C 

Case 1 8/10/11 9/8/12 12/14/15 

Case 2 6/2/1 5/2/2 4/3/8 

 
In both cases, two strategies could be considered: using 
all the available power in the converter to inject active 
power and reduce in this way demand form the EPS, or 
on the other hand using all the converter power to reduce 
zero sequence unbalances. We propose using the second 
one injecting active power when possible, that is, when 
converter power is higher than that required to 
compensate unbalances.  
Currents along the different neutrals wires and the 
voltages at the DC buses of the inverters have been 
considered in both cases. For the dc voltage, both 
capacitors forming the bus have been monitored to study  
the unbalance in this bus. The connection of the inverters 
is produced at 0.05ms when they start injecting active 
power. At 0.1s the first floor inverter is turned on to 

compensate unbalances. And finally, at 0.15s the other 
two inverters launch their compensation algorithm. The 
effects introduced over the neutral currents by them for 
the case 1 of the study can be observed in Fig. 9. 

 
Fig. 9. Power flow in the transformer, case 1. 

 
The neutral current at section A1 is reduced to a value 
close to zero when all the converters are compensating 
unbalances (from 0.15s on). Previously and from t=0.1s, 
neutral currents at A1 and A2 sections where reduced due 
to the compensation introduced by the inverter at the first 
floor. Its dc bus voltages can be appreciated in the same 
figure showing the great unbalance appearing among 
capacitors. 

 
A. Case 1 – High consumption (Evening hours) 
 
This first case considers a total load demand in the 
building of 99kW. First, results with all the phases 
balanced (33kW per phase) and the floors equally 
charged are obtained. Then, the same level of demand is 
simulated but with the phases unbalanced as specified 
previously. Table III reflects the values of the losses (in 
W) for the different LV sections as well as for the 
distribution transformer. The overall amount of losses in 
the system for the 4 situations taken into consideration 
are there summarized. 

 
TABLE III: LOSSES OBTAINED FOR CASE 1(IN W) 

 

 Losses 
Transf. 

A1 
(ph/n) 

A2 
(ph/n) 

A3 
(ph/n) 

A4 
(ph/n) 

Total 
losses 

Balanced 
load 246.4 725.3 145.1 32.2 8.0 1157 

Un. Load 
/inv. not 

connected 
249.1 750 150 37.2 12.8 1199 

Un. Load 
/inv. not 

compensate 
114.1 561.2 122.8 33.2 12.8 844.1 

Un.Load 
/inv. 

compensate 
115.1 436.9 105.3 30.1 12.9 700.3 

 
Results on table represent a total reduction from the first 
to the forth situation of the 39.5%. This value reflects a 
big percentage of reduction but the absolute value is not 
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that important since it only represents 457W of difference 
within a 99kW of consume system. 
B. Case 2 – Low consumption (Midday) 
 
On the other hand, the second case considers a total load 
demand in the building of 33kW. Again, firstly results 
are obtained with all the phases balanced (11kW per 
phase) and the floors equally charged. Then, the 
unbalance introduced in the previous section is simulated 
with and without unbalance compensation. 
 
In this second, case the power demand from the local 
load will not consume all the energy produced by the FC 
inverters when working at rated nominal power. In this 
way, some power generated by the DGs will be injected 
back to the utility mains. This produces the reductions in 
the losses no to be so important in percentage compared 
with the previous case. 
 
The results of the losses, in W, are presented as for the 
previous case for the different scenarios in Table IV. 
 

TABLE IV: LOSSES OBTAINED FOR CASE 2(IN W) 
 

 Losses 
Transf. 

A1 
(ph/n) 

A2 
(ph/n) 

A3 
(ph/n) 

A4 
(ph/n) 

Total 
losses 

Balanced 
load 29.6 81.5 16.3 3.6 0.9 131.8 

Un. Load 
/inv. not 

connected 
29.1 109.5 21.9 5.6 2.9 169 

Un. Load 
/inv. not 

compensate 
14.4 69.6 14.2 4.1 2.1 104.4 

Un.Load 
/inv. 

compensate 
14.2 34.8 8.9 3.2 2.9 64 

 
In this case, the percentage of reduction is 51%, even 
bigger than the previous case since the initial unbalance 
was higher. Hence, quite a great improvement regarding 
the percentage of distribution losses is obtained in both 
cases by introducing the FC inverters in parallel with 
loads, and even further if these converters are to work as 
APFs. The second case is more remarkable since the 
initial unbalance is larger, although there are currents 
flowing back into the EPS and that, being useful as a 
renewable energy, increases losses in A1 section in our 
study. 
 
6. Conclusion 
 
The results obtained in this paper confirm the possibility 
of using the FC connection inverters in order to not only 
inject active currents into the LV distribution system, but 
also produce zero sequence currents to inject on the 
different phases improving the efficiency. A more 
balanced situation is obtained in the system and neutral 
currents get cancelled. That comprehends a reduction in 
the overall distribution losses.   
 

Distributed FC systems could implement the proposed 
function with just a few modifications in the hardware 
topology of their connection inverters (referred to the 
first models appearing in the market which are too close 
to PV ones) and by adding some control algorithms 
taking into account zero sequence currents consumed by 
the different loads. 
 
A brief analysis of the main converter topologies used for 
zero sequence currents cancellation has been introduced.  
 
A Simulink model of FC system and its connection 
inverter is simulated. The unbalance compensation is 
analyzed and the improvement in the power quality of the 
EPS clearly highlighted. The model has been introduced 
in a LV network composed of a feeder where unbalanced 
loads are connected.  
 
Results allow the authors concluding that this application 
can be really interesting for the near future massive 
penetration of low power distributed generators in LV 
distribution systems and, should be taken into account in 
the development of the new FC connection inverters. The 
cases of countries such as Spain where renewable 
resources are so important, could allow combinations of 
the already well known and largely used PV generators 
and the arising FC technology. This system could take 
profit of the not constant power generation performance 
of the PV panels, no production during night hours, to 
use the extra rated power for phases balancing and zero 
sequence currents compensation. The injection of power 
during these hours would be performed by the FC 
converter which would obtain the energy from the 
hydrogen stocked along the daytime hours.  
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