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A B S T R A C T   

Most of the overhead cranes used to date are powered by diesel engine or electrical grid and voltage source 
inverter. The economic and environmental costs of fossil fuels, and the unsteady price of electricity, encourage 
exploring new applications for developing electric power technologies. In this scenario, the main objective of this 
paper is to analyze the technical and economic feasibility of two new configurations based on hydrogen system 
and quasi-Z-source inverter (qZSI) for an overhead crane. The first configuration uses a fuel cell (FC) connected 
to a qZSI to supply the crane. The second one integrates an electrolyzer (LZ) as an energy storage system (ESS) 
into the impedance network of the qZSI (without additional DC/DC converter), which allows to recover energy 
during the regenerative braking of the crane and use it to produce hydrogen. The modelling and control are 
described, and short simulations of the working cycle of the crane under different initial hydrogen tank levels, 
and long simulations with several working cycles, are considered. The results show the technical viability of the 
two hydrogen-based configurations and the control systems implemented, since they can power the crane under 
all the situations studied. Nevertheless, the configuration with FC and LZ presents a higher energy efficiency 
(65% vs 44% with the FC-only configuration). Regarding the economic study, both configurations are compared 
with a diesel-based and with a full-electric configuration powered by the grid. Analyzing both hydrogen-based 
configurations, the results show that the configuration with FC and FZ becomes more profitable after 1.56 
years, despite the higher initial cost. However, both configurations result more expensive than those based on 
diesel engine and fully powered by the grid. The two proposed configurations would be more cost-effective than 
the initial configuration in a plausible future with a 40% decrease in hydrogen cost.   

Introduction 

The global crisis in the energy market is affecting the cost of fossil 
fuels, and this is harming consumers severely. The rise in the price of 
fuels in 2022 is responsible for 90% of the increase in the average costs 
of electricity generation worldwide, with natural gas contributing with 
more than 50% [1]. On the other hand, renewable energy generation, 
led by wind and solar power, increased around 17% in 2021, meaning 
over a half of the global power generation increase during 2020–21 [2]. 
Therefore, developing the less mature renewable energy technologies, 

promoting energy storage, and introducing clean technologies to new 
applications is more necessary than ever before. Over the last years, 
hydrogen energy has become a reality in new energy systems. It can be 
produced from renewable sources, as well as, transported and stored [3], 
and it is suitable for emission-free electricity generation with low 
environmental impact [4]. In this sense, recent research has revealed 
that hydrogen production from wind power has a lower global warming 
potential than other alternatives presented in the literature [A review on 
global warming potential, challenges and opportunities of renewable 
hydrogen production technologies]. Energy production, transport and 
heating for buildings and industry are the main areas where hydrogen 
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can emerge as a low-carbon option [5]. 
Hydrogen FC has higher efficiency compared to other power sources. 

It is non-polluting, having water, instead of CO2, as the main by-product. 
Besides, the absence of moving parts reduces its maintenance re-
quirements, and the noise during operation [6]. Among all the FC 
available in the market, Proton Exchange Membrane Fuel Cell (PEM-FC) 
is the most widely used in the existing literature. 

FC are mainly applied to FC-vehicles and FC-based power systems, 
replacing the conventional internal combustion engines (ICE). Not only 
road transportation, but also marine vessels or aviation systems are 
working towards FC propulsion in a commercial scale [7]. In applica-
tions with road vehicles, FC are used together with other energy storage 
devices, such as supercapacitors (SC) or batteries. In [8], powertrains 
based on battery electric vehicles and FC vehicles were studied as a 
means of decarbonising the transport sector. A hybrid vehicle configu-
ration with battery and FC was presented in [9], where the authors 
evaluated the optimal battery capacity and FC-to-battery energy distri-
bution ratio under different load profiles. In [10], the FC was the power 
main source, while the battery and the SC acted as back-up storage 
systems for a tramway, in order to provide fastest dynamic response and 

absorb the power generated during braking. FC-vehicle was also used in 
[11], but in this case with a solar-hydrogen mild hybrid configuration. 
Authors in [12] considered the hybridization of a FC and batteries for a 
ferry, and proposed a methodology to study the feasibility and potential 
benefit of the propulsion system. In FC-based power system applications, 
the works published in the literature mainly focused on integrating FC 
into hybrid renewable energy systems (HRES) in microgrids, with wind 
turbines and solar photovoltaic panels as main sources of the system, 
and energy storage devices such as battery, SC, and hydrogen system as 
back-up energy sources [13,14,15,16,17]. In these cases, the hydrogen 
system is composed of FC, hydrogen tank and LZ. Such configuration 
provides much flexibility, as electricity and hydrogen can be consumed 
and generated on demand [18]. The LZ uses the surplus power in the 
microgrid, during overgeneration of renewable sources, to generate 
hydrogen that can be stored or supplied to hydrogen consumers using 
natural gas infrastructure [17]. Among other feasible applications, the 
hydrogen produced can be used in the FC to generate electricity when 
the renewable generation does not meet consumption. Using renewable 
energy for hydrogen production contributes to the decarbonization of 
electric power generation, as well as many other sectors [19]. The most 

Nomenclature 

2. Hydrogen based configuration 
Vdc Output voltage of the qZSI impedance network 

2.3 Power control 
FC and LZ Fuel cell and electrolyzer 
D Shoot-though period 
Do and ΔD Control term for D 
Id,AC and Iq,AC Grid current reference (dq frame) 
M and mabc Modulation index and modulation signal 
md and mq dq components of the modulation index 
Pref

LZ Reference LZ power 
ud and uq Grid voltage (dq frame) 
Vnom

FC and Vnom
LZ Fuel cell and electrolyzer nominal voltage 

Tsh Shoot-through state 
Ts Sample time 

4. Results and Discussion 
Cac Acquisition cost of the crane 
Cdie and CH2 Diesel cost in € per litre and H2 cost in € per kg 
Cgrid and Ciny Cost of the energy absorbed from and injected into the 

grid 
Ct Net cash flow 
Cost Total utilization cost of the crane 

Ecycle
abs and E

cycle
gen Energy absorbed and generated by the system in 

each configuration 
IRR Internal return ratio 
LH2 and Lmin

H2 Current and minimum hydrogen tank level 
Ncycle,Ncycle,y and Nyear Working cycles, working cycle of the crane 

in a year and working years of the crane 
Pmax

FC and Pnom
FC Maximum (depend on LH2) and nominal FC power 

Qcycle
H2 and Q

kWh
die H2 consumption in a cycle and diesel consumption 

per unit of energy 

Appendix B. Modelling of the components 
NFC and Nstack Number of FC and number of stacks 
Ns,LZ and Np,LZ Number of LZ in series and in parallel 
CAPH2 Hydrogen tank capacity 
kp and ki Constants of the PI controllers 
Pnom

