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1. Introduction

Improvements in energy systems can be achieved by 
using hydrogen as a working body [1]. The utilization of hy-
drogen in the on-board energy systems becomes particularly 
relevant in this case. A characteristic feature of this type 
of systems is the inclusion of hydrogen storage and supply 
systems, whose main element is a hydrogen generator, in par-
ticular, based on the use of hydro-responsive compounds [2]. 
The safe operation of such hydrogen storage and supply 
systems implies ensuring its parameters and characteristics 
that would warrant compliance with the regulatory require-
ments [3]. This circumstance necessitates the implementa-
tion of algorithms to control their technical condition. In 
this regard, it is a relevant task to ensure the conditions for 
implementing the algorithms to monitor the technical con-
dition of hydrogen storage and supply systems. At the same 

time, one of these conditions is the preparation of source data 
to form control algorithms.

Employing the classical method for determining the 
frequency characteristics of a hydrogen generator, which 
are the source data for the formation of algorithms to con-
trol its technical condition, implies the measurements of its 
output signal whose number reaches tens or hundreds. In 
this case, the time for each measurement should equal at 
least the time of the transition process. In this regard, one 
of the areas in which the technical condition of a hydrogen 
generator is improved is to reduce the time it takes to pro-
duce its source data. Such a reduction could be achieved, 
for example, by using the time-specific characteristics of a 
hydrogen generator to determine its frequency character-
istics. In this case, there are opportunities to reduce the 
time it takes to determine the original data by tens and 
hundreds of times.
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При формуваннi алгоритму контролю технiч-
ного стану генераторiв водню в якостi вихiдних 
даних використовуються їх амплiтудно-частотнi 
та фазово-частотнi характеристики. При вико-
ристаннi класичного методу визначення таких 
характеристик мають мiсце декiлька недолiкiв. 
Одним iз суттєвих недолiкiв є великий час, який 
необхiдний для формування масиву вихiдних даних. 
Для скорочення цього часу визначення частот-
них характеристик генератора водню здiйснюєть-
ся за результатами вимiрювань його перехiдної 
функцiї в дискретнi моменти часу. В цi моменти 
часу перехiдна функцiя апроксимується функцiя-
ми Хевiсайда. Такий пiдхiд дозволяє скоротити час 
визначення частотних характеристик генерато-
ра водню на 1–2 порядки. Використання теореми 
Котельнiкова–Найквиста–Шеннона для визначен-
ня цих дискретних моментiв часу пов’язано iз неви-
значенiстю стосовно максимальної частоти спек-
тру тест-сигналу.

Для зняття цiєї невизначеностi вибiр дискрет-
них моментiв часу для вимiру перехiдної функцiї 
генератора водню здiйснюється за умови допусти-
мої похибки її апроксимацiї.

Похибка апроксимацiї визначається за резуль-
татом розв’язання тест-задачi, в якiй в якостi 
еталону частотних характеристик використо-
вуються модельнi характеристики. Показано, що 
при iнтервалi дискретностi (0,252,5) мс величина 
такої похибки не перевищує 1,7 %.

Враховано iнерцiйнi властивостi пристрою для 
формування тест-впливу. Показано, що доцiль-
нiсть використання такої процедури має мiсце, 
якщо еквiвалентна постiйна часу такого пристрою 
перевищує величини постiйних часу генератора 
водню. Iнерцiйнi властивостi врахованi шляхом 
введення додаткового множника, який мiстить 
еквiвалентну постiйну часу пристрою, в аналiтич-
них виразах для частотних характеристик генера-
тора водню

Ключевi слова: генератор водню, вихiднi данi, 
частотнi характеристики, тест-задача, похибка 
апроксимацiї
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2. Literature review and problem statement

