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A B S T R A C T   

For renewable energy driven off-grid hydrogen generation systems, the intermittent and instability nature 
significantly hinders the electrolyzers’ service life and operation safety. Here a variable-periodsequence control 
strategy is developed for an off-grid photovoltaic-PEM electrolyzer hydrogen generation system via multi-layer 
DC-DC converters, which control power allocation for the PEM electrolyzer according to the accumulated 
operation durations under different operation states. The dynamic performance under the fixed and variable 
period sequence control strategies are systematically investigated. Under the fixed period sequence control 
strategy, less electrolyzer number contributes to deducing standard deviations of rated/fluctuating power 
operation durations. Under the variable period sequence control strategies, the standard deviations of the 
operation duration under the rated and fluctuating power state both are much smaller than those under the fixed 
period sequence control strategy. When longer sequence period employed at higher solar radiation intensity, the 
minimum standard deviations of the operation duration under the rated and fluctuating power states are 
decreased by 28.0% and 44.8%, respectively. When longer sequence period employed at lower solar radiation 
intensity, the minimum standard deviations are decreased by 49.7% and 51.3%, respectively. The variable 
sequence control strategy can better allocate electrolyzers’ operation states and improve the system operation 
conditions.   

1. Introduction 

Global environmental concerns and growing energy demand have 
sparked the exploitation for clean and green energy substitution [1]. 
Hydrogen energy plays an important role in achieving sustainable 
development for its high energy release and pollution-free byproducts. 
Other than catalytic recombination of hydrocarbons [2], electrolysis of 
water for hydrogen generation is promising, especially when the elec
tricity produced from renewable energy employed. Among various types 
of electrolyzers, proton exchange membrane (PEM) electrolyzer pre
sents advantages of high purity of hydrogen production, safety, and 
operation stability, which could withstand high positive and cathode 
pressure difference. 

Photovoltaic (PV) power generation offers an efficient way to utilize 
solar energy. Hybrid systems composed of photovoltaic generators, 
electrolyzers, and auxiliary equipment have been proposed and 
analyzed [3–8]. Arriaga et al. [9] constructed a hybrid system consisting 

of a solar panel and a solid polymer electrolyte electrolyzer. The first 
solar energy to hydrogen hybrid system in China was installed in 
Tsinghua University [10]. Frano Barbir et al. [11] investigated many 
possible applications of using PEM electrolyzers to produce hydrogen 
from renewable energy. Nelson Kelly et al. [12,13] explored the possi
bility of the realization of hydrogen generation from solar energy for fuel 
cell electric vehicles. Much efforts have been devoted to the optimiza
tion of solar-powered hydrogen generation systems [14,15]. The 
maximum photovoltaic power coupling can be achieved by finding the 
best series and parallel combination of photovoltaic panel and electro
lyzers. Mathematical methods based on experimental data have also 
been developed to improve performance of solar-powered hydrogen 
generation systems [16,17]. In addition, attentions have also been 
drawn to the economics of generating hydrogen from renewable energy 
[18–20]. 

Recently, much efforts have been focused on the improvement of the 
performance of renewable energy powered hydrogen production sys
tems via the aspect of control strategies. Advanced energy management 
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and control strategies have been proved to be feasible to improve the 
equivalent service life and power regulation characteristics of electro
lyzer system [21–25]. Fang et al. [26] developed a modular adaptive 
control strategy to smooth the fluctuation of wind power. Valenciaga 
et al. [27] proposed control strategies fitting the wind condition and the 
battery’s charge state for a hybrid system combining a permanent 
magnet generator with a lead-acid battery pack as well as an alkaline 
electrolyzer. Abdelkafi et al. [28] designed an energy management al
gorithm for a hybrid system coupled with a wind driven generator, fuel 
cell, electrolyzer, and supercapacitor. Zhou et al. [29] presented a 
control oriented model, where the control strategy could dominate the 
power flow and hydrogen flow to guarantee high efficiency. Torreglosa 
et al. [30] proposed a model predictive control energy regulating 
strategy for the off-grid hybrid system. Won et al. [31] investigated the 
optimal allocation and operation of a hydrogen generation system 
powered by renewable energy. Haruni et al. [32] proposed an energy 
management and power regulation system, which was highly effective 
at preventing blackouts under low wind conditions or with insufficient 
energy reserves. Gu et al. [33] developed a smart decentralized control 
strategy for distributed power generation and energy storage batteries. 
Gabrielgarciaclua et al. [34] investigated a hybrid hydrogen production 
system with solar panel array connected to an alkaline electrolyzer 
directly through a single DC-DC converter and proposed a controller 
based on hybrid control theory to maximize hydrogen production. 
Trifkovic et al. [35] investigated a hybrid hydrogen production system 
with different coupled renewable energy, where electricity was gener
ated by photovoltaic arrays and wind turbine and a two-level control 
system was adopted to balance the power between discontinuous 
renewable generation and hydrogen production. Detailed comparisons 
of control strategies for hybrid solar and wind driven hydrogen gener
ation systems could be found in Table 1. 