LZ LZ nominal power 

B.1. Fuel cell 
Cp Air specific heat capacity 
Ecell and E0

cell Nernst’s instantaneous voltage and standard-state 
reversible voltage 

ke Function of the entropy change 
Mv,Ma and MO2 Molar masses of water, dry air, and oxygen 
pcat ,patm and psat Cathode, atmospheric and saturation pressure 
pH2,pH2o and po2 Partial pressures of water, hydrogen and oxygen 
qr

H2,qr
O2 and qair Amount of hydrogen and oxygen reacting in the 

anode and cathode of the FC, and input air flow 
R and F Ideal gas constant and Faraday’s constant 
T and Tref Working operation temperature of the FC and reference 

temperature 
Vact and Vohm Activation and ohmic voltages 
VFC FC voltage 
Virrev Irreversible FC voltage 
xO2 Oxygen mass fraction in air 
γ Ratio of the specific heat of air 
ηcom Compressor efficiency 
λO2 Ratio between the input and the consumed oxygen in the 

FC 

B.2. Electrolyzer 
erev Reverse voltage 
p and p0 Current and reference pressure in the LZ 
qpro

H2 and qcon
H2 H2 production and consumption 

Ri,Ri0 and Rt Internal resistance, reference internal resistance and 
variation of the LZ internal resistance 

Vrev and Vrev0 Minimum voltage in the LZ needed to produce a 
current flow and reference value for the reverse voltage 

B.3. Simplified model of the quasi-Z-source inverter 
B Voltage gain between the input and the output of the 

impedance network 
Iin Input current to the impedance network 
Ia,Ib and Ic Currents in the AC side of the inverter 
Id and Iq Currents in the AC side of the inverter (dq frame) 
Pgrid and Pin Grid and input power to the impedance network 
Va,Vb and Vc Voltages in the AC side of the inverter 
Vin and VC2 Input voltage to the impedance network and voltage in 

the capacitor C2 
Vd and Vq Voltages in the AC side of the inverter  
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promising hydrogen production technologies for such purposes are 
reviewed in [20]. 

The optimal sizing of a HRES was presented in [13]. A new power 
management system to integrate the power output from photovoltaic 
panel, FC, battery and a provision for onsite hydrogen generation by 
means of an LZ and hydrogen tank was presented in [14]. A new 
mathematical model of HRES was developed in [15] for the prediction of 
the charging/discharging characteristics of hydrogen storage units with 
renewable sources. A hybrid refuelling/power charging station for 
electric vehicles and FC was presented in [16]. The system was 
composed of PV system and hydrogen system. 

Power converters in systems with FC are the key to achieve an 
optimal energy management, as well as an adequate stability in the DC 
voltage links [21]. FC and LZ do not admit current in the reverse di-
rection, thus unidirectional DC-DC converters are needed to maintain 
the DC voltage properly regulated. Furthermore, in most of the appli-
cations, a voltage source inverter is required to convert DC voltage into 
AC for end-users, or for energy transport and distribution into other 
grids [6]. The conventional configuration is structured on a dual-stage 
conversion, which involves a DC-DC boost converter plus a DC-AC 
voltage source inverter. This topology has been thoroughly studied in 
the literature. A review of FC-grid interface was carried out in [22]. New 
topologies can be considered in order to minimize FC power condi-
tioning, replacing the conventional two-stage converter to one-stage 
converter, such as Z-source inverters (ZSI) [23]. Thus, ZSI are a prom-
ising alternative due to their reliability, their robustness, and reduced 
costs. Quasi-ZSI (qZSI) is one of the most attractive ZSI topology due to 
continuous input current, stress reduction on the components and the 
simplicity of its control. The main field of research about ZSI are 
photovoltaic systems, but there are a few studies using a FC as the pri-
mary power source. The dynamic response of a FC with a ZSI controller 
connected to a 3-phase load was studied in [24]. Maximum constant 
boost control for a qZSI connected to a FC system was proposed in [25]. 
A FC power plant with a qZSI was described in [26] to enhance the ef-
ficiency of the power conditioning system. On the other hand, a FC with 
a modified qZSI was applied in [27] to a three-phase motor drive. 

Cranes, powered by diesel engine or electricity, play a critical role in 
transportation (such as rubber tyre gantry (RTG) container crane, or rail 
mounted gantry (RMG) crane) and industry (such as overhead crane) 
[28]. Their energy consumption causes high and fluctuating costs. 
Subsequently, a reduction of their energy consumption becomes vital to 
keep these costs contained and search for a profitable operation of this 
machinery. At the same time, they help towards a greener future [29]. In 
this sense, Energy Storage Systems (ESSs) such as batteries, SCs, or 

flywheels, can help increasing the efficiency of the system when inte-
grated into hybrid powertrains [30]. Hybridization of RTG cranes was 
studied in [31]. In this work, several ESSs were compared with the aim 
of recovering energy from the working cycle of the crane and investi-
gating the cost-effectiveness of the proposed solutions. The results re-
flected that fuel saving up to 60% can be achieved. A review of technical 
solutions for the power supply of RTG cranes with hybrid energy storage 
systems was presented in [32]. The peak power demand issues in elec-
trical cranes were addressed in [28]. In this case, two different tech-
nologies were compared, considering their potential for energy savings 
through reuse in RTG cranes. The first case presented an ESS, whereas 
the second used an active front-end converter, connected to the DC bus 
of the inverter. Both schemes allowed the reuse of the energy generated 
by the hoist motor of the crane. They concluded that the ESS system is 
more efficient, but the converter could help reduce the primary energy 
demand. In general, it can be stated that electric and hybrid RTG are 
feasible solutions [33–41]. A RTG container crane powered by a hybrid 
system comprising a diesel generator and SCs was studied in [33]. Hy-
bridization with batteries of a low voltage network for electrical RTG 
cranes was presented in [34]. Owing to the batteries, the results indi-
cated cost savings, peak demand reduction, and better performance of 
the network. A RTG crane powered by a battery-SC hybrid source was 
proposed in [35]. The load profile of the crane was studied to size the 
ESS, and the power flow was regulated through a state machine. The 
main drawback of the system was the high initial cost caused by the 
power converter of the SC. The adequacy of ESS in electrified RTG 
cranes equipped with hybrid power systems was investigated in [36]. 
Compared with a traditional crane, the electrified cranes can recover 
energy through regeneration, which reduces costs, fuel consumption 
and emissions. A grid-connected RTG crane with a battery ESS was 
studied in [37], where an energy management system was proposed that 
achieved a cost reduction of approximately 65% and a reduction in the 
peak power demand. Reference [38] deals with a RTG crane powered by 
a hybrid system comprising a diesel generator, battery, and SC. This 
work developed a novel energy management system that allowed 
maintaining the state of charge of the battery through a smart regulation 
of the power flows. As a result, the battery lifetime could be enhanced, 
with reduced fuel consumption compared to the conventional system. 
An energy management system based on game theory was proposed in 
[39] for a RTG crane powered by a diesel generator, battery and SC. This 
control scheme increased the energy efficiency of the system and 
improved the economy of the crane. After studying three different sce-
narios, they concluded that the combination of these components 
allowed addressing the power demand, provided a satisfactory 