A significant task when utilizing a hydrogen fuel is the 
construction of hydrogen storage and supply systems [4]. 
It is particularly important to address this problem for on-
board energy systems. Paper [5] provides information on 
hydrogen storage systems based on the hydrides of metals 
and intermetallides, as well as considers design solutions for 
thermolysis and hydrolysis. Technical solutions for moni-
toring the processes of thermolysis and hydrolysis remained 
unaddressed in the cited paper. Endothermic dehydration 
of metal hydride is used to improve the safety of hydrogen 
storage and supply systems [6]. However, there are a series 
of problems related to providing sufficient hydrogen reserves 
for the stable operation of a power plant. Study [7] notes 
that hydrogen evolution by hydrolysis may be accompanied 
by releasing a large amount of heat ‒ up to 15.0 MJ·kg-1. 
Such a generation mode does not rule out a possibility of 
an emergency [8]. In order to weaken this possibility, tem-
perature in the working cavity of a hydrogen generator is 
monitored [7]. Sensors of this type have a relay static char-
acteristic, which leads to the implementation of the simplest 
control algorithms. Such algorithms enable control over the 
technical condition of a hydrogen storage and supply system 
based on a yes-no principle. The quantitative estimates of the 
parameters and characteristics of the systems that include a 
hydrogen storage and supply system are given in paper [9]. 
However, such assessments are based on the results from 
one-off tests. Study [10] considers one of the options for 
constructing nanosatellites using aluminum hydrides and 
borohydrides as combustible components. However, the 
study does not address the control over parameters of the 
process. The authors of paper [11] suggest a procedure for 
evaluating the effectiveness of a hydrogen generator, taking 
into consideration the requirements to the power of support 
systems. In addition, they report results from laboratory 
experiments involving a hydrogen generator, which contains 
a water electrolyzer for a wide range of loads on the device. 
The resulting characteristics serve as the source material 
to analyze the Power-to-Gas system. These characteristics 
are not used to assess the technical condition of the device. 
A similar approach is taken in paper [12], in which, for the 
case of an electrolyzer with a proton-exchange membrane, 
the dynamic characteristics of the hydrogen storage and 
supply system are determined. The industrial samples of 
hydrogen generators typically employ control over one or 
two parameters of the hydrogen generation process [13]. 
In most cases, the parameters that characterize the local 
properties of hydrogen generators are monitored. Paper [14] 
proposes an algorithm to control the technical condition of 
hydrogen generators based on hydro-responsive compounds. 
A feature of such a control algorithm is the use, as source 
data, of the value for the amplitude-frequency characteristic 
of a hydrogen generator at a fixed frequency. Implementation 
of such an algorithm of control does not make it possible to 
receive information about the technical condition of a hydro-
gen generator over the entire range of working frequencies. 
This flaw has been overcome by the algorithm to control 
the technical condition of a hydrogen generator, which is 
described in paper [15]. The starting material for the imple-
mentation of such a control algorithm is the phase-frequen-
cy characteristic of a hydrogen generator. This frequency 
characteristic is determined by taking into consideration 
the Kotelnikov-Nyquist-Shannon theorem, which offers the 

a priori defined magnitudes for the maximum frequency of 
the test-impact spectrum. This approach to determining the 
frequency characteristic does not make it possible to clearly 
define the number of measurements to form the source data 
for a control algorithm. In this regard, among the problems 
associated with the formation of algorithms to control the 
technical condition of hydrogen generators is the task on 
determining the source data for the implementation of such 
algorithms.

3. The aim and objectives of the study

The aim of this study is to determine the raw data for 
the formation of an algorithm to control the technical con-
dition of a hydrogen generator, which uses its frequency 
characteristics.

To accomplish the aim, the following tasks have been set:
‒ to construct a method for defining the raw data in order 

to form a control algorithm based on the use of the temporal 
characteristic of a hydrogen generator; 

‒ to determine the requirements for selecting a sampling 
interval when forming a data set;

‒ to consider the effect of the inertial properties of the test-
impact device on the outcome of determining the source data.

4. Construction of a method for determining raw data to 
form a control algorithm

The source data that underlie the formation of algo-
rithms for controlling the technical condition of hydrogen 
storage and supply systems could be based on the parame-
ters and characteristics for both static and dynamic modes 
of their operation. Papers [14, 15] employ the frequency 
characteristics in order to construct algorithms to control 
hydrogen generators. 