As listed in Table 1, although much studies have been dedicated to 
the control strategy for solar or wind energy driven off-grid hydrogen 
generation systems. Many control strategies have been proposed and 
analyzed. Efficient control strategy for running the electrolyzer arrays 
with practically simple operation are highly demanded. In this study, an 
off-grid photovoltaic electrolysis hydrogen generation system was 
analyzed, which couples the PV arrays with PEM electrolyzers via multi- 

layer DC-DC converters. The off-grid hydrogen generation system works 
under three kinds of operation states according to the real-time solar 
radiation intensity: high power operation state with no overload, low 
power operation state with no overload, and overload operation state. 
Here a variable-period sequence control strategy is developed for an off- 
grid photovoltaic-PEM electrolyzer hydrogen generation system via 
multi-layer DC-DC converters, which control power allocation for the 
PEM electrolyzer according to the accumulated operation durations 
under different operation states. In the sequence control strategy, each 
PEM electrolyzer is numbered and is arranged to work in a certain sit
uation (shut-down, fluctuating load, rated load, and overload). Over a 
given sequence period, the working situation of each PEM electrolyzer 
rotates sequentially according to their accumulated operation durations 
of different working conditions, thus to average the total working period 

Nomenclature 

A Active area of MEA, cm2 

C Concentration, mol m− 3 

D Diffusion coefficient, m2 s− 1 

E Cell reversible potential, V 
F Faraday constant, C mol − 1 

G Surface irradiance, W m2 

KI Short circuit current coefficient Subscripts and superscripts 
KV Open circuit current coefficient 
M Molar mass, g mol− 1 

P Pressure, bar 
R Resistance, ohm Universal gas constant, J mol− 1 K− 1 

T Temperature, K 
V Voltage, V 
I Current, A 
a Diode ideality factor 
aH2O Water activity 
i Current density, A cm− 2 

i0 Exchange current density, A cm− 2 

k Boltzmann constant, J K− 1 

n Molar flux, mol m− 2 s− 1 

p Partial pressure, bar 
q Electron charge, C 

r Average pore radius 
α Charge transfer coefficient 
δ Thickness, mm 
Ω Diffusion collision integral 
ε Porosity 
ξ Tortuosity 
λ Degree of humidification 
s Series 
p Parallel 
act Activate 
ohm Ohmic 
con Concentration 
an Anode 
cat Cathode 
el electrode 
pl plate 
mem membrane 
eff efficient 

Acronyms 
STC Standard test conditions 
SC Short circuit 
OC Open circuit 
PV photovoltaic  

Table 1 
Control strategies for some hydrogen production systems.  

References Hydrogen production system Control strategy 

[21] Wind-PEM system predictive and reactive 
power management 
strategies (PMS) 

[22] PV/wind-PEM system PMS based on State of Charge 
of the accumulator (SOC) 

[23] PV-PEM system Optimal energy management 
strategy 

[26] Wind-alkaline electrolyzer system Modular adaptive control 
strategy 

[27] Wind-alkaline electrolyzer system Two-level hierarchy control 
scheme 

[28] Hybrid power production system Power supervision strategy 
[30] PV/wind turbine/hydrogen/battery 

hybrid system 
Model predictive control 
(MPC) 

[32] Renewable hybrid power system Control strategy based on 
two-level structure 

[33] DC microgrid with multiple 
renewable distributed generators and 
energy storage systems. 

Mode-adaptive decentralized 
control strategy 

[34] PV-alkaline electrolyzer system Hybrid control 
[35] Renewable energy hybrid system Two-level control system  
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of each PEM electrolyzer under different working conditions and pro
long the service life. The performance under the fixed and variable 
period sequence control strategies are systematically investigated and 
analyzed via the MATLAB/Simulink software. Finally, some useful 
conclusions are drawn. 

2. Model description 

Fig. 1 illustrates the schematic configuration of an off-grid PV-PEM 
electrolyzer hydrogen generation system, which contains a PV module, 
DC-DC converters, and PEM electrolyzer array. DC-DC buck converters 
are used to connect the PV module to the DC bus under the maximum 
power point tracking (MPPT) control. Each PEM electrolyzer is con
nected to the DC bus separately using DC-DC converters. The DC-DC 
converters between PEM electrolyzers and DC bus are employed to 
allocate the power for the PEM electrolyzers under the sequence control 
strategy. 

2.1. PV model 

Here, a single-diode model is adopted to describe the characteristics 
of the PV module, as shown in Fig. 2. The output current is given by [36]. 