Fig. 1. Configurations and control of the crane.  
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performance, reduced fuel consumption and cut down the emissions. 
Flywheel energy storage was considered as ESS in [40] to exploit the 
energy harvested from the electrical-powered crane. As a result, with the 
proposed control strategy, the ESS maintained the supply quality and 
enhanced the energy efficiency of the whole power system. Far from 
diesel-engine or electrified power system. A new “full green” FC and SC 
hybrid propulsion system was proposed and evaluated under the actual 
operation cycle of a RTG crane in [41]. The results demonstrated the 
technical viability, although it was more expensive. 

This paper presents two new powertrain configurations based on 
hydrogen system and qZSI for an industrial overhead crane. The dif-
ference between each configuration is based on the integration of an LZ 
into the qZSI, which is working as ESS to recover energy during regen-
erative braking. Therefore, the main innovation points of this work are 
the following:  

(1) The use of a FC as primary source to power an overhead crane.  
(2) The use of an LZ as ESS to recover wasted energy during braking 

in the crane operation cycle and produce hydrogen.  
(3) The incorporation of a qZSI as single-stage power converter 

instead of the traditional configuration based on a DC-DC boost 
converter and a three-phase voltage source inverter.  

(4) The development of a simplified model of the qZSI, integrating 
the LZ in the second configuration.  

(5) The analysis of the techno-economic viability of the proposed 
configurations, and the comparison with the configurations based 
on diesel engine and fully powered by the grid. 

Data and methodology 

Hydrogen-based configurations 

The machine considered herein consists of an overhead crane usually 
installed in industrial buildings or warehouses. A typical crane cycle 
without considering the gantry maneuver is illustrated in Appendix A. 

Fig. 1 shows the new configurations proposed for powering the 
overhead crane. They are based on hydrogen systems. In one of them, 
configuration A, the main energy source is a 50 kW PEM-FC, while in the 
second proposal, configuration B, a 80 kW LZ has also been added. Thus, 
in the configuration B, the available power during braking will be used 
to produce hydrogen, and besides, conversely to what happens in the 
current configuration, the option of injecting energy to the grid has been 
considered. 

On the other hand, a qZSI has been selected for the connection of the 
FC and LZ. This kind of power converter allows adapting properly the 
output voltage of these new elements to the voltage of the current mo-
tors, and controls the power flows using a minimum number of power 
switches. It can be observed in Fig. 1 that the FC is connected to the input 
of the qZSI (input to the impedance network), while in the configuration 
B, the LZ is connected in parallel to the capacitor C2. The output voltage 
of the impedance network is defined as Vdc. 

Modelling 

The power control and the modelling of the qZSI differ depending on 
the proposed configuration. The modelling of the components and the 
most representative parameters for both configurations are described in 
Appendix B. 

Power control 

In the two new configurations presented herein, the main energy 
supply for the crane is provided by the FC. Subsequently, this device has 
to generate the load demand (positive values in Fig. 1). Nevertheless, 
during a descent or braking, the demanded power is transformed into 
available power. In the configuration A, this power has to be burnt or 
absorbed by the grid. Nevertheless, in the configuration B, this available 
power can be absorbed by the LZ. This power is used to produce 
hydrogen and, thus, extend the use of the hydrogen stored in the tank. In 
both cases, the grid is responsible for regulating the AC voltage. Table 1 
summarizes the operation of each configuration. 

The control strategies used for both configurations are explained 
below. The use of proper modulation techniques is essential to regulate 
the power flow in the crane. Currently, there are several modulation 
techniques applicable to a qZSI. Within the family of space-vector 
modulation techniques for ZSI (ZSVM), several options arise which 
differ on their switching patterns, such as ZSVM6, ZSVM4, ZSVM2 and 
ZSVM1 [42,43]. For the current work, the ZSVM6 technique has been 
used. This technique has two main advantages over the rest: 1) it allows 
a higher voltage gain, and 2) it reduces the voltage stress in the elements 
of the qZSI for the same voltage gain. 

The conventional SVM presents six active states and two zero states, 
thus generating eight space vectors. The ZSVM adds one additional state, 
known as the shoot-through state (Tsh), in which one or more of the 
inverter legs are short-circuited. Thus, the shoot-though period (D) is 
defined as Tsh/Ts, where Ts in the sample time. In addition to D, the qZSI 
is also controlled through the modulation signal mabc, which is a 
balanced three-phase signal. If it is transformed to the dq frame and its 
module is calculated, the modulation index M can be obtained. Fig. 1 
shows the control loops implemented to control the output power of the 
FC (modifying M; mabc). Furthermore, Fig. 1 depicts the control strate-
gies developed for controlling Vdc through D in the configuration 
without LZ (Vdc loop control in Fig. 1), and the power to be absorbed by 
the LZ in the proposed configuration B (LZ loop control in Fig. 1). 

It can be observed that double control loops, based on [44], regulate 
the active and reactive power demanded by the crane, which is provided 
by the FC system. In this structure, two PI controllers regulate the d and q 
components of the grid current in the inner control loops. The output of 
these PI controllers is ud and uq (compensators terms) allowing an in-
dependent regulation of id,AC and iq,AC, and therefore, of the active and 
reactive powers (see Eq. (1)). The reference values for these currents (id, 

AC and iq,AC) are obtained from the outer control loop, where two PI 
controllers regulate the active and reactive powers to their reference 
values. 

md =
2

VDC

(
ud − L⋅ω0⋅iq + Vd,AC

)

mq =
2

VDC

(
uq − L⋅ω0⋅id + Vq,AC

)
(1) 

As seen in Fig. 1, md and mq are outputted from the current control 
loop, calculated by Eq. (1), and then transformed to the abc frame to 
obtain mabc, which are inputted to the qZSI models (see Fig. 1). 