Let us consider a procedure for determining the frequen-
cy characteristics of a hydrogen generator, which is based on 
an indirect method. The essence of the method is as follows:

‒ it is assumed that the test impact is a jump-like change 
in the area of the hydrogen generator outlet hole, that is such 
an impact can be described by the Heaviside function;  

‒ the hydrogen generator’s response to this impact is a 
transition function; 

‒ the transitional function is measured over equal 
discrete time moments, that is an array of data is formed to 
conduct a computational procedure; 

‒ a conversion operator is formed to move from the 
parameters of temporal domain to the parameters in 
frequency domain;

‒ by using a formed dataset and the conversion operator, 
the frequency characteristics of a hydrogen generator are 
calculated. 

It should be noted that the time of implementation of 
such a procedure does not exceed the time of the transition 
process of the hydrogen generator. 

To determine the transition function of a hydrogen 
generator, the output hole area is changed according to 
expression

( ) ( )1 ,F t B t= ⋅      (1)

where B=const; 1(t) is the Heaviside function. 
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A transition function would take the form shown in Fig. 1 
with a solid line, that is it would represent the dependence of 
pressure increment P(t) in the hydrogen generator cavity on time.

Function P(t) can be approximated by expression

( ) ( )( )
0

1 0.5 ,
n

k
k

P t t k
=

= ∆ ⋅ − + t∑    (2)

where t is the interval of discreteness; Δk is the increment of 
pressure in the hydrogen generator cavity over time interval 
(k+1) t÷kt.

By applying the integrated Laplace transformation to 
expression (2), we obtain

( ) ( )1

0

exp 0.5 ,
n

k
k

P S S S k−

=

 = ∆ − + t ∑   (3)

where S is a complex variable. 
The integrated transfer function of a hydrogen generator 

will then be determined by expression

( ) ( ) ( )
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∑  (4)

where j is an imaginary unit; w is the circular frequency; 
F(S) is the Laplace representation of function F(t), which is 
described by expression (1). 

Expressions for the frequency characteristics of a hydro-
gen generator follow from (4): A(ω) are the amplitude-fre-
quency characteristics (AFC) and j(ω) are the phase-fre-
quency characteristics (PFC).

( ) ( ) ( )
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∑

∑    (6)

The formation of source data for the hydrogen generator 
control algorithm, for which we use frequency characteris-
tics (5) and (6), necessitates the choice of the parameter t, the 
interval of discreteness. To select this parameter, one can use 
the Kotelnikov-Nyquist-Shannon theorem, which requires that

10.5 ,mf −t =      (7)

where f is the maximum frequency of the function P(t) spec-
trum.

It should be noted that in contrast to the classic method 
for determining the frequency characteristics of a hydrogen 
generator, whose time of determination is two to three orders 

of magnitude longer than the transition process time, the time 
for determining such characteristics when using such char-
acteristics does not exceed the time of the transition process. 
Thus, the effectiveness of using the proposed method is higher 
than that when using the classical method by 2‒3 orders.

5. Defining the requirements for choosing a discreteness 
interval when forming a data array

In order to define the requirements to the discreteness in-
terval of the array of source data, it is advisable to solve a test 
problem. Solving this problem implies using expressions (5), 
(6) in order to determine the source data, provided that the 
discrete interval is variable and the margin of error in deter-
mining the source data does not exceed the required value. 

It should be noted that the choice of fm frequency does 
not have an unambiguous solution, because in order to select 
it, it is necessary to stipulate the value of a spectral charac-
teristic at this frequency. In this case, there is uncertainty 
in the margin of error, which is due to the discrete nature of 
function (2). To address these difficulties, it is advisable to 
choose the magnitude for parameter t from the condition for 
ensuring a permissible error of discredit.

To solve this problem, we shall determine the reaction of 
a hydrogen generator to the test-impact described by expres-
sion (1). This reaction will be described by expression

( ) ( ) ( )1 ,P t L W S F S−  =       (8)

where L-1 is the operator of the Laplace reverse transforma-
tion; W(S) is the transfer function of a hydrogen generator; 
F(S) is the Laplace representation of function F(t).