I = IPV − I0

[

exp
(

V + IRS

aVT

)

− 1
]

−
V + IRs

RP
(1)  

where IPV stands for the light current generated by solar radiation; I0 is 
the reverse saturation current of the diode; V is the output voltage; Rs 
represents the effective series resistance and Rp represents the effective 
parallel resistance; VT = NskT/q is the thermal voltage of the PV mod
ule; Ns is the number of cells connected in series; k = 1.3806503×
10− 23J/K is the Boltzmann constant; q = 1.60217646 × 10− 19C is the 
electron charge; a denotes the diode ideality factor; T denotes the tem
perature of the p-n junction. IPV can be calculated by [36,37] 

IPV = IPV STC + KI(T − TSTC)
G

GSTC
(2)  

where IPV STC represents the light current generated by solar irradiation 
at standard test conditions (STC). G is the irradiance at the surface of the 

module and GSTC = 1000 W/m2; T is the ambient temperature and TSTC 
= 298.15K;, KI is a temperature coefficient in short current state. 

Considering the temperature variation, the saturation current is 
given by [38]. 

I0 =
ISC STC + KI(T − TSTC)

exp
(

VOC STC+KV (T − TSTC)
aVT

)
− 1

(3)  

where KV denotes the temperature coefficient in open circuit state. 

2.2. PEM electrolyzer model 

Different reactions take place between two porous electrodes of PEM 
electrolyzers: 

Anode: H2O→2H+ + 1
2O2 + 2e− . 

Cathode: 2H+ + 2e− →H2. 
The molar flow rate of hydrogen at the cathode side can be calculated 

as 

nH2 =
iA
2F

(4) 

Fig. 1. Off-grid PV-PEM electrolyzer hydrogen generation system.  

Fig. 2. Circuit diagram of a single-diode PV model.  
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where i represents the electrolyzer current density; F stands for the 
Faraday constant; A is the surface area. 

The total operating voltage of a PEM electrolyzer is calculated by 

V =Voc + Vact + Vohm + Vcon (5)  

where Voc, Vact, Vohm, and Vcon is the open circuit voltage, activation 
overpotential, ohmic overpotential and concentration overpotential, 
respectively. According to Nernst equation, the open circuit voltage can 
be described as [39,40] 

Voc = 1.229 − 0.9× 10− 3(T − 298) +
RT
2F

[

ln
(

pH2

̅̅̅̅̅̅po2

√

aH2O

)]

(6)  

where R stands for the gas constant; T is the electrolyzer temperature 
under working condition; pH2 and po2 are the partial pressures of 
hydrogen and oxygen, respectively; aH2O represents the water activity. 

Activation overpotential represents the losses in the electrochemical 
process. Protons and electrons must overcome additional potential to 
transfer through membrane and electrodes. 

Vact =Vact,an + Vact,cat (7)  

Vact,j =
RT
αjF

sin h− 1
(

i
2i0,j

)

j= an, cat (8)  

where αj stands for charge transfer coefficient of the anode and cathode; 
i0,j represents the exchange current density of the anode and cathode 
[41]. 

The ohmic overpotential originates from the electrode surfaces, 
membrane and bipolar plates resistances [42]. 

Vohm =
(
Rel +Rpl +Rmem

)
iA (9)  

where Rel is the electrode resistance, Rpl is the bipolar resistance and 
Rmem is the membrane resistance. 

Rel,pl = ρeff
l
A

(10)  

Rmem =
δmem

Aσmem
(11)  

where ρeff is the effective electrical resistivity of the electrodes; l is the 
electrons path length; δmem is the membrane thickness and σmem is the 
membrane conductivity given by [43] 

σmem =(0.005139λ − 0.00326)
[

1268
(

1
303

−
1
T

)]

(12)  

where λ represents the water content of the membrane. 
During electrolysis process, the alteration in concentration of the 

reactants at the electrode surface causes the concentration over
potential. The concentration overpotential can be expressed as 

Vcon =
RT
4F

ln
Cmem

O2

Cmem
O2 ,0

+
RT
2F

ln
Cmem

H2

Cmem
H2 ,0

(13)  

where Cmem
O2 

and Cmem
H2 

are the concentration of oxygen and hydrogen at 
the membrane-electrode junction, respectively [44]. 

Cmem
H2

=
PcatXH2

RT
+

δcat
el nH2

Dcat
eff

(14)  

Cmem
O2

=
PanXO2

RT
+

δan
el nO2

Dan
eff

(15)  

where XH2 and XO2 are the amount of molar fraction of hydrogen and 
oxygen; Pcat and Pan are the pressure at the cathode and anode, 
respectively; δel is the electrode thickness. Dcat

eff and Dan
eff are the effective 

diffusion coefficient of the cathode and anode, respectively, which can 
be calculated as [45] 

1
Dcat

eff
=

ε
ξ

(
1

DH2 − H2O
eff

+
1

DH2O,K
eff

)

(16)  

1
Dan

eff
=

ε
ξ

(
1

DO2 − H2O
eff

+
1

DH2O,K
eff

)

(17)  

where ε/ξ is the ratio of electrode porosity to tortuosity; DH2 − H2O
eff and 

DO2 − H2O
eff are the effective molecular diffusion coefficient for binary sys

tem of H2 − H2O and O2 − H2O; DH2O,K
eff is the effective Knudsen diffusion 

coefficient for water [46,47]. 