As for D, unlike what happens with M (same control loops for both 
configuration), since each configuration has a different control variable, 
the control loops are not exactly the same. Nevertheless, in both cases, D 
is calculated by adding ΔD and D0 to achieve a fast system response. The 
term ΔD is the output of the LZ current control loop, whereas D0 is given 

Table 1 
Power control on each configuration.   

Config. A (without LZ) Config. B (with LZ) 

Load demand FC. Grid if no hydrogen. FC. Grid if no hydrogen. 
Regenerative 

power 
Injected into the grid or 
burnt in the braking 
resistor 

Absorbed by the LZ, injected into 
the grid or burnt in the braking 
resistor 

DC voltage (Vdc) Reference value set to 
1500 V 

It changes depending on the D 

AC voltage Controlled by the grid Controlled by the grid  
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by Eq. (2). This expression derives D0 from the input voltage of the qZSI 
at the nominal power of the FC (VFC

nom), and the nominal voltage across 
capacitor C2, which is the nominal voltage of the LZ (VLZ

nom). Eq. (2) 
provides a constant value for D0. Subsequently, ΔD causes D to vary 
around Do to control the objective variable. Fig. 1 illustrates the control 
loops implemented for both configurations. 

D0 = Vnom
LZ /

(
2⋅Vnom

LZ +Vnom
FC

)
(2) 

In the configuration A, D controls Vdc, which is set to 1500 V. In the 
qZSI model, Vdc is not a measured term. Therefore, Vdc has to be 
calculated through B and VFC. In the second configuration, D controls the 

power to be absorbed by the LZ through a current loop control. Thus, 
once PLZ

ref is set (negative values in the operation cycle of the crane), it is 
divided by the LZ voltage to generate the current reference. After the 
comparison between the reference and the measured LZ current, a PI 
controller generates ΔD, as shown in Fig. 1 (LZ loop control). 

Results and discussion 

This section shows the behavior and the technical and economic 
feasibility of the two new hydrogen-based configurations. The technical 
feasibility is evaluated through three kinds of simulations, in which the 
working cycle of the crane is used as the system load. To test the power 
flow in both configurations, and under different conditions of hydrogen 
level in the tank (Figs. 2-5). On the other hand, to address the economic 
viability of both hydrogen-based configurations, these proposals are 
compared, from the economic point of view, with the initial configu-
ration (based on diesel engine) and with a full-electric configuration, 
where the crane is fed exclusively by the power grid (Fig. 6 and Table 2). 

Technical feasibility 

The technical feasibility of the hydrogen-based configuration is 
shown in this section. Figs. 2-4 represent the values of the main terms of 
the crane along the working cycle commented in Appendix A. On the 
hand, the importance of the LZ can be observed in Fig. 5. In this case, 
several working cycles are simulated until reaching a minimum level of 
hydrogen in the tank. 

Fig. 2 shows the powers of the crane with both hydrogen-based 
configurations (conf. A and B) under a working cycle of the crane and 
with a full hydrogen tank at the beginning of the simulation. In general, 
the power control on each configuration responds to the specifications 
shown in Table 1. It can be observed in Fig. 2a and 2b that the FC 
generates the positive values of the curve (i.e.: the load demanded by the 
crane). During the periods 5–30 s and 48–62 s, and due the slow dy-
namic response of the FC, the grid only injects the power peaks that the 

Fig. 2. A) Configuration a: fc reference power, fc power and grid power; b) configuration b: fc reference power, fc power, lz reference power, lz power and 
grid power. 

Fig. 3. A) Configuration a and b:Vdc and FC voltage; Configuration B: LZ 
voltage; b) Configuration A and B: modulation index (M) and shoot through 
cycle (D). 
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FC cannot generate. A zoom of this situation can be seen in Fig. 2a, 
although it happens in both configurations A and B. On the contrary, 
during the periods of negative power 30–42 s and 62–78 s (i.e.: available 
power), the grid absorbs this power in the configuration A, whereas, in 
the configuration B, the LZ produces hydrogen from this excess power. 

Again, in the configuration B, the grid only has to absorb the power that 
the LZ cannot use due to its slow dynamic response. In percentages, the 
grid generated just 1.6% of the power demanded by the load in the 
configuration A, and a 5.2% in configuration B. This small difference is 
due to the dynamic response of the LZ (see Fig. 2b). On the contrary, 
100% of the regenerative power is absorbed by the grid in the config-
uration A, and only 3.5% in the configuration B. 

In addition, the voltages on every point of the system, the 

Fig.4. A) Configuration A: FC reference power, FC power and grid power; b) Configuration B: FC reference power, FC power, LZ reference power, LZ power and 
grid power. 

Fig. 5. Hydrogen level for both configurations: a) Simulation with initial low 
hydrogen level; and b) Simulation considering several working cycles. 

Fig. 6. A) Cost vs working cycles (current hydrogen cost situation); and b) cost 
vs working cycles (reduced hydrogen cost). 
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modulation index M, and the shoot through cycle D, are represented in 
Fig. 3. More specifically, the main voltages appear in Fig. 3a and M and 
D in Fig. 3b. In both configurations, M is modified to control the FC 
power and to adapt the output voltage of the FC to Vdc. Regarding D, in 
the configuration A, this index is used to keep Vdc stable at 1500 V 
regardless the power generation of the FC. In the configuration B, this 
index is modified to control the power in the LZ. In this configuration, 
Vdc varies according to Eq. (A.16). 

Fig. 4 is similar to Fig. 2 but corresponding to a simulation where the 
initial level of hydrogen in the tank was considered very low (12%). 
Thus, the maximum power of the FC is limited as a function of the level 
in the hydrogen tank according to Eq. (3), where PFC

nom is the nominal 
power of the FC. 

Pmax
FC =

LH2

Lmin
H2

⋅Pnom
FC if LH2 ≤ Lmin

H2 (10%) (3) 

In this simulation, the FC also starts generating the power demanded 

by the crane, but when the hydrogen level reaches a value of 10%, the FC 
power is limited, which makes the grid generate part of this demanded 
power. Fig. 5a shows the hydrogen level during this case for both con-
figurations. Note that, during braking, the hydrogen level is recovered 
slightly in the configuration B due to the incorporation of the LZ. In this 
configuration, unlike configuration A, the hydrogen tank level increases 
again, from 6.6% to 8.7% (see Fig. 5a from 30 to 40 s). Hence, because of 
a better use of the available energy (transformed to hydrogen), config-
uration B is less dependent on the grid. In this sense, with the configu-
ration A, the grid provides 55% of the demanded load, while with the 
configuration B, the grid supplies 41% due to the hydrogen production 
of the LZ. 