Given that expression [15] holds for a hydrogen generator

( ) ( ) ( )( ) 1

1 2 31 1 1 ,W S K S S S
−

 = − t t + t +   
 (9)

where K is the transfer ratio; ti is the i-th time constant, and 
for F(S) 

( ) 1,F S BS −=      (10)

one can record, for a hydrogen generator reaction, in the 
form of a single transition function

( ) ( )( ) ( )

( ) ( )

11

3 2

1 2 1 3
2 3

1

exp exp .

P t P t BK

t t

−−= = + t − t ×

    
× t + t − − t + t −    t t     

 (11)

This expression was treated with discredit operator (2), 
and the values for time constants ti were accepted to be 
equal to:

P(t)

P1

P2

t 2t kt (k+1)t t0

...
...

Dq0=P1

Dq1=P2-P1

P3

Pk

Pk+1

Dq2=P3-P2

Dqk=Pk+1-Pk

3t . . .

. . .

Fig.	1.	Determining	the	frequency	characteristics		
of	a	hydrogen	generator
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t1=7.9 ms; t2=6.5 ms; t3=14.4 ms.

The magnitude for parameter t varied in the range 
(0.25÷2.5) ms. 

The result of implementing this procedure was the for-
mation of an array of data with respect to Δk, k=0, 1, …, n for 
algorithms (5) and (6) at B=1.0. 

In order to compare results obtained in accordance with 
expressions (5) and (6), we used reference values for ampli-
tude-frequency characteristic A0(ω) and phase-frequency 
characteristic j0(ω) of a hydrogen generator. Frequency 
characteristics corresponding to transfer function (9) were 
used as reference frequency characteristics, that is

( ) ( ) ( ) 0.52 2
0 ;A M N w = w + w     (12)

( ) ( ) ( ) 1

0 arctan ,N M
−  φ w = w w       (13)

where 

( ) ( )
( )

2
1 2 1 3 2 3

1
2 2 2 2 2 2

2 3 2 3

1

1 ;

M
−

 w = − w t t + t t + t t × 

 × + w t + t + w t t   

 (14)

( ) ( )
( )

2
1 2 3 1 2 3

1
2 2 2 2 2 2

2 3 2 31 .

N
−

w = −w t + t + t − w t t t ×

 × + w t + t + w t t   

 (15)

Mismatch errors for the AFC and PFC of a hydrogen 
generator were determined from expressions

( ) ( ) 1

01 ;A A A
−

 d = − w w      (16)

( ) ( ) 1

01 .
−

φ  d = − φ w φ w      (17)

Fig. 2 shows examples of the distribution of errors dA and 
dj in the range of frequencies ω=(0÷400) s-1 at t=1.25 ms.

Fig. 3 shows dependences for the maximum values of er-
ror (16) and (17) at k=0.01÷0.1, where k is the factor in ratio

0,kt = t  0 25 ms.t =     (18)

It follows from an analysis of Fig. 3 that when select-
ing t=(0.25÷2.5) ms the maximum value of a mismatch 
error for the AFC of a hydrogen generator does not exceed 
1.4 %, and for a mismatch error for PFC does not exceed 
1.7 %. Such error values in the formation of source data to 
assess the technical condition of hydrogen generators do 
not exceed permissible values, which in practice are about 
5‒6 % [12].

6. Accounting for the effect of the inertial properties 
of the test-impact formation device on the result of 

determining the source data

It should be noted that the implementation of algo-
rithms (5) and (6) is based on the use of input impact in the 
form of the Heaviside function. In real-world conditions, 
there may be a difference between the input impact on a hy-
drogen generator and signal (1), which may be due to the in-
ertial properties of the device to change the area of its output 
hole. It is therefore useful to identify the conditions under 
which expressions (5) and (6) may be used without signifi-
cant losses in the accuracy of determining original data, and 
to devise recommendations to determine the source data for 
the event when the inertial properties of the device to form 
a test-impact cannot be neglected. In this case, it is assumed 
that the characteristics of the inertial properties of such a de-
vice are a priori defined. To solve such a problem in the first 
approximation, it is advisable to use the following expression 
instead of expression (1)

( ) 1 exp ,
t

F t B
T

  = − −    
   (19)

where T is the equivalent time constant of the device that 
forms the input impact on a hydrogen generator, defined a 
priori. It can also be assigned in the form of specifications 
for the device. 