DH2 − H2O
eff = 0.0013

(
1

MH2

+
1

MH2O

)1/2 T3/2

Pcatσ2
H2 − H2OΩD

(18)  

DO2 − H2O
eff = 0.0013

(
1

MO2

+
1

MH2O

)1/2 T3/2

Panσ2
O2 − H2OΩD

(19)  

DH2O,K
eff =

4
3

r

̅̅̅̅̅̅̅̅̅̅̅̅̅
8RT

πMH2O

√

(20)  

where MH2 and MO2 are the molar weights of H2 and O2; r is the average 
pore radius; σH2 − H2O and σO2 − H2O are the mean radius of binary mole
cules of H2 − H2O and O2 − H2O; ΩD is the dimensionless diffusion 
collision integral [48] 

ΩD =
1.06
τ0.156 +

0.193
exp(0.47τ)+

1.036
exp(1.53τ) +

1.765
3.894τ (21)  

σH2 − H2O =
σH2 + σH2O

2
(22)  

σO2 − H2O =
σO2 + σH2O

2
(23)  

τH2 − H2O =
kT

εH2 − H2O
(24)  

τO2 − H2O =
kT

εO2 − H2O
(25)  

where εH2 − H2O and εO2 − H2O are the Lennard-Jones energies 

εH2 − H2O =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅εH2 εH2O

√ (26)  

εO2 − H2O =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅εO2 εH2O

√ (27)  

where σi for H2, O2 and H2O are 2.827 Ȧ, 3.467 Ȧ and 2.641 Ȧ, 
respectively [49]. εi/k for H2, O2 and H2O are 59.7K, 106.7K and 
809.1K. 

2.3. DC-DC buck converter model 

As shown in Fig. 3, the circuit theory is applied to simulate the open 
and closed states of DC-DC buck converter. 

When the circuit is closed, 
⎧
⎪⎪⎨

⎪⎪⎩

L
diL

dt
= ui − uc

C
duc

dt
= iL −

uc

R

(28a) 

When the circuit is open 
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⎧
⎪⎪⎨

⎪⎪⎩

L
diL

dt
= − uc

C
duc

dt
= iL −

uc

R

(29a) 

Taking duty cycle d into consideration yields to 
⎧
⎪⎪⎨

⎪⎪⎩

L
diL

dt
= Dui − uc

iL = C
duc

dt
+

uc

R

(30a) 

L in the circuit can be designed by the condition [50]. 

L≥
Vout

kΔi • f • Iout(min)
•

(

1 −
Vout

Vin

)

=
Rout(max) • (1 − d)

kΔi • f
(31a)  

where kΔi = ΔiL/Iout is the ripple coefficient, which is usually 20%–50%; 
f is the frequency of the pulse-width modulated pulses; d = Vout/Vin is the 
duty cycle. As for the buck converter between PV module and DC Bus
bar, Vout = VBus is the DC Bus voltage. Rout is determined by MPPT 
control of the PV module: 

Rout(max) =
Vout

PMPP(min)
(32a)  

where PMPP(min) is the minimum power provided by the PV module. 
The filter capacitor can be chosen by the following expression: 

C ≥
(1 − d)

8 • L • f 2 • kΔVout

(33a)  

where kΔVout = ΔVout/Vout is the ripple coefficient of the output voltage, 
which is usually 1%–5%. 

2.4. Sequence control strategy 

The sequence control strategy is employed here to allocate the power 
generated in the PV module to the PEM electrolyzer arrays. The PEM 
electrolyzers are numbered, and a certain sequence period T is set. One 
electrolyzer is arranged to work under the fluctuation power. The rest of 
electrolyzers is arranged to work at the rated power or be shut-down 
state according to the real-time value of the solar radiation intensity. 
Every after the sequence period T, the electrolyzers works either under 
the rated power state, fluctuation power state or the shutdown state 
alternately. Correspondingly, the power for each numbered electrolyzer 
is allocated. The schematic diagram of sequence strategy is depicted in 
Fig. 4. Compared with the simple "equalizing" control strategy, the input 
power can be allocated in a small number of cells, thus to avoid the 
electrolyzers working far from the safe operating condition as well as 
reducing the risk of operation accidents. 