Additionally, the hydrogen tank level corresponding to a long 
simulation is shown in Fig. 5b, considering several working cycles up to 
a total discharge of the hydrogen tank. For this simulation, in order to 
test the operating limits of both configurations, Eq. (3) has not been 
considered. The simulation ends once the FC is unable to provide any 
power to the system. It can be observed that, in the configuration A, the 
crane is able to complete six cycles before a refilling or changing of the 
hydrogen tank, while the crane completes nine cycles with the config-
uration B. This indicates that, with the same initial amount of hydrogen, 
the configuration B completes 50% more cycles, or said in other words, 
the configuration B can save up to 50% of hydrogen. This simulation is 
also useful to evaluate the efficiency of the hydrogen system. Thus, the 
ratio between the energy generated by the FC with both configurations 
and the available energy in the hydrogen tank provides information 
about the efficiency of each system. In the configuration A, an efficiency 
of 56.7% is registered, whereas this value increases to 81.6% in the 
configuration B. In the configuration A, this efficiency is directly the FC 
efficiency. In the case of the configuration A, this value is quite higher 
due to the hydrogen generation by the LZ. 

Table 2 
Summary of costs under several situations.   

Initial 
conf. 

Conf. A Conf. B Full 
electric 

Current prices, 10 years (1.8 
million cycles) 

397 k€ 514 k€ 475 k€ 218 k€ 

Reduced hydrogen cost. 
CH2 = 1.2 €/kg, 10 years 
(1.8 million cycles) 

397 k€ 282 k€ 312 k€ 218 k€ 

Reduced hydrogen cost. 
CH2 = 1.2 €/kg, (year to 
economic viability and 
IRR) 

155 k€ 
(3.9 year – 
Conf. A) 

155 k€ 
(3.9 
years 
IRR =
22.5%) 

170 k€ 
(4.3 
years 
IRR =
19.3%) 

– 

170 k€ 
(4.3 year – 
Conf. B) 

–  

Fig. A1. Crane working cycle (hoist and trolley maneuvers): (a) motor speed; (b) torque; and (c) total load power.  
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Economic feasibility 

As previously stated, the hydrogen-based configurations, the initial 
(diesel-based) configuration, and the full-electric configuration (fed 
exclusively by the grid) are compared in this section from an economic 
point of view. Thus, Eq. (4) is used to calculate the utilization cost of the 
grid as a function of the number of working years of the crane (Nyear =

Ncycle/ Ncycle,y), which depend on the number of working cycles (Ncycle) 
and the number of working cycle of the crane in a year (Ncycle,y). 
Moreover, the crane is able to work up to 18 h a day, which means that, 
taking into account a working cycle of 80 s and the maintenance periods, 

the crane can complete around 1.8 million cycles in ten years (expected 
life of the FC). The cost versus working years is represented in Fig. 6a, 
according to Eq. (4). 

Cost =Cac +
(

Ecycle
abs ⋅Cgrid − Ecycle

gen ⋅Ciny

)
⋅Ncycle +Qcycle

H2 ⋅CH2⋅Ncycle

+Ecycle
abs ⋅QkWh

die ⋅Cdie⋅Ncycle

(4) 

In Eq. (4), the first term (Cac) corresponds to the acquisition costs. 
This term is null in the initial and full-electric configurations. The second 
term is the cost associated to the use of the grid. In this case, the 
available energy injected to the grid is considered as an input cost. Eabs

cycle 

and Egen
cycle are the powers absorbed and generated by the system in each 

configuration. The third term is associated to the hydrogen consump-
tion, only used in the hydrogen-based configurations. QH2

cycle is the 
hydrogen consumption in a cycle, and CH2 is the hydrogen cost in € per 
kilo. The last term is only applicable to the initial configuration. Qdie

kWh is 
the diesel consumption per unit of energy, and Cdie is the diesel cost in € 
per liter. 

This comparison tries to find the minimum number of Nyear from 
which a new configuration (configuration A, B o full-electric) becomes 
economically viable (see Fig. 6). The following values have been 
considered: Cac (FC/LZ) = 180 €/kW [45]; Cac (qZSI) = 22400 €; Cgrid =

21c€/kWh (average annual increase of 5%); Ciny = 15c€/kWh (average 
annual increase of 5%); CH2 = 2 €/kg [5]; Cdie = 1.35 €/l; Qdie

kWh = 0.58 l/ 
kWh. In addition, a reduced hydrogen cost of 1.2 €/kg has also been 
considered, but retaining the costs of the technology associated to it (FC 
and LZ). According to [3], this cost can be achieved in five years 
approximately, considering the current tendency. 

Table 2 (first row) and Fig. 6a show the total utilization cost of the 
crane for the four configurations and after 10 years of operation. It is 
clearly observed that both hydrogen configurations are not economi-
cally feasible, and that the full-electric is the most economic configu-
ration. Comparing both hydrogen-based configurations, it can be 
observed that despite the fact that the acquisition costs of configuration 
B are higher, after one and half year approximately, the total cost of this 
configuration is lower than the configuration A. Fig. 6a shows the exact 
cut-off point between the hydrogen-based configurations (1.56 years). 
Therefore, the use of the LZ in this configuration is completely justified. 
One of the main factors that cause the economic infeasibility of the 
hydrogen-based configurations is the hydrogen cost. The cost considered 
(2 €/kg) corresponds to a hydrogen-based synfuel cost. As it can be 
noted in the second row, if hydrogen was produced from renewable 
energy or if this cost decreased, the viability of both hydrogen-based 
configurations would be very different. The second row of Table 2 

Table B1 
Main parameters used in the modelling and control of the configurations under 
study.  

