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1. Introduction

One of the promising directions when creating high-ef-
ficiency power plants is to employ hydrogen as their work-
ing body [1]. Requirements to maximum autonomy and 
long-lasting operation of such systems at their minimal 
dimensions necessitated the use of systems for hydrogen 
storage in the chemically bound state. The main element in 
the systems for hydrogen storage and supply in the bound 
state is a hydrogen generator. Technical condition of the 
hydrogen generator in such systems largely determines the 
level of safety during operation of power plants in general. 
A set of experimental studies conducted, for example, at a 
rocket propulsion system bench [2], shows the relevance of 
ensuring their safe operating conditions. 

With a view to the safe operation of power plants using 
hydrogen, such parameters and characteristics must be 
put in place that ensure serviceable technical condition of 
all their elements [3]. Guaranteed provision of technical 
specifications of one of the basic elements in the system of 
hydrogen storage and supply can be achieved through the 
implementation of appropriate control algorithm over its 
technical condition.

2. Literature review and problem statement 

The processes of hydrogen generation in the storage and 
supply systems have been rather well examined. The main re-
sults of these studies are outlined in [4]. This paper, however, 
considers only conceptual issues on the benefits of utilizing 
hydrogen in energy systems. Quantitative indicators of 
such systems are given in the integral form only. Article [5] 
presents data on that it is very promising to apply methods 
of obtaining hydrogen from substances, in which it is in the 
chemically bound state, for the thermal elements of portable 
devices. By using a technology for obtaining H2 from water 
employing Al modified with ceramic oxides as an example, it 
is shown that the side products of the reaction are chemically 
neutral while the yield of hydrogen may reach (3.7‒4.8 %). 
The data presented are, however, the result of laboratory 
studies while control over hydrogen generation parameters is 
implemented with receiving indirect redundant information. 
This information is applied for the further study into hydro-
gen generation processes and is not used to solve the tasks on 
monitoring and diagnosis.

Paper [6] reports results of determining only certain 
thermodynamic characteristics of the hydrogen sorption 
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processes (constants of reaction rate, the activation energy, 
etc.). It lacks data that describe dynamic properties of such 
systems. Article [7] described the models of processes oc-
curring in hybrid systems using isothermal charts. Such a 
description gives rise to quite serious obstacles for designing 
algorithms to control and diagnose these systems. These 
obstacles arise from the need to apply algorithms of informal 
logic, which leads to complexities in hardware and software 
support for control and diagnosis systems.

A special feature of hydrogen production using hy-
dro-reactive formulations is the presence of hydrolysis 
reaction. This reaction is characterized by a pressure 
change in the cavity of a hydrogen generator in the range 
of (1‒70) MPa [4]. Paper [8] pointed to the fact that the 
process of obtaining hydrogen by the hydrolysis can yield 
large amounts of heat (up to 15 MJ/kg). Such a mode of 
operation may predetermine potential emergencies [9]. In 
[10], attention is drawn to the fact that despite the use of 
hydrogen in transportation, the necessary infrastructure 
to ensure its efficient utilization is missing. Specifically, 
monitoring and diagnosis of equipment for hydrogen gener-
ation are trivial.

Authors of these papers, in order to ensure safe operation 
of systems and their elements, apply pressure monitoring 
sensors [4], temperature sensors [8], as well as hydrogen con-
centration sensors [9]. The industrial designs of hydrogen 
generators usually execute control over one or two parame-
ters [11]. These sensors typically possess relay static charac-
teristics with a preset implementation of control algorithms 
of the trivial type based on the principle “pass-no pass”. In 
doing so, such parameters are controlled that characterize 
local properties of hydrogen generators. Paper [12] showed 
that the automation and control over technical condition of 
complex technical systems make it possible to improve their 
technical readiness factor. However, there is no algorithm 
for solving this problem in the paper. In this regard, one of 
the challenges in ensuring the safe operation of power plants 
using hydrogen is such organization of technical inspection, 
which is based on the use of its integral properties. Charac-
teristics that describe integral properties of power plants and 
their elements include frequency characteristics.

3. The aim and objectives of the study

The aim of present work is the design of control algo-
rithm for technical inspection of the hydrogen generator 
taking into consideration its dynamic properties.