The sequence control strategy aims to provide an alternative scheme 
for improving service life of the electrolyzers in the photovoltaic-PEM 
electrolyzer hydrogen generation system. The operation duration of 
each electrolyzer under different operating conditions is balanced. The 

number of electrolyzers working in this sequence strategy is n; the rated 
power of each electrolyzer is Pe, the fluctuating power is Pb; and the 
actual power is Pel,i, where i is the serial number of the electrolyzer. The 
total rated power of the electrolyzer array is Pel, and the photovoltaic 
power is Psun. The flow diagram of the sequence control strategy of the 
PV-PEM electrolyzer array system is illustrated in Fig. 5. The working 
conditions of the electrolyzers can be divided into the following three 
situations: 

Situation 1: High power operation state with no overload. 
In this situation, Psun < Pel, only one electrolyzer works in the fluc

tuating power state; And the other (n-1) electrolyzers work in the rated 
power state, thus the whole array of electrolyzers works in the high 
power operation state without overload. The working time of the i-th 
electrolyzer is Ti. At first 
⎧
⎨

⎩

Psun = (n − 1)Pe + Pb
Pel,1 = Pel,2 == Pel,n− 1 = Pe

Pel,n = Pb

(28b)  

When the working time of the electrolyzer under fluctuating power state 
reaches the sequence period, that is, Ti = T. The power of each elec
trolyzer is rotated in turn according to its number 
{

Pel,2 = Pel,3 == Pel,n = Pe
Pel,1 = Pb

(29b) 

Situation 2: Low power operation state with no overload. 
In this situation, one electrolyzer works in the state of fluctuating 

power; The number of electrolyzers working at rated power state is less 
than n-1; the remaining m electrolyzers are in the shutdown state, and 
the electrolyzer array works in the condition of no overload and low 

Fig. 3. Schematic diagram of the DC-DC buck converter.  

Fig. 4. Schematic diagram of the sequence control strategy.  

Fig. 5. Flow diagram of the sequence control strategy.  

X. Liu et al.                                                                                                                                                                                                                                      



Renewable Energy 216 (2023) 119074

6

power. At first 
⎧
⎪⎪⎨

⎪⎪⎩

Psun = (n − m − 1)Pe + Pb
Pel,1 = Pel,2 == Pel,n− m− 1 = Pe

Pel,n− m = Pb
Pel,n− m+1 = ⋯ = Pel,n = 0

(30b)  

When the working time of the electrolyzer under the fluctuating power 
state reaches the sequence period, the accolated power of each elec
trolyzer is rotated in turn according to its number. 
⎧
⎨

⎩

Pel,2 = Pel,3 = ⋯ = Pel,n− m = Pe
Pel,n− m+1 = Pb

Pel,n− m+2 = ⋯ = Pel,n = Pel,1 = 0
(31b) 

Situation 3: Overload operation state. 
Under this operating condition, Psun > Pel. Since the solar photovol

taic power is higher than the total rated power of all electrolyzers, it is 
necessary to select some electrolyzers to work at the overload power 
state. Firstly, the power Pel,1 of the No. 1 electrolyzer in the cyclic queue 
is increased to φ (overload coefficient) times of the rated power Pe, thus 
it is in the overload operate state. The No. 2 electrolyzer is also changed 
to the overload operation state, and the rest can be done in the same 
manner until all the electrolyzers are in the overload operate state. 
Assuming that the number of electrolyzers operating in overload state is 
k, and the other electrolyzers are in rated power operation state, then 
⎧
⎪⎪⎨

⎪⎪⎩

Psun = kφPe + (n − k − 1)Pe + Pb
Pel1 = Pel2 = ⋯ = Pelk = φPe

Pelk+1 = Pb
Pelk+2 = ⋯ = Peln = Pe

(32b) 

After the number of electrolyzers working in overload state is 
determined, according to the sequence control strategy, when the 
operation duration of electrolyzers reaches the sequence period, that is, 
Tn = T, the power of each electrolyzer is rotated in turn according to its 
number to realize the sequence in overload state. 
⎧
⎨

⎩

Pel,2 = Pel,3 = ⋯ = Pel,k+1 = φPe
Pel,k+2 = Pb

Pel,k+3 = ⋯ = Pel,n = Pel,1 = Pe

(33b)  

3. Results and discussion 

3.1. Model validation 

The PV model here is validated using the experiment data of a chosen 
PV system (MSX-60) [51]. Table 2 lists the parameters of the PV modules 
[38]. The comparison was made at a temperature of 25 ◦C. The oper
ating current calculated via the PV model in this paper and the experi
mental data under different operating voltages are compared. As shown 
in Fig. 6, the maximum error deviation between the model and 

experiment data is 1.04%. The model adopted here shows great accor
dance with the experimental data. The parameters of the PEM electro
lyzer model employed here are summarized in Table 3. The operating 
voltage calculated via the PEM model described here and the simulating 
data of Abdin under different current density are compared [52]. Fig. 6 
shows the comparison of the calculated polarization curve at 55 ◦C, 10 
bar (cathode) and the simulating results of Ref. [52]. The maximum 
error deviation between the model and simulating results of Ref. is 
1.94%, which validates the PEM electrolyzer model in present study. 