At such a change in the outlet hole area of a hydrogen 
generator, there will be a change in the pressure in its cavity, 
described by expression

( )
( )

( )( )
( )11

1

2

1
,

1 1

S
P t BKL BKp t

S S TS
−

−

 − t ×
 = =
  × t + +  

 (20)

where 

( ) ( )( )( )

( )( ) ( )( )
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1
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2
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3

1
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.

exp exp

p t T T

t
T T

t t
T T

T

−
 = + t − t − t − t × 

  
t t + t − t − − t t + t − t ×  t  ×      × − + t + t + t −    t  

(21)

Next, the algorithm discussed above is implemented to 
determine the AFC and PFC of a hydrogen generator, that is 
the operators (2), (5) and (6) are applied to expression (21). 
The resulting frequency characteristics will contain errors 
caused by the expression (21) sampling, as well as the inertia 
of the device that forms the input impact.

Fig.	2.	Mismatch	error:	1	‒	amplitude	dA;	2	‒	phase	dj
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Fig.	3.	Mismatch	error	depending	on	the	multiplier	k:		
1	‒	dAmax;	2	–	djmax
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Fig. 4 shows dependences of errors dA and dj on frequen-
cy at T=0.5 ms and T=5.0 ms. Analysis of Fig. 4 shows that 
at T values commensurate with the time constants ti of a 
hydrogen generator, there is a significant increase in errors 
when determining its frequency characteristics. Therefore, 
when forming the input impact on a hydrogen generator, it 
is necessary that the device that forms this impact should 
have a time constant that is an order of magnitude less than 
the minimum value of the i-th time constant of a hydrogen 
generator.

Fig. 5 shows dependences for the maximum values of 
errors dA and dj at k=0.01÷0.1, where k is determined from 
expression (18).

From these dependences, it follows that at T=0.5 there 
are dAmax£3.4 %; djmax£5.3 %, which can be considered ac-
ceptable for practice. 

It should be noted that the requirements for speed to the 
device that forms the input impact on a hydrogen generator 
are quite strict. 

One of the most effective methods for easing such speed 
requirements is to take into consideration the dynamic 
properties of the device that forms an input impact in the 
algorithm for determining the frequency characteristics of 
a hydrogen generator. To do this, one should introduce to 
expression (4), instead of the Laplace representation of func-
tion (1), the Laplace representation of function (19). Upon 
substitution, we obtain 
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1 .
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k
k
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j k
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  − w + t  

∑  (22)

The magnitude of a time constant is determined a priori. 
Then the AFC and PFC of a hydrogen generator, taking into 
consideration the inertia of the device that forms the input 
impact, will be determined in accordance with algorithms
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In the implementation of these algorithms, compared 
to algorithms whose formalization was carried out in the 
form of expressions (5) and (6), there will be an additional 
error. This error is due to the inaccuracy in determining 
the magnitude for time constant T. However, the mag-
nitude of this error can be ensured to be commensurate 
with the sampling error. This approach to determining 
the source data for implementing the algorithm for con-
trolling the technical condition of a hydrogen generator 
is appropriate when the T parameter is commensurate in 
the magnitude, or exceeds, the values for time constants ti.