Parameter Value 

Fuel cell (NEDSTACK FCS 10-XXL, [46]) 
Number of FC in parallel, NFC 5 
Number of the stacks, Nstack 75 
FC Voltage (nominal value),Vnom

FC 625 V 
FC power (nominal power),Pnom

FC 55 kW 
Nominal current density. 1 A/cm2 

Fuel inlet temperature 50–60 ◦C 
Maximum operating pressure 450 mbar 
Maximum H2 consumption 12 Nl/min 
Standard of hydrogen composition ISO 14687–2  

Electrolyzer (PROTON C SERIES, C20, [47]) 
Number of LZ in series, Ns,LZ 3 
Number of LZ in paralel, Np,LZ 245 
LZ power (nominal voltage),Vnom

LZ 580 V 
LZ power (nominal power),Pnom

LZ 100 kW 
Hydrogen tank capacity, CAPH2 2.25 kg 
Power consumed per mass of H2 gas produced 66.7 kWh/kg 
Standard of hydrogen production ISO 14687–2  

Control specifications 
Nominal inverter input voltage (output voltage of the impedance 

network), Vdc 

1500 V 

Grid voltage (rms value) 400 V 
Sample time 1e-4 s 
PI controller gains: FC power control loop (kp, ki) 0.25 / 27 
PI controller gains: Reactive control loop (kp, ki) − 2 / − 200 
PI controller gains: LZ power control loop (kp, ki) − 0.018 / 

− 2.7 
PI controller gains: idq grid control loop (kp, ki) 1.27 / 0.012 
PI controller gains: Vdc control loop (kp, ki) 0.002 / 0.015  

Fig. A2. Simplified model of the qZSI.  
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shows the total cost considering the reduced hydrogen cost of 1.2 €/kg. 
In this scenario, after 10 years, the hydrogen-based configurations are 
more profitable than the initial configuration. In either case (current and 
reduced hydrogen cost), full-electric version (directly connected to the 
grid) is still more profitable. The third row of Table 2 shows the time 
required for the hydrogen-based configurations to become more prof-
itable than the initial (diesel based) and the full-electric configurations 
in the reduced hydrogen cost (1.2 €/kg) scenario. It can be observed 
(also in Fig. 6b) that the configuration A becomes more profitable than 
the initial configuration after 3.9 years, and the configuration B after 
4.3 years approximately. Again, among all the options, the full-electric 
configuration is the cheapest. 

On the other hand, in addition to the study previously illustrated, all 
companies need to evaluate the investment with any method or index 
before approving it. The internal return ratio (IRR) is one of the most 
useful metric indices to know the profitability of a potential investment. 
In general, it can be stated that the higher the index, the more 
economically viable the project is. The IRR is obtained from Eq. (5), 
where Ct is the net cash flow during a certain period t and calculated for 
the expected period of the investment. 

Cac =
∑T

t=1

Ct

(1 + IRR)t (5) 

Table 2 shows that, with the current situation of prices, both 
hydrogen-based configurations are not feasible, nevertheless, in the 
scenario with a reduced hydrogen cost (1.2 €/kg), these configurations 
obtain a quite interesting values of IRR, which give “green light” for the 
development of them. 

Conclusions 

This work presented and evaluated two new hydrogen-based con-
figurations for a 50 kW overhead crane equipped with a qZSI. This crane 
is currently powered by a diesel engine and has a working cycle of 80 s. 

The main innovative aspects of this work were the use of a FC as the 
primary power source, integrating an LZ as ESS to recover energy and 
produce hydrogen during braking, and the use of a qZSI that allowed the 
connection and control of two energy sources with a single-stage power 
converter, instead of the conventional two-stage power conversion with 
a DC-DC boost converter and a three-phase voltage source inverter. 
Besides, the development of a simplified model for the qZSI and the 
techno-economic feasibility analysis of the configurations can also be 
considered novelties of the work. 

In the two new proposed configurations (called configurations A and 
B), the primary energy source was a PEM-FC, which was connected to 
the input of the impedance network. In the configuration A, an LZ was 
not considered, whereas in the configuration B, an LZ was connected in 
parallel with the capacitor C2 of the impedance network. Thanks to the 
LZ, part of the available energy during the working cycle was used to 
produce hydrogen. The two new configurations were evaluated under 
different conditions of hydrogen tank level and several consecutive 80 s- 
long working cycles of the crane. 

The simulations proved the technological feasibility of both config-
urations with qZSI. This converter allowed a proper control and power 
flow between the components of the crane. Nevertheless, comparing 
these configurations, from an economic point of view, with the current 
implementation and with a full-electric solution, where the crane was 
directly connected to the grid, the results were quite different. This 
comparison demonstrated that the current prices, especially the 
hydrogen prices, are not adequate for a hydrogen-based configuration. 
After ten working years (expected life of the hydrogen system) none of 
the hydrogen configurations were more profitable than the current 
diesel-based configuration. Only if the hydrogen cost in €/kg was 60% 

less than the current price, the hydrogen configurations would be 
economically viable. Nonetheless, in both hydrogen cost scenarios 
evaluated (2 and 1.2 €/kg), the full-electric configuration was the most 
economical. 

The main findings of the study can be summarized as follows: 

• In comparison with diesel-based configuration, hydrogen is a tech-
nically viable and environmentally interesting alternative to supply 
power to industrial cranes.  

• The current cost of hydrogen poses a significant limitation to a 
broader exploitation of this energy vector for electric power 
applications.  

• A 40% reduction in the cost of hydrogen (which is considered a 
plausible scenario in approximately five years by some studies) 
would change the paradigm and make the hydrogen-based configu-
rations more cost-effective than the initial diesel-based 
configuration.  

• With the current hydrogen costs, the configuration with an LZ and 
energy recovery is preferable from an economic point of view.  

• The full-electric configuration outperforms all the rest in economic 
terms. 

After demonstrating, in this study, the technical viability of the 
hydrogen-based configurations with qZSI for an overhead crane, further 
research in the topic is desirable. Future research goes towards the 
integration of a second ESS (e.g.: battery or supercapacitor), that would 
shorten the expected time for becoming a cost-effective solution and 
overcoming the current limitations of the system, such as the utilization 
of working cycles for the crane with different length (not only 80 s) and 
different nominal powers; or the insertion of a prediction system for the 
energy management and hydrogen cost throughout the years. 
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Appendix A. Crane working cycle. 

Currently, all electric motors of overhead cranes are commonly powered by a diesel engine. It must provide the power demanded by all move-
ments. Moreover, the braking of the hoist and trolley motors is performed burning the available power in a resistor or through mechanical brakes. This 
system, despite being effective for this purpose, has a quite low efficiency from the energetic point of view, and a high dependency on the grid. 