3.2. Performance under fixed period sequence control strategy 

Here, the output voltage of PV module is set at 17.5V and the 
operation temperature is 25 ◦C. The rated current density of PEM elec
trolyzer is 1.2 A/ cm2 and the operation temperature is 55 ◦C. The 
number of PV cells and PEM electrolyzers working in the system are 30 
and 6. The intensity of light radiation is governed by Equation (34). The 
solar radiation intensity before 6:30 and after 17:30 is too low. There
fore, the PEM electrolyzers are in the shut-down state. 

G=

⎧
⎨

⎩

0, 0 < t < 6
− 3 + 0.66667t − 0.02778t2, 6 ≤ t ≤ 18

0, 18 < t < 24
(34) 

At the fixed period time T = 300s, the daily allocated power of the six 
electrolyzers is shown in Fig. 7. The daily hydrogen production rate of 
the six electrolyzers is shown in Fig. 8. All the six electrolyzers did not 
reach the overload power state. The maximum power of electrolyzer 
operation is rated power. The operation durations of the six electrolyzers 
in rated power state are 4.0208 h, 3.9675 h, 3.9167 h, 3.9167 h, 3.8939 
h and 3.9486 h, respectively. The average operation duration under the 
rated power state is 3.9440 h. The standard deviation of the rated power 
operating time of all electrolyzers is 0.0418h. The operation duration of 
the six electrolyzers under fluctuating power state are 1.7611 h, 1.8867 
h, 1.8842 h, 1.8333 h, 1.8561 h, 1.7786 h, respectively. The average 
operation duration under the fluctuating power state is 1.8333h. The 
standard deviation of the fluctuating power operating time of all elec
trolyzers is 0.0486h. The operation durations under rated power and 
fluctuating power state of the six electrolyzers are relatively averaged. 
As shown in Fig. 8, the hydrogen production rate of the six electrolyzers 
show a similar trend with the power allocated. 

As shown in Fig. 9, the total operation duration of different elec
trolyzers under the rated power state presents no obvious difference. 
And so does the total operation duration of different electrolyzers under 
the fluctuating power state. When the number of electrolyzers is 4, the 
standard deviation of the operation duration under the rated power state 
is 0.0264 h. When the number of electrolyzers is 8, the standard devi
ation of operation duration under the fluctuating power state is 0.0298 
h. Fig. 9 also shows the influences of the electrolyzer number on 
switching times of system running state and hydrogen production. More 
electrolyzers lowered the average switching times of each electrolyzer. 
When 4 electrolyzers involved, the total switching times is the least, 318 
times. The total hydrogen production also exhibits the smallest value, 
originating from the fact that some electrolyzers working under over
load state, which induces significant power loss. When larger number of 
electrolyzers employed, the operation durations under the overload 
state are obviously deduced. Therefore, the total hydrogen production 
presents no obvious difference under various large electrolyzer 
numbers. 

3.3. Performance under variable period sequence control strategy 

Since the daily solar radiation intensity varies with time, setting 
different sequence periods at different solar radiation intensity should 
be emphasized. Here longer sequence period at higher solar radiation 
intensity and longer sequence period at lower solar radiation intensity 
are considered. respectively. 

Table 2 
Parameters of the PV model and the DC-DC buck 
converter model.  

Parameter Value 

IPV STC 3.803 A 
ISC STC 3.8 A 
VOC STC 21.1 V 
KI 3 mA/ ◦C 
KV − 80 mV/ ◦C 
Ns 36 
a 1.3 
Rs 304.83 Ω 
RP 0.2 Ω 
C 100 μ F 
L 200 μF 
f 10 kHz 
VBus 6 V  
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3.3.1. Longer sequence period at higher solar radiation intensity 
Fig. 10 show the daily power variation of six electrolyzers when a 

longer sequence period at higher solar radiation intensity. Within 
6.5h–17.5h, the sequence period T1 in 0–3.67h and 7.33–11h is set to be 
300s. The sequence period T2 in 3.67–7.33h is set to be 600s. It can be 

seen that the switch of operation state of the six electrolyzers is less 
frequent during 3.67–7.33h. The average operation duration of the six 
electrolyzers under the rated power state is 3.9440h. And the average 
operation duration under the fluctuating power state is 1.8333h. The 
standard deviation of operation duration under the rated power state is 
0.0623h. The standard deviation of operation duration under the fluc
tuating power state is 0.0681h. Fig. 11 shows the variation of hydrogen 
production rate of six electrolyzers. The hydrogen production rate of the 
six electrolyzers also shows a similar trend with the power allocated. 