To achieve the set aim, the following tasks have to be 
solved:

– on the laws of preservation of mass and energy, to 
obtain a mathematical description of processes of hydrogen 
generation in the form of a system of differential equations;

– by using a transfer function of the hydrogen genera-
tor, to construct a model of hydrogen generator in frequen-
cy domain;

– to identify a simplified model of the generator in fre-
quency domain and its parameters;

– by taking into consideration the approximated mathe-
matical description of the hydrogen generator, to estimate its 
reaction to test-impacts in the form of impulse and harmonic 
changes in the area of its outlet, and to justify a criterion for 
determining its technical condition.

4. Design of control algorithm over a technical condition 
of the hydrogen generator

In order to describe an operation mode of the hydrogen 
generator, it is possible to employ a method of the so-called 
“zero-dimensional” ballistics, which is based on the hypothesis 
on using the generator characteristics averaged by volume [4]. 

In this case, for a quasi-constant composition of the gas 
generation reaction products, in accordance with the laws of 
preservation of mass and energy, it is possible to write in the 
first approximation

 ;k

dP
V kRT S U k RT A PF

dt ∗= χ ρ − µ  	 (1)

 ( ) ( 1) ,k

dT T
V k T T SU k A PF

dt RT
∗ρ = χ − ρ − − µ

where P and T are, respectively, pressure and temperature 
of the gaseous phase in the generator, averaged by volume; 
U is the rate of gas generation, averaged by volume; V is the 
free volume of cavity of the gas generator; k is the adiabatic 
index; R is the gas constant; T* is the average temperature in 
the reaction zone at the inter-phase boundary; χ is the heat 
loss coefficient, average by volume and time, in a cavity of 
the gas generator; S is the surface area of gas release; μ is the 
coefficient of flow rate through the outlet; F is the outlet’s 
cross-sectional area; ρ is the density of the gas generated; 
Ak is the function of isentropic index
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To close the system of equations (1), it must be supplement-
ed with a gas state equation in average magnitudes, that is, 

,P RT= ρ  	 (2)

as well as with the equation that describes the law of gas 
release and which takes, for example, the following form:

 
2
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where ci, i= 0,2  are the constants. 
We shall linearize the system of equations (1) by expand-

ing into a Taylor series of relatively small deviations:
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where index “0” refers to a quasi-stationary state. 
In the case of organizing a generation process with the 

possibility of a free release of the produced hydrogen from 
reaction volume, at each moment the yield of the gaseous 
reaction products will differ very little from its consumption. 
In this regard, we shall consider the quasi-stationary values 
to be such values of pressure, temperature, and density, at 
which the yield of the gaseous reaction products differs from 
the consumption by the magnitude that is small compared to 
the values of the yield and consumption. 

In addition, we shall take into consideration that there 
is a correlation
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Then the system of equations (1) can be reduced to the 
following system of 2 equations:
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(6)

It should be noted here that the second equation of sys-
tem (6) is recorded in this form taking into consideration 
expression (2). 

If a notation is introduced:
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then the system of equations (6) is transformed to the form:

Δ
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In this case, relation ∗= χ0 .T T  is taken into consideration. 
System of differential equations (7) will be matched with 

a second-order differential equation that takes the form
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Then, in accordance with equation (8), we shall write a 
transfer function of the gas generator in the form
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In expressions (10), L is the integral Laplace transform 
operator. 

Proceeding to the standard form of representation of 
the transfer function, expression (9) will be transformed as 
follows:
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Transfer function (11) will be matched with a logarithmic 
amplitude-AFR(LAFR) of the hydrogen gas generator l(ω) 

( ) ( )20lg ,l Aw = w  	 (13)

where A(w) is the amplitude-AFR(AFR) of the gas genera-
tor, the expression for which takes the form
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Fig. 1 shows a graphic asymptotic dependence (13) for 
the case of vertically oriented reaction surfaces of hydro- 
reactive compositions (HRC) (hydrogen consumption is 
4·10-4 kg·s-1, the ratio of the cross-sectional area of the hy-
drogen generator’s outlet to the surface area of gas release 
is equal to 0.02). For such an operation mode of the gas gen-
erator, parameters of transfer function (11) are equal to [4]: 
K=1.33 kg(m3·s2)-1; τ1=7.9 ms; τ2=6.5 ms; τ3=14.4 ms.

