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Magnetically Coupled Multiport Converter with Integrated
Energy Storage

Abstract. This paper presents a new integrated DC/DC converter for hydrogen-based energy storages. As compared to traditional individual
converter based solutions for interfacing of an electrolyzer and a fuel cell, the proposed topology features reduced energy conversion stages. In
order to improve the response time of the hydrogen buffer a battery was integrated into the interface converter with no need for an extra
charging/discharging circuit. The paper analyzes and discusses the operating principle of the new converter and provides some design guidelines.
Finally, theoretical background is experimentally verified.

Streszczenie. W artykule przedstawiono nowg zintegrowang przetwornice DC / DC dla magazynéw energii na bazie wodoru. W poréwnaniu do
tradycyjnych rozwigzan z oddzielnymi przetwornicami do elektrolizera i ogniwa paliwowego, proponowang topologie cechuje zmniejszona liczba
etapy konwersji energii. W celu poprawienia czasu reakcji bufora wodorowego akumulator zostat zintegrowany z interfejsem przetwornicy, bez
koniecznosci stosowania dodatkowego obwodu fadowania/roztadowania. W artykule przedstawiono analize i oméwiono zasady dziatania nowego
przeksztattnika, i podano wybrane zalecenia projektowe. W koricowej cze$ci przedstawiono wyniki eksperymentalne, weryfikujgce zatozenia
teoretyczne (Wieloterminalowa przetwornica o sprzezeniu magnetycznym z zintegrowanym zasobnikiem energii)
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Introduction

In recent years, hydrogen-based long-term energy
storages implemented in a renewable energy system (RES)
have attracted much attention [1-4]. Essential elements of
such a hydrogen buffer (HB) are an electrolyzer (EL), a
hydrogen storage system and a fuel cell (FC). To achieve
proper voltage matching the main components of the HB
should be connected to the DC-bus of the RES via different
power electronic converters: the EL is interfaced by help of
a step-down DC/DC converter, while the FC is connected
by help of a step-up DC/DC converter. Moreover, the
battery should have a special charger circuit that integrates
it to the DC-bus of a DES. It finally leads to complex
multiconverter systems with a high number of energy
conversion stages, complex control and reduced efficiency.
The main trend in technology development here is to
reduce the power losses in the interface converters to
obtain the highest possible energy efficiency of the HB.

Recently a new integrated (multiport) DC/DC converter
for HB interfacing in the RES was proposed [5]. Thanks to
the implemented multiport converter concept (Fig. 1) the
number of energy conversion stages was significantly
reduced.
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Fig. 1. Typical structure of the distributed energy system with the
hydrogen buffer interfaced via multiport DC/DC converter

The resulting advantages of the proposed solution
include reduced component count, lower cost, and control
simplicity. Furthermore, the multiport converter technology
may best satisfy integrated power conversion, efficient
thermal management, compact packaging, and centralized
control requirements [6, 7]. These advantages can
potentially improve the overall cost, efficiency and flexibility
of the hydrogen buffers used in the RES.

This paper discusses a possibility for further
improvement of the hydrogen buffer with multiport DC/DC
converter proposed in [5] by integrating the battery into the
fuel cell side port. To decrease switching losses and
improve the overall performance of the converter the half-
bridge RES-side inverter was replaced with a three-level
neutral point clamped (3L-NPC) voltage source inverter.

Basics of hydrogen buffers

Hydrogen is one of the promising alternatives that can
be used as an energy carrier. The universality of hydrogen
implies that it can replace other fuels for stationary
generating units for power generation in various industries.
Having all the advantages of fossil fuels, hydrogen is free of
harmful emissions when used with dosed amount of
oxygen, thus reducing the greenhouse effect [8].

Hydrogen based energy storage system or HB includes
the following main stages: hydrogen production, hydrogen
storage and electricity production [15]. In the excess energy
periods the hydrogen generation system is connected to the
DC-bus of the RES. In this stage electrical energy from the
RES is converted into chemical energy by using water
electrolysis and this energy is stored in a tank. In order to
stabilize energy production during the absence of the
renewable energy when more power is needed, stored
hydrogen could be re-used. In this stage, hydrogen is
converted into electrical energy by using a FC. The FC
takes the hydrogen from the tanks to generate electricity,
plus water and heat as by-products. Combination of an
energy storage system and an RES allows controllable
power production.