Once the operator prepares the load to be lifted, the trolley moves forward to the planned stack. The load is then hoisted and placed in the required 
position, and the trolley is hoisted up and returned to the initial position, where it stands for the following cycle. The load is lifted by a 68 kW motor, 
which can move the load at different speeds, ranging from 22 m/min under nominal load conditions, up to 44 m/min. Moreover, a 19 kW AC motor 
allows the trolley to moved forward and backward. Usually, in an overhead crane, gantry movement is independent of the rest of the movements. 
Therefore, this movement was not considered in this study. However, the power required during the gantry maneuver is significantly lower than the 
maximum power previously indicated (38 kW vs. 68 kW). Hence, the selected hydrogen configurations are also considered valid if this movement was 
considered. Fig. A.1 shows the motor speed and torque demand with a nominal load of 15 tons corresponding to the hoist and trolley movements. In 
addition, this figure also illustrates the total power demand of the crane during a whole cycle of 80 s. 

Appendix B. Modelling of the components 

Table B1 shows the most representative parameters used in the modelling and control of both configurations. 

Fuel cell 

PEM-FC are a feasible solution for transport and portable applications. Compared to other FC technologies, PEM-FC show a high-power density and 
durability, and relatively good dynamic performance. Additionally, their efficiency is higher than that of the ICE, and they do not require high 
operation temperatures, [10,48,49]. 

For the new hydrogen-based configurations of the overhead crane, a 55 kW (625 V) PEM-FC from the generic FC model of MathWorks [50], which 
has been tested for FC vehicles, has been selected. The model considered for the FC is the reduced model presented in [51]. The values of the most 
specific parameters can be found on this reference. The proposed model has already been used in high power transmission systems like tramways or 
RTG cranes [41,52]. Some assumptions and simplifications are considered in the reduced FC model. The most relevant are listed below:  

• Hydrogen and air are ideal gases at the input.  
• Hydrogen is supplied to the FC directly from a tank, and air from a compressor with a stable mass flow. No losses or dynamic behavior is modelled 

for the manifolds.  
• The FC model does not use neither humidifier nor air-cooler. Therefore, its relative humidity is constant, and its working temperature is optimal.  
• The working temperature is considered optimal, and the relative humidity constant. No air coolers or humidifiers are modelled. 

The voltage of the FC (VFC), as in Eq. (A.1), is the input of the qZSI. It can be derived from the Nernst’s instantaneous voltage (Ecell) and the 
irreversible voltage (Virrev), which is obtained by adding the activation and ohmic voltages (Vact and Vohm, respectively). The concentration drop 
voltage is considered null herein. 

VFC = NFC⋅(Ecell − Virrev) = NFC⋅(Ecell − (Vact + Vohm) ) (A.1) 

The Nernst’s voltage Ecell is obtained from Eq. (A.2). 

Ecell = E0
cell − ke⋅(T − Tref ) −

R⋅T
2⋅F

ln
(

pH20

p0.5
02 ⋅pH2

)

(A.2) 

In addition, the amount of hydrogen and oxygen reacting in the anode and cathode of the FC, respectively, is obtained from Faraday’s law in Eqs. 
(A.3) and (A.4). Assuming a utilization factor of one, the hydrogen consumption (qcom

H2 ) coincides with the hydrogen that reacts. 

qr
H2 =

Nstack⋅IFC

2⋅F
(A.3)  

qr
O2 =

Nstack⋅IFC

4⋅F
(A.4) 

where IFC represents the FC current (input current of the qZSI). 
The power consumed by the compressor is proportional to the input air flow (qair) through the thermodynamic equation (Eq. (A.5)), where qair can 

be obtained from Eq. (A.6) considering a relative humidity of 100%. 

Pcom =
CpTatm

ηcom

[(
pcat

patm

)(γ− 1)/γ

− 1

]

qair (A.5)  

qair =

(

1+
Mv⋅psat(Tatm)

Ma⋅[patm − psat(Tatm) ]

)

⋅
1

x02
⋅λO2⋅MO2

N⋅IFC

4⋅F
(A.6) 

The new configurations comprehend the dynamic performance of the system. In the cases when the FC cannot supply the crane with the demanded 
power, the grid will be responsible for compensating the difference. In this sense, a first order system in the FC current has been considered to model its 
dynamic response. 
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Electrolyzer 

For the modelling of LZ in power dynamic studies, reduced linear models are a common choice for their lower complexity compared to detailed 
models, which results in lower computational effort, without a significant loss in accuracy for this sort of analysis [53]. A review on PEM-LZ modelling 
was presented in [54]. The LZ model used in the present work is based on the model B developed in [53], which has been scaled to obtain an 
electrolyzer of 80 kW (580 V). The LZ model consists of a controlled DC voltage source defined by Eq. (A.11). As seen, the LZ output voltage (VLZ) is 
affected by pressure and temperature variations. This effect has been introduced in the model through the reverse voltage (Vrev), the internal resistance 
of the LZ (Ri), and the instantaneous current (ILZ), as shown in Eq. (A.7) [55]. 

VLZ = Vrev(T, p)+ ILZ ⋅Ri(T, p) (A.7) 

Considering temperature and pressure effects allows using this model in studies where variations of these magnitudes are plausible. Otherwise, it 
would be necessary to modify other parameters of the model. A closer look to Eq. (A.7) reveals the linear variation of VLZ with ILZ under constant 
pressure and temperature. The slope of this linear variation under constant operating conditions is defined by Ri. Moreover, Vrev represents the 
minimum voltage that produces a current flow in the device. 

The reverse voltage erev is calculated through Eq. (A.8), where Vrev0 is the reference value for erev. This parameter, as well as the reference pressure 
p0, are defined so as to match the polarization curve of a commercially available LZ. The ideal gas constant is R, whereas T and p are temperature and 
pressure in the LZ, respectively. 

erev = Vrev0 +
R⋅T
2⋅F

⋅ln
(

p
p0

)

(A.8) 

The internal resistance of the LZ model is given by Eq. (A.9), where Ri0 and T0 are references for the internal resistance and temperature, 
respectively. The terms dRt and k introduce the variation of the LZ internal resistance with temperature and pressure, respectively. The values given in 
[55] for these coefficients have been chosen here as a starting point, and then they have been adapted to replicate the characteristics of the commercial 
LZ used as a reference. 

Ri = Ri0 + k⋅ln
(

p
p0

)

+ dRt⋅(T − T0) (A.9) 

Finally, the LZ voltage is affected by the number of cells connected in series (nc) and parallel branches (np) in the device. In this sense, the voltage 
terms in the previous equations are multiplied by nc, whereas the current is divided by np. 