It follows from an analysis of dependence l(w) that this 
dependence can be approximated by dependence l0(w), 
which corresponds to LAFR of aperiodic link with a cou-
pling frequency w0, determined from expression

( ) ( )1 1 1 1
0 3 2 1 3 2 1 00,5 0,5 ,− − − −w = w + w − w = t + t − t = t  	 (16)

where τ0 is the time constant of the aperiodic link. For the 
examined case, τ0=12.0 ms. 
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Fig. 1. LAFR of the gas generator based on HRC: 	
1 – l  (w); 2 – l0 (w)

Fig. 2 shows dependences for between A(w) and between 
A0(w) where

( ) ( ) 0,52 2
0 01 ,A K

−
w = + w t .	  (17)

Fig. 3 shows dependence for the error of misalignment 
between these frequency characteristics
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Fig. 3. Error of misalignment between A(w) and A0(w)

An analysis of these dependences indicate that the max-
imum value of the error of misalignment between A(w) and 
A0(w) does not exceed 3.5 %. 

Approximation of the characteristics of A(w) with func-
tion A0(w) makes it possible to implement control algorithm 
over the technical condition of gas generator of the hydrogen 

storage and supply system. Such a control algorithm can be 
implemented in the following way.

At the first stage, we change the area of outlet ΔF(t) in 
accordance with expression

( ) ( ) ( )0
0

sin 1 1 ,
t

F t A t t t
t
π  Δ = − − 

	

 (19)

where A, t0 are the amplitude and duration of a single pulse 
of a semi-sinusoidal form, respectively; 1(·) is the Heaviside 
function. 

A change in area ΔF(t), in accordance with (19), will be 
matched with a change in pressure ΔP(t) in the cavity of a 
gas generator, described by +expression
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0 ,P t L W S F S−  Δ = Δ  	 (20)

where L-1 is the operator of inverse integral Laplace trans-
form; ΔF(S) is the representation of function (19) by Laplace; 
W0(S) is the transfer function of the gas generator whose 
AFR takes the form (17). 

This expression after concretization is transformed as 
follows:
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(21)

Upon completion of the transient processes and at time 
t=0,5t0, in line with (21), there is

( ) 12 2 2 2
0 0 0 .P KAt t

−
Δ = + π t  	 (22)

The magnitude ΔP is measured. Then, at a priori assigned 
values of parameters A and t0, as well as at known magnitude 
of transfer coefficient K, the magnitude of parameter τ0 will 
be determined from expression

0,5

0
0 1 .

t KA
P

 t = −  π Δ
 		  (23)

This ends the first stage of implementation of the control 
algorithm over technical condition of the gas generator. 

At the second stage, we register area F0=const of the 
outlet of gas generator and measure pressure P0=const in its 
cavity. Next, we change area ΔF(t) of the outlet of gas gen-
erator in line with the sinusoidal law at frequency w0 whose 
magnitude is determined from expression

0,5
1

0 0
0

1 ,
KA

t P

−
− π  w = t = −  Δ

 	 (24)

that is, we change magnitude ΔF(t) in line with expression [13]

( ) 0 0sin ,mF t F F tΔ = + w 	 (25)

s
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where Fm is the amplitude whose magnitude is a priori 
assigned. 

A change in area ΔF(t) under established operation mode 
of the gas generator will be matched with a change in pres-
sure ΔP(t) in its cavity, that is

( ) ( )0 0sin ,mP t P P tΔ = + w + f  	 (26)

where Pm is the amplitude of a variable component of pres-
sure in the cavity of gas generator; φ is the phase shift angle 
between ΔP(t) and ΔF(t).

There is a relation between the parameters of expres-
sions (25) and (26)

( ) ( ) 11
0 0 0 00 ,m mP P F A F A

−−  = w  	 (27)

which, considering (17) and (24), transforms this relation 
to the form

1 1
0 02 .m mP P F F− −=

	
 (28)

The magnitude Pm is measured. Then, at a priori assigned 
small number ε, the result of control over technical condition 
of the gas generator in the hydrogen storage control system 
can be obtained by applying criteria

1 1
0 02 ,m mP P F F− −− ≤ ε  	 (29)

that is, if this condition is satisfied, then technical condi-
tion of the gas generator is accepted to meet regulatory 
requirements.

5. Discussion of results of designing an algorithm for 
technical condition of hydrogen generators based on 

hydro-reactive formulations

Development of the algorithm to control technical con-
dition of the hydrogen generator was preceded by studies, 
earlier conducted by the authors, in the field of production, 
storage and supply of hydrogen. The results of these studies 
are given in the concentrated form in papers [4, 9]. Further 
development of the research was predetermined by the need 
to create hydrogen generators with improved performance 
characteristics. One of the directions of this work is to build 
effective control systems. 