Water to hydrogen conversion efficiency is averaged at
65 % and FC conversion efficiency is 65-70 %, which yields
an overall efficiency of the HB at 20-40% [9-11]. Since the
FC has a slow response time and prefers to be operated
under constant power, a battery is often used as an
additional energy storage.
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Fig. 2. Power circuit layout of the multiport converter with integrated energy storage

Generalized operation principle of the multiport
converter with integrated energy storage

In the proposed multiport structure (Fig. 2) the EL and the
FC are magnetically coupled with the RES-side converter
by help of a multiwinding voltage matching transformer.
Thus, all the ports of the converter are galvanically isolated,
which could be a compulsory requirement for safety
reasons in RES applications. The proposed converter
consists of three ports: two unidirectional low-voltage ports
for the interconnection of the EL and the FC and one high-
voltage bidirectional port for the interconnection of the
hydrogen buffer with the main DC-bus of a RES. There are
two main operation modes of the integrated converter:
a) The EL operation mode. In this mode the surplus power
from the DC-bus of a RES is supplying the electrolyzer and
the multiport converter acts as a step-down converter.
b) The FC operation mode. In this mode electricity is
generated by the fuel cell to cover the power deficiency in
the DC-bus of the RES and the multiport converter acts as
a step-up converter. In the FC operation mode several
submodes could also be distinguished:

1) Battery assisted mode: the FC and the battery

provide both the power to the DC-bus to manage the

peak power demand.

2) Battery charging mode: FC power is higher than

the load demanded power, the battery being charged

from the FC.

3) Battery stand-by mode: the battery is fully charged

and the fuel cell provides full power only to the DC-bus.

4
A. E%. operation mode

In the EL operation mode the converter acts as a
traditional step-down isolated DC/DC converter with a 3L-
NPC voltage-source inverter (VSI), a step-down isolation
transformer and a current-doubler rectifier (Fig. 3).
Implementation of a three-level half-bridge inverter with the
PWM control algorithm presented in [12] allows all
transistors of the inverter to be operated under the ZVS
without additional components merely utilizing parasitic
elements of the circuit, such as junction and freewheeling
diode capacitances across each IGBT, and leakage
inductance of the isolation transformer. In addition, the
current doubler rectifier introduced with coupled inductors
offers loss reduction in the secondary side of the converter
in contrast to the traditional full-bridge rectifier due to the
twice reduced operation current of the rectifier diodes and
the secondary winding of the transformer.
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Fig.3. Power circuit configuration in the electrolyser (EL) mode

The EL voltage could be controlled by the duty cycle
variation of the transistors T7...T4. Neglecting losses in the
components, the voltage Ug during the EL mode is

" U,, =Zoems p,

2-n
where Upc.sus is the DC-bus voltage of the main system
(input voltage of the converter), D is the duty cycle of the
inverter switches (77...T4) and ny is the turns ratio of the
isolation transformer windings 1 and 3:

@ 1y = 2L,

UT)‘,3
where Ur.s and Ur.3 are the amplitude voltages of the
primary (high-voltage, DC-bus side) and tertiary (low-
voltage, EL side) windings of the isolation transformer,
respectively.

B. FC operation mode

In the FC operation mode the converter acts as a step-
up isolated DC/DC converter and the power flows from the
FC to the high-voltage DC-bus, thus performing the power
back-up function. The configuration of the power circuit in
FC mode is presented in Fig. 4.

The power flow from the FC to the DC-bus is controlled
by the quasi-impedance-source inverter (gZSl). This
inverter is operated with continuous input current [13],
which is a very important property since FC systems are
limited power sources and cannot handle rapid changes in
the current they produce. The integrated freewheeling
diodes TD1...TD4 of transistor modules T7...T4 together
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with capacitors C7 and C2 act as the voltage-doubler
rectifier. In the conditions of changing FC voltage the
amplitude voltage Ur.» of the secondary winding of the
isolation transformer is kept constant by the variation of the
duration of a shoot-through switching state of the qZSI. The
shoot-through switching state is the simultaneous
conduction of both switches of the same phase leg of the
gZSl. This switching state is forbidden for the traditional
voltage source converters because it could destroy the
inverter. In the qZSlI, the shoot-through states are used to
store the magnetic energy in the DC-side inductors L7 and
L2 without short-circuiting the DC-capacitors C3 and C4.
This magnetic energy in turn provides the boost of the
voltage Ur.> seen on the transformer secondary winding
during the active states of the qZSI [14].

o
Upcsus
[}

Fig.4. Power circuit configuration in the fuel cell (FC) mode

Neglecting losses in the components, the voltage
Upc-sus during the FC mode could be regulated by the
variation of a shoot-through duty cycle Ds:

(3) 22Uk |

n,-(1-2-Dy)

where Ugc is the fuel cell voltage, Ds is the shoot-through
duty cycle of the qZSI switches (73... T6). FC-side and
RES-side ports of the converter are magnetically coupled
through the isolation transformer’s secondary and primary
windings, respectively (Fig. 4) and the desired turns ratio of
the isolation transformer ny is

U
4) n, =02,
UTr,l

where Ur,; and Ur.» are the amplitude voltages of the
primary (high-voltage, DC-bus side) and secondary (low-
voltage, FC side) windings of the isolation transformer,
respectively.