7. Discussion of results obtained when preparing  
the source data

Frequency characteristics are used as the source data 
that underlie the formation of an algorithm to control the 
technical condition of a hydrogen generator. In contrast to 
the classic approach to determining frequency character-
istics, an indirect method for determining them has been 
used. This method is based on the use of an array of data, 
derived from measurements of the transition function of 
a hydrogen generator at the a priori set time moments. 
The measurements results are used to approximate the 
transition function of a hydrogen generator with a set of 
the Heaviside functions (Fig. 1). This procedure makes 
it possible to formalize the transition from a temporal 
function to the frequency-dependent functions. The Ko-
telnikov – Nyquist – Shannon theorem (7) can be used 
to determine the moments in time at which the hydrogen 
generator transition function is measured. However, there 
is an uncertainty in this case, which is associated with the 
choice of the magnitude for a maximum frequency of the 
spectral characteristic of the test-impact. To remove this 
uncertainty, the choice of time moments for measuring the 
transition function of a hydrogen generator is based on the 
margin of sampling error. To this end, the procedure for 
determining the frequency characteristics of a hydrogen 
generator has been tested. In this case, as the reference 
frequency characteristics, we used the characteristics 
that were determined analytically (12) and (13). For the 
case when the device for the formation of test-impact in 
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determining the transition function is inertia-free, the 
sampling interval of 2.5 ms yields the mismatch error 
of frequency characteristics that does not exceed 1.7 % 
(Fig. 3). If the inertial properties of such a device are 
not neglected, its model in the first approximation can 
be approximated by the model of an aperiodic dynamic 
link (19). For such a case, a mathematical notation of 
the hydrogen generator output signal (21) was obtained, 
which is used in the procedure considered for determining 
its frequency characteristics (23), (24). After solving the 
test problem, recommendations were received regarding 
the dynamic properties of the test-impact formation 
device. These recommendations come down to that the 
magnitude for an equivalent time constant of such a de-
vice should be an order of magnitude less than the highest 
value of time constant of a hydrogen generator. For the 
case when this causes difficulties in the technical imple-
mentation, a procedure for determining the source data 
has been developed, which takes into consideration the 
inertial properties of the device to form a test impact.

The merit of the developed procedures for determining 
the source data to form algorithms to control hydrogen 
generators is a short time to implement them. This period 
equals the time of a transition process, which is n times 
less than that in the classical method, where n is the 
number of measurements of a transition function that can 
reach several tens or hundreds.

The proposed approach to determining the source 
data to form an algorithm to control the technical condi-
tion of a hydrogen generator provides information about 
its dynamic properties over the entire range of working 
frequencies. In this case, such information is obtained by 
moving from a time domain to a frequency domain using 
computational procedures (5), (6) or (23), (24), provided 
the margin of error does not exceed a few percent. When 
using this approach to determine the source data, it is 
necessary to note that the maximum magnitude for a time 
constant of a hydrogen generator is about (10÷20) ms. 
This means that fast-acting measuring equipment should 
be used. In this case, it might prove difficult to convert 

pressure into an electrical signal. One such difficulty may 
be the implementation of the inertia-free conversion of 
signals. In this regard, the current study should be further 
advanced by taking into consideration the inertial prop-
erties of devices that provide a connection between the 
output signal of a hydrogen generator and the measuring 
equipment.

8. Conclusions 

1. A method for determining the source data has been 
developed, in order to form an algorithm to control the 
technical condition of a hydrogen generator, which is 
based on the use of a test-impact in the form of a jump-like 
change in the area of a hydrogen generator outlet hole, 
followed by the calculation of its frequency characteris-
tics based on measurements, at discrete time moments, of 
the transition function of such a generator. This approach 
reduces the time it takes to determine the source data 
by 2 to 3 orders of magnitude compared to the classical 
method.

2. Recommendations have been developed to select 
the interval of discreteness in the formation of an array 
of data used to determine the source data in the hydrogen 
generator control algorithm. It has been shown that for a 
sampling interval over which the measurement of a tran-
sition function is performed, equal to (0.25¸2.5) ms, the 
error in determining frequency characteristics does not 
exceed 1.7 %.

3. It is shown that for the case when the magnitude 
for a time constant of the device that forms a jump-like 
test-impact on a hydrogen generator is commensurate to, 
or exceeds, the values of time constants for this generator, 
it is necessary to take into consideration the inertial prop-
erties of such a device. The inertial properties are taken 
into consideration by the introduction of an additional 
multiplier, containing the equivalent time constant of the 
device, to the analytical expressions for the frequency 
characteristics of a hydrogen generator.
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