The designed control algorithm over technical condition 
has the following advantages:

– ease of implementation of test-impacts, which repre-
sent in one case a pulse of half sinusoidal form, and in the 
second ‒ harmonic signal of constant frequency;

– in a standard variant of technical implementation of 
hydrogen generators, the frequency of a test-impact does 
not exceed 20 Hz, which is rather simply implemented in 
mechanical devices;

– technical condition of the hydrogen generator is as-
sessed under dynamic mode of its operation;

– technical condition of the hydrogen generator can be 
estimated during its regular operation.

The developed algorithm for control over technical con-
dition of the hydrogen generator [13] is a theoretical basis for 
constructing an automated control system for the devices of 
this type. 

A signature of the devised control algorithm over tech-
nical condition of the hydrogen generator is the establish 
of belonging of a figurative point, which characterizes its 
dynamic state in some region. We propose using, as such 
a region, the region whose dimensions are limited by the 
magnitude of small parameter ε  on the amplitude-frequency 
characteristic of the hydrogen generator. The center of this 
region is determined by two coordinates: the magnitude 
of pairing frequency and the value of amplitude-frequency 
characteristic of the hydrogen generator at this frequency.

If a figurative point of the hydrogen generator enters this 
region, its technical condition is considered to meet regula-
tory requirements.

It should be noted that the ideology underlying control 
algorithm over technical condition of the hydrogen gen-
erator has become feasible for implementation as a result 
of transition to a simpler mathematical description of the 
generator. Specifically, with such a simple mathematical 
description of properties of the generator, we employ only 
two parameters ‒ a transfer coefficient and a time constant. 
The magnitude of time constant of the hydrogen generator is 
the magnitude inverse to its frequency of conjugation. When 
the (proposed) mathematical model of the hydrogen gener-
ator is applied, a time constant fully determines its dynamic 
properties. With a stricter hydrogen generator description, 
they use four parameters. When passing to a simplified 
mathematical model of the hydrogen generator, the error of 
misalignment for the typical values of its physical parame-
ters does not exceed 3.5 %.

It should be noted that the possibility to employ a sim-
pler mathematical description of the generator hydrogen 
appeared as a result of transition from a system of differential 
equations to the transfer function. This, in turn, allowed us 
to identify special features in the hydrogen generator when 
describing it in the frequency domain.

The proposed approach to building a control algorithm 
over technical condition of the hydrogen generator is valid 
assuming that its properties are described by a linear system 
of differential equations. This mathematical description, in 
turn, holds for small deviations in physical variables from 
their values under a quasi-stationary mode of hydrogen 
generation. In this regard, further development of studies 
into control over technical condition of hydrogen generators 
should be aimed at determining the borders of admissibil-
ity when using linear models. In addition, the very idea of 
the method of “zero-dimensional” ballistics is based on the 
characteristics of generator averaged by volume. That is 
why, when improving the proposed algorithm for technical 
inspection of the hydrogen generator, there may arise a task 
on assessing such averaging.

6. Conclusions

1. It is shown that according to the laws of preservation 
of mass and energy, the process of hydrogen generation from 
the substances in which it is in the chemically bound state 
can be described by a system of linear differential equations. 
Such a description of hydrogen generation processes opens 
up the prospects for using the methods of technical cyber-
netics in the study of linear systems.

2. By employing a transfer function of the hydrogen 
generator, we performed a transition from the time domain 
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of description of hydrogen generation processes to the fre-
quency area. In the frequency domain, hydrogen generator 
properties are represented in the form of an asymptotic log-
arithmic frequency characteristic. Such a description of the 
hydrogen generator properties allows us to solve the task on 
identifying its simplified model, by reducing the number of 
model parameters from four to two.

3. We identified a simplified model of hydrogen genera-
tor in the frequency domain in the form of a model of equiv-
alent dynamic link, and determined its parameter ‒ the 
time constant, which fully reflects its dynamic properties, 
in particular, performance efficiency. A methodical inaccu-
racy, caused by the misalignment between models, does not 
exceed 3.5 %.

4. A mathematical description is obtained for the reaction 
of hydrogen generator to two kinds of test-impacts ‒ in the 
form of a pulse of a semi-sinusoidal form, and in the form of a 
harmonic function of time. The first kind of test-impact makes 
it possible to identify the magnitude of time constant of the 
generator. The second type of test-impact whose frequency 
is determined by the magnitude of time constant of the hy-
drogen generator, makes it possible to obtain estimates for 
informational parameters ‒ a constant and a variable of pres-
sure components in its cavity. We proposed the criterion for 
determining a technical condition of the hydrogen generator, 
which implies entering of a figurative point that describes the 
current state of dynamic processes in the hydrogen generator, 
and is determined by using informational parameters.
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