To compensate the short-term peak power demands of
the DC-bus during the FC operation mode the power from
an additional energy storage device may be required. A
battery might be used in this case. Generally, to apply a
battery an additional charging circuit is required, leading to
increased complexity of the converter. However, by utilizing
the property of the qZSI, the battery could be connected
without any additional circuits, as shown in Fig. 1. The
average voltage across the battery terminals equals the
average capacitor C4 voltage:

D
(5) U,=U,, =—35—U,..
B c4 1-2-D, FC
Hence, the state-of-charge (SOC) of the battery is
controlled by varying the shoot-through duty cycle Ds of the
gZSlI switches. The battery current depends on the voltages
Ucq and Ug as well as on its internal resistance rz (Fig. 5):

Upc_sus =

(6) j,=—B —Cd,

where Up is the voltage rating of the battery. Hence, the
state of charge of the battery depends on the voltage:

() Usoe =Up —Upqy-
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Fig. 5. Simplified equivalent circuit of a battery

In order to keep the system in continuous conduction
mode (CCM) the current of the diode D7 should never
reach zero during the non-shoot-through state and the
following expression should be satisfied:

(8) iB < iTr,Z’
where ir2 is the current of the transformer secondary
winding.

Next, the power equations for particular submodes of the
FC operation mode are justified:
1. Battery assisted mode: Prc<Ppc-bus

The FC and the battery provide the power to the DC-bus;
the power equation is

(9) gC_PDC7b1¢s+})B :O'

where Prc is the power of the fuel cell, Ppc.sus is the power
flowing into the DC-bus and Pg is the power provided by the

battery. In this case i 1>
2. Battery charging mode: Prc>Ppc-bus

The FC supplies both the battery and the DC-bus in this
case i 1>i 2 and the power equation is

(10) Poe = Boe s — B =0.
3. Battery stand-by mode: Prc=Ppc-bus

The fuel cell provides full power to the DC-bus and the
battery is fully charged. In this case i s=i;» and the power
equation is

(11) PF _PDC—bus:O'

Experimental verification
To validate the proposed topology the experimental
setup with the power rating of 1.2 kW was assembled

(Fig. 6). Operating parameters and component values of the
experimental setup are listed in Table I.
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Fig. 6. Experimental 1.2 kW setup of the proposed multiport
converter
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Fig. 8. ZVS operation of outer transistors (T1 and T4) of the
proposed converter in the EL mode (duty cycle D=0.4)

Table 1. Desired operating parameters of the experimental
converter
Parameter [ Value
General
DC-link voltage of the main system, Upc.sus 560 V
Rated voltage of the electrolyzer, Ug, 80V
Light-load FC voltage, Urg max 70V
Full-load FC voltage, Urc min 46 V
Operating frequency of the isolation transformer, 15 kHz
f
Number of turns of the voltage matching
transformer, Nz.1/ Nr.2/ Nz.3 2416115
Capacitance of C1 and C2 60 uF
Capacitance of C3 and C4 180 uF
Inductance of L1 and L2 65 uH
Inductance of L3 and L4 1.2mH
EL mode
Duty cycle of VSI switches, D | 045
FC mode
Desired voltage amplitude of the intermediate 70V
DC-link, U,
Duty cycle of active states, Da 0.4
Duty cycle variation of shoot-through states, Ds 0...0.17
Battery (VARTA E9) 70 Ah/12 V

A. EL operation mode

First, the system was studied in the electrolyzer mode.
During the experiment no control of the output voltage was
performed and 3L-NPC VSI operated with the constant duty
cycle. The experimental voltage and current waveforms of
the RES- and EL-side ports are presented in Fig 7. The 3L-
NPC half-bridge inverter had the zero-voltage switching of
all transistors without any additional components (Figs. 8
and 9).
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Fig. 7. Experimental waveforms of the proposed converter in the EL
mode: input voltage and current of the RES-side port (a) and output
voltage of the EL-side port (b)
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Fig. 9. ZVS operation of inner transistors (T2 and T3) of the
proposed converter in the EL mode (duty cycle D=0.4)

It was found that a sufficient condition for the ZVS is that
the isolation transformer should have relatively high leakage
inductance of windings and the dead time implemented
should be smaller than the time needed to utilize the
leakage energy. Finally, it was found that by help of the
proposed configuration the total losses in semiconductors in
the RES-side port could be decreased by at least 25% in
comparison with the topology presented in [5].