The LZ model is completed with the calculation of the hydrogen production (qpro
H2 ) through Eq. (A.10). Again, this variable depends on the operating 

temperature and pressure conditions through T and p, and by the amount of energy electric energy absorbed through ILZ times nc. 

qpro
H2 =

R⋅T
p

⋅
ILZ

2⋅F
⋅nc (A.10) 

The system defined by Eqs. (A.7)-(A.10) can reproduce satisfactorily the performance of a commercial LZ in dynamic simulations of electric hybrid 
systems, without a relevant loss of information compared to other more detailed, and therefore, more complex and demanding models [53]. 

The hydrogen tank level, LH2 can be calculated from Eq. (A.11), where CAPH2 is the hydrogen tank capacity. 

LH2(100%) = 100⋅
(

1 −
1

CAPH2

∫
(
qpro

H2 − qcon
H2

)
⋅dt

)

(A.11)  

Simplified models of the quasi-Z-source inverter 

In both hydrogen-based configurations of the overhead crane, a simplified model of the qZSI is used. This model is based on the model presented in 
[56], which was verified and compared with the detailed model (built with all the elements of the impedance network and switches of the inverter) by 
computational and real-time simulations. The simplified model consists of controlled voltage and current sources that substitute the passive elements 
of the impedance network, and the electronic switches of the inverter, as seen in Fig. A.2. The boost factor and the modulation index (B and mabc, 
respectively), play a crucial role in the definition of the controlled sources. 

It is important to highlight that the firing pulses of the inverter switches are not generated in the simplified models of the qZSI. Subsequently, 
current and voltage harmonics at the output cannot be evaluated, making this model invalid for power quality studies. On the other hand, this 
simplification allows increasing the time step in simulations, which reduces the computational time significantly. Additionally, the simplified model 
shows an acceptable accuracy when compared to the detailed model of the qZSI in terms of the dynamic response. These advantages make the 
simplified model a pertinent choice for this work, where the main aim is to evaluate the energy management and power flows in the system. 

In both configurations (with or without LZ), B is the voltage gain between the input and the output of the impedance network (namely Vin and Vdc, 
respectively). Besides, the output AC voltage of the inverter and Vdc are related through the modulating index mabc, as defined by Eqs. (A.12) and 
(A.13). 

Vdc = B⋅Vin =
1

1 − 2D
⋅Vin (A.12)  
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Va =
1̅
̅̅
3

√ (Vdc⋅ma)

Vb =
1̅
̅̅
3

√ (Vdc⋅mb)

Vc =
1̅
̅̅
3

√ (Vdc⋅mc)

(A.13) 

where D represents the shoot-through period. 
Finally, the voltage across capacitor C2 (VC2) can be derived from Vin through Eq. (A.14). 

VC2 = Vin⋅B⋅D (A.14) 

In the simplified model of the quasi-Z-source inverter (configuration A, without electrolyzer) a controlled current source and three controlled 
voltage sources in the DC and AC sides, respectively, model the response of the qZSI. Since there is not any element connected in parallel with C2, Vdc is 
not considered, and therefore its value has to be calculated from Vin and the boost factor B. Thus, a direct relation (see Eq. (A.19)) between the input 
(Vin) and the output voltages of the qZSI can be found substituting Vdc from Eq. (A.16) into Eq. (A.17). 

Va =
B
̅̅̅
3

√ (Vin⋅ma)

Vb =
B
̅̅̅
3

√ (Vin⋅mb)

Vc =
B
̅̅̅
3

√ (Vin⋅mc)

(A.15) 

Moreover, using the power balance principle, Eq. (A.16) is obtained: 

VinIin = [VaIa +VbIb +VcIc] (A.16) 

In the previous equation, if Va(t), Vb(t) and Vc(t) are replaced by Eq. (A.15), the value of the input current into this model is obtained. 

Iin =
B
̅̅̅
3

√ [Ia⋅ma + Ib⋅mb + Ic⋅mc] (A.17) 

Eqs. (A.15) and (A.17) show that the controlled current source at the input, and the controlled voltage sources at the output of the model depend on 
B and mabc. 

In the simplifed model of the quasi-Z-source inverter with electrolyzer (configuration B), the qZSI with LZ model includes an additional controlled 
voltage source that simulates the terminals of capacitor C2, apart from the controlled current and voltage sources that also appeared in the config-
uration A. Thus, as observed in Fig. 1, the LZ is connected to the capacitor C2. A scheme of the controlled sources that compose the qZSI with LZ is 
shown in Fig. A.2. In this configuration, the relation between the input voltage and the AC voltage is the same as in the configuration without LZ. 
Hence, Eq. (A.15) is still valid. 

Proceeding similarly to the previous model, the controlled current source in the FC side of the qZSI is calculated from the power balance principle 
(Pgrid = PFC + PLZ) applied on the FC terminals (Vin). 

Pgrid = Ia⋅Va + Ib⋅Vb + Ic⋅Vc
Pin = Vin⋅Iin
PLZ = VC2⋅ILZ = VLZ ⋅ILZ

(A.18) 

Eq. (A.18) derived from the FC side are as follows, considering that VLZ is equal to Vin
. B.D [42]. 

Pgrid =
Vin
̅̅̅
3

√ ⋅B⋅(Ia⋅ma + Ib⋅mb + Ic⋅mc)

Pin = Vin⋅Iin

PLZ = Vin⋅B⋅D⋅ILZ

(A.19) 

Finally, the input current of the qZSI can be obtained from the power balance. Note that PLZ is always negative. 

Iin =
1̅
̅̅
3

√ ⋅B⋅(Ia⋅ma + Ib⋅mb + Ic⋅mc) − B⋅D⋅ILZ  

where 

Ia⋅ma + Ib⋅mb + Ic⋅mc→mabc⋅Iabc (A.20)  

Iin =
1̅
̅̅
3

√ ⋅B⋅mabc⋅Iabc − B⋅D⋅ILZ (A.21)  

where Iacb(t) is the AC current, IESS is the ESS current, and Iin is the FC current. 

Power demand 

A simple but effective way to model the power demanded by the crane is by means of controlled current sources, whose value depend on the AC 
voltage measurement and the power of the working cycle represented in Fig. A.1. Thus, once the AC voltage is measured and converted to the dq 
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reference frame, the current associated to the power demand can be calculated from Eq. (A.21). Finally, if Id and Iq are expressed in the abc reference 
frame, the sinusoidal signal of each controlled current source is obtained. 

P =
3
2
(
Vd⋅Id + Vq⋅Iq + V0⋅I0

)

Q =
3
2
(
Vq⋅Id − Vd⋅Iq

)
(A.22)  
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