As shown in Fig. 12, the total operation durations of the involved 
electrolyzers under the rated and fluctuating power state present no 
obvious difference at different electrolyzer numbers. At small electro
lyzer numbers, their standard deviations increase first with increasing 
electrolyzer numbers, reaches their maximum values, then decreases. 
The maximum standard deviation of the operation duration under the 
rated power state is 0.0736 h when 5 electrolyzers involved. The mini
mum standard deviation of the operation duration under the rated 
power state is 0.0198 h when 7 electrolyzers involved. The maximum 
standard deviation of the operation duration under the fluctuating 
power state is 0.0744 h when 5 electrolyzers involved, and the minimum 
one is 0.0595 h when 8 electrolyzers involved. Fig. 12 also shows the 
influence of the electrolyzer number on the switching times of operating 
state and hydrogen production. When 4 electrolyzers involved, the total 

Fig. 6. Validation of the PV and PEM electrolyzer models.  

Table 3 
Parameters of the PEM electrolyzer model.  

Parameter Value 

A 160 cm2 

δmem 0.0254 cm 
δel 0.008 cm 
ε 0.3 
ξ 4 
F 96,485 C mol− 1 

R 8.3144 J mol− 1K− 1 

r 1 μ m 
λ 21 
αan 0.8 
αcat 0.25 
i0,an 1 × 10− 7 A/cm2 

i0,cat 1 × 10− 1 A/cm− 1 

Pan 1 bar 
Pcat 10 bar  

Fig. 7. Daily allocated power of the electrolyzers.  
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switch times presents the least value. The total hydrogen production 
exhibits the smallest value. When larger number of electrolyzers 
employed, the total hydrogen production presents no obvious difference 
under various large electrolyzer numbers. 

Here the impact of the location of the longer sequence period on the 
system performance is further analyzed. The longer sequence period is 
located between the time point Ta and Tb, where a and b are the start 
point and termination point. As shown in Fig. 13, smaller Ta and larger 
Tb lead to fewer the average switching times. When Ta = 5.083h and Tb 
= 8.056h, the standard deviation of the operation duration under the 
fluctuating power state is the lowest. The equivalent fixed sequence 
period is 350s by taking switch times of the operating states into 
consideration. The system performance under the variable period 

sequence control strategy and the equivalent fixed period sequence 
control strategy is compared in Table 4. Under the variable-period 
sequence control strategy, the standard deviations of the operation 
duration under the rated power state and the fluctuating power state 
both are much smaller than those under the fixed-period sequence 
control strategy. The standard deviations of the operation duration 
under the rated power state and the fluctuating power state are 
decreased by 28.0% and 44.8%, respectively. 

3.3.2. Longer sequence period at lower solar radiation intensity 
Fig. 14 show the daily power variation of six electrolyzers when a 

longer sequence period at lower solar radiation intensity. Within 
6.5h–17.5h, the sequence period T1 in 0–3.67h and 7.33–11h is set to be 

Fig. 8. Daily hydrogen production of the electrolyzers.  

Fig. 9. Influence of electrolyzer number on the elctrolyzer operating duration under the rated power state, fluctuating power state, standard deviation, switching 
times and hydrogen production. 
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600s. The sequence period T2 in 3.67–7.33h is set to be 300s. It can be 
seen that the operation state of the six electrolyzers changed more 
frequently during 3.67–7.33h. The average operation duration of the six 
electrolyzers under the rated power state is 3.944h. The average oper
ation duration under the fluctuating power state is 1.833h. The standard 
deviation of operation duration under the rated power state is 0.0481h. 
The standard deviation of operation duration under the fluctuating 
power state is 0.1240h. Fig. 15 shows the variation of hydrogen pro
duction rate of six electrolyzers. The hydrogen production rate of the six 
electrolyzers also shows a similar trend with the power allocated. 

As shown in Fig. 16, the standard deviations of operation durations 
under the rated and fluctuating power states decrease first with 
increasing electrolyzer numbers, reach their minimum values, then 

increase. The maximum standard deviation of the operation duration 
under the rated power state is 0.2092 h when 8 electrolyzers involved. 
The minimum standard deviation of the operation duration under the 
rated power state is 0.0481 h when 6 electrolyzers involved. The 
maximum standard deviation of the operation duration under the fluc
tuating power state is 0.1753 h when 4 electrolyzers involved, and the 
minimum one is 0.1240 h when 6 electrolyzers involved. Fig. 16 also 
shows the influence of the electrolyzer number on the switching times of 
operating state and hydrogen production. The average switching times 
increases with increasing electrolyzer numbers, reaches its maximum 
values, then decreases. When 4 electrolyzers involved, the total switch 
times presents the least value. The total hydrogen production exhibits 
the smallest value. When larger number of electrolyzers employed, the 

Fig. 10. Daily power allocated for the electrolyzers with longer sequence period at higher solar radiation.  