B. FC operation mode

During the fuel cell mode the converter was tested with
the minimal FC voltage, thus having terminal voltage of
46 V. To boost the FC voltage to the desired voltage level of
the intermediate DC-link (70 V) the shoot-through duty cycle
DS was set to 0.175. In active states the isolation
transformer was supplied with voltage pulses with a duty
cycle of 0.35. As is seen from Fig. 10, the qZSI ensures the
demanded gain of the FC voltage (Urc,min =46V and
U;s =70V, as expected).
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Fig. 10. Experimental waveforms of the proposed converter in the
FC mode at the minimal FC voltage: intermediate DC-link voltage,
voltage of the secondary winding of the voltage matching
transformer and fuel cell current
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Further, different possibilities of the FC operation mode
were tested. It was assumed that the available FC power
cannot meet the increase in the load. The system without
the battery (Fig. 11a) had an appreciable voltage drop at
the DC-bus, while the system with the battery was able to
correspond to the increased load current and provided
considerably more stable output voltage (Fig. 11b).

Assuming an initial output power P of 1kW, the
transformer current during this test can be calculated by
(12) i, =0 022D0) gy,

FC

Hence, the battery current should not exceed this value
in order to keep the system in CCM. Using Eq. (5) we can
obtain the initial voltage across the battery (Ucs=12.4 V).
Since the battery was fully charged, its initial current was
close to zero.

After the load change to 1.2 kW, the battery current
increased to 10 A. Having the battery internal resistance of
40 mQ, we obtain:

(13) Ucy =Up—(ip-15)=11.6(V).

Assuming the intermediate DC-link voltage variation due
to the battery within 1 V, the output voltage variation is

(14) AU pe_pys =2 AU pe_jy h =3(V)-
Tr,2
which is acceptable within the required range of 5%.

The 3L-NPC half-bridge topology operating in the
rectifier mode provided the demanded voltage doubling
effect of the peak voltage of the secondary winding of the
isolation transformer, thus ensuring the ripple-free voltage
of 560 V DC at the DC-bus of a RES (Fig. 11b), while the
maximal voltage across IGBT modules was approximately
one-half of the output voltage (Fig. 12).
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Fig. 11. Experimental waveforms of the proposed converter in the
FC mode at the minimal FC voltage and limited current when the
load increases: without the battery (a); with the battery (b)
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Fig. 12. Experimental waveforms of the proposed converter in the
FC operating mode at the minimal FC voltage: freewheeling diode
TD1 and TD2 voltage and current

Fig. 13 shows the battery state changing from charging
to discharging during the operation with limited FC current
when the load suddenly increases. As estimated, during
charging i 1>ii2 and when the battery supplies the load
iL1>ir2. Since the battery voltage remains relatively constant
during the operation, the intermediate DC-link voltage of the
gZSl is stable.
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Fig. 13. Intermediate DC-link voltage, current of the inductors L1
and L2 and battery current during the operation with limited current
when the load increases

Conclusions

The proposed novel integrated multiport DC/DC
converter for hydrogen-based energy storages is capable of
ensuring stabilized supply voltage for the electrolyzer as
well as providing the regulated voltage on the DC-bus
despite the variation of the fuel cell voltage with the load.
During the hydrogen production mode (electrolyzer mode)
the converter acts as a VSl-based step-down DC/DC
converter while in the power back-up (fuel cell) mode the
converter operates as a qZSl-based step-up DC/DC
converter. The battery integrated to the FC-side port will
help to balance the power difference between the FC and
the load and finally improve the dynamic response of the
hydrogen buffer.

In the research it was found that a 3L-NPC topology with
a dedicated control algorithm in a RES-side port allows
losses in the semiconductors to be reduced by at least
25%. The integration of a battery in a FC-side port require
no additional charging circuit. At the same time stabilized
output voltage during short-term high power demands is
provided when the available FC power cannot meet the
increase in the load.
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