Fig. 11. Hydrogen production rate for the electrolyzers with longer sequence period at higher solar radiation.  

X. Liu et al.                                                                                                                                                                                                                                      



Renewable Energy 216 (2023) 119074

10

total hydrogen production presents no obvious difference under various 
large electrolyzer numbers due to relatively small power loss. 

Here with longer sequence period at lower solar radiation, the 
impact of the location of the shorter sequence period on the system 
performance is also investigated. The shorter sequence period is located 
between the time point Ta and Tb, where a and b are the start point and 
termination point. As shown in Fig. 17, larger Ta and smaller Tb lead to 
fewer average switching times. When Ta = 2.889h and Tb = 8.889h, the 
standard deviation of the operation duration under the fluctuating 
power state is the lowest. The equivalent fixed sequence period is 388s. 

Fig. 12. Influence of electrolyzer number on the elctrolyzer operating duration under the rated power state, fluctuating power state, standard deviation, switching 
times and hydrogen production with longer sequence period at higher solar radiation. 

Fig. 13. Hot spot diagrams of standard deviation of operation durations under the rated power state and under the fluctuating power state, and average switching 
times with longer sequence period at higher solar radiation. 

Table 4 
Comparison between variable period and fixed period sequence control strate
gies with longer sequence period at higher solar radiation.  

sequence 
control strategy 

Rated power 
operation duration 

Fluctuating power 
operation duration 

Average 
switch times 

Variable period 0.0418 0.0486 54.83 
Fixed period 0.0581 0.0881 55  
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The system performance under the variable period sequence control 
strategy and the equivalent fixed period sequence control strategy is 
compared in Table 5. Under the variable-period sequence control 
strategy, the standard deviations of the operation duration under the 
rated and fluctuating power states both are much smaller than those 
under the fixed period sequence control strategy. The standard de
viations of the operation duration under the rated power state and 
fluctuating power state are decreased by 49.7% and 51.3%, respectively. 

4. Conclusions 

In this study, a variable sequence control strategy is developed for an 
off-grid photovoltaic-PEM electrolyzer hydrogen generation system via 

multi-layer DC-DC converters, which control power allocation for the 
PEM electrolyzer according to the accumulated operation durations 
under different operation states. The dynamic performance under the 
fixed and variable period sequence control strategies are systematically 
investigated. The main conclusions are as follows: 

(1) With the sequence control strategy applied, the operation dura
tions under the rated and fluctuating power states for different 
electrolyzers are well averaged. Under the fixed period sequence 
control strategy, less electrolyzer number contributes to deducing 
standard deviations of different operation durations.  

(2) Under the variable-period sequence control strategies, the total 
operation duration of the involved electrolyzers under the rated 

Fig. 14. Daily power allocated for the electrolyzers with longer sequence period at lower solar radiation.  

Fig. 15. Hydrogen production rate for the electrolyzers with longer sequence period at lower solar radiation.  
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power state and the fluctuating power state present no obvious 
difference at different electrolyzer numbers. The standard de
viations of the operation duration under the rated power state 
and the fluctuating power state both are much smaller than those 
under the fixed period sequence control strategy.  

(3) When longer sequence period employed at higher solar radiation 
intensity, compared to the fixed period sequence control strategy, 
at an electrolyzer number of 6, the minimum standard deviations 
of the operation duration under the rated and fluctuating power 

Fig. 16. Influence of electrolyzer number on the elctrolyzer operating duration under the rated power state, fluctuating power state, standard deviation, switching 
times and hydrogen production with longer sequence period at lower solar radiation. 

Fig. 17. Hot spot diagrams of standard deviation of operation durations under the rated power state and under the fluctuating power state, and average switching 
times with longer sequence period at lower solar radiation. 

Table 5 
Comparison between variable period and fixed period sequence control strate
gies with longer sequence period at lower solar radiation.  

Sequence 
control strategy 

Rated power 
operation duration 

Fluctuating power 
operation duration 

Average 
switch times 

Variable period 0.0460 0.0485 49.83 
Fixed period 0.0914 0.0996 49.5  
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states are decreased by 28.0% and 44.8%, respectively. When 
longer sequence period employed at lower solar radiation in
tensity, at an electrolyzer number of 6, the minimum standard 
deviations of the operation duration under the rated and fluctu
ating power states are decreased by 49.7% and 51.3%, 
respectively. 

To offer a better guidance for the actual renewable energy driven 
hydrogen production system, it is necessary to carry out comprehensive 
technical and economic analysis of the hybrid hydrogen generation 
system under the developed variable-period sequence control strategies. 
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