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1. Introduction 

Synchronous generators with permanent magnets, which 
possess high technical and economic indicators, are most 
common as electric generators of power plants for various 
purposes. The main disadvantage of these generators is the 
lack of effective methods for controlling the magnetic flux 
and, accordingly, the output voltage, which limits the opti-
mization of the energy balance when the load and/or shaft 
speed change, in particular in modern conditions of rapid 
development of autonomous electric power systems.

One of the ways to solve this urgent problem is to use 
contactless magnetoelectric generators with axial magnetic 
flux (MGAMF), which have an additional fixed magnetization 
winding on the stator as a magnetic flux controller. The change 
in the amplitude of the main magnetic flux in the air gap occurs 
due to the use of a structural technique: part of the permanent 

magnets on the rotor is replaced by a magnetically soft material 
called a magnetic shunt. Magnetoelectric machines with axial 
magnetic flux are widely used in various industries: electric 
transport, renewable energy, for fans and pump drives, in avi-
ation technology, robotics, as well as low-speed high-torque 
electric drives, since they have a compact structure that enables 
integration with a variety of devices.

2. Literature review and problem statement

Paper [1] proposes a method for improving the char-
acteristics of generators with permanent magnets with a 
double stator with an axial magnetic flux. The performance 
improvement is achieved by incorporating a continuous 
and discrete stepped bevel along with a special winding 
connection. Due to the use of special design solutions, it 
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The object of this research is electromechanical processes in 
a generator with an axial magnetic flux and a double stator and 
an additional non-contact excitation winding operating as part of 
autonomous electric power systems. The power of the additional 
excitation system is about 2 % of the generator power.

The presence of an additional non-contact winding, which is 
powered by direct current, makes it possible to control the generator 
voltage by changing the excitation current. This resolves the task to 
stabilize the output voltage of the generator with permanent magnets 
when the load and shaft speed change.

This paper reports the construction of a three-dimensional field 
axisymmetric mathematical model of the generator under study, which 
has made it possible to calculate and investigate its characteristics 
and parameters, in particular the magnitude of magnetic induction 
in all structural elements. The model built takes into account the 
influence of finite effects, magnetic scattering fields, and the radial-
axial nature of the closure of the main magnetic flux and the magnetic 
flux of the additional excitation winding. The use of a structure with 
a double stator makes it possible to more efficiently utilize the usable 
volume of the generator and to increase its power.

A mathematical model of the generator in the d-q coordinate 
system was built, which has made it possible to synthesize algorithms 
for controlling the automatic voltage stabilization system of the 
generator voltage under conditions of change in load and shaft 
speed. Control algorithms were developed  on the basis of the concept 
of inverse dynamics problems in combination with minimizing local 
functionalities of instantaneous energy values, which ensures that 
the system is robust when changing generator parameters and 
that regulators are implemented in a simple way, due to the lack of 
differentiation operations.

Based on the models built and algorithms developed, the quality 
of control of the generator's output voltage when the load and 
frequency of the generator change was investigated by modeling 
in the MATLAB/Simulink environment. When setting a jump in the 
rated load and changing the rotational speed within ±15 % of the 
rated value, the automatic stabilization system provides astatic 
voltage control at a given level of 48 V. 

The results can be practically used in the design of autonomous 
electric power systems with high energy conversion efficiency, in 
particular wind turbines and hydraulic units
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experimental results, it is proved that the voltage stabiliza-
tion circuit is suitable for the performance characteristics 
of a generator with permanent magnets. This provides a 
convenient and reliable method for designing and develop-
ing a voltage stabilization circuit and promotes the use of a 
generator with permanent magnets on agricultural vehicles. 
However, the cost of such a system significantly exceeds the 
cost of the generator and loses competition in the market. 
In addition, the use of a stabilization system based on a con-
trolled rectifier increases the cost, weight, and volume of the 
generator with permanent magnets while reducing the effi-
ciency of both the generator itself and the system as a whole.

In [6], the optimization of a fuzzy automatic voltage con-
troller for the generation system using a real-time recurrent 
algorithm was carried out. Typically, this algorithm is used 
to train recurrent neural networks. The controller consists of 
a compact fuzzy system based on Boolean ratios, resembling 
controllers such as PI, PD, PID and second order. To imple-
ment the optimization of controllers, different values of error 
and output values are used. However, there are no results of 
experimental studies of such a system in the work, which 
may differ significantly from the simulation results.

Methods for improving the reliability and efficiency of 
axillary generators with hybrid excitation are presented 
in [7]. Since the magnetic flux of the proposed generator is 
three-dimensional, a three-dimensional mathematical model 
by a method based on an equivalent magnetic circuit has 
been built in the work. The model also takes into account 
the position of the rotor. The analysis of the efficiency of 
using an additional winding at different excitation currents 
and load currents was carried out. The simulation results 
coincide within satisfactory limits with the results of exper-
imental studies. According to the authors of the work, this 
method of assessing the initial parameters of the generator 
has a significant amount of error and, to obtain accurate re-
sults, it is necessary to combine various modeling methods.

The method of controlling synchronous generators with 
permanent magnets due to the weakening of the magnetic 
flux is described in [8]. The paper proposes a new method for 
controlling the weakening of the flow with a quick response 
to the transition current. The change in dynamic voltage 
reserve and its reaction were analyzed in detail. Accord-
ingly, it is proposed to control the weakening of the flow 
through joint control of dynamic current compensation and 
adjustment of the current error along the d axis. To assess the 
effectiveness of the proposed method, a traditional method of 
attenuation of the flow based on the PI-controller and a low-
pass filter method have been developed. The results of the 
simulation and experiment show that the proposed method 
improves the transient. However, the high cost and complex-
ity of such a system limits its use in  energy-efficient systems.

In [9], the use of a six-phase synchronous generator with 
permanent magnets is considered. A simulation model in the 
MATLAB/Simulink environment has been developed to 
assess the effectiveness of the output voltage stabilization 
system. Using this approach makes it possible to reduce the 
amount of copper used while expanding the control range. 
No confirmation of the adequacy and reliability of the results 
obtained in the work is given. 

Paper [10] reports a new wind power system using 2 five-
phase synchronous generators with permanent magnets. It 
is controlled by a rectifier with fifteen switches for a system 
connected to the network. To improve the control efficiency 
of the proposed wind system, a sliding control mode was ap-

was possible to reduce pulsations and torque fluctuations, 
simultaneously with an increase in the output torque. Torque 
pulsations create noise and vibrations that degrade the per-
formance of the machine and shorten its service life. The 
specific volume and weight of the generator is kept constant 
along with the size of the magnet and the design parame-
ters relative to known structures. Comparative analysis is 
performed using three-dimensional (3D) analysis by the 
method of finite elements. However, the cited work does not 
report the results of experimental research that could make 
it possible to assess the reliability of the findings.

Variants of structural execution of generators with axial 
magnetic flux, including non-magnetic designs of stators and 
with an iron core, are investigated in [2]. Based on analytical 
expressions, an algorithm for obtaining optimal characteris-
tics of such generators is shown. A refining model has also 
been built that takes into account the higher harmonics of 
the magnetic field distribution. The paper presents a sim-
plified mathematical model constructed for the cases of op-
eration of an autonomous generator connected to a 3-phase 
power grid and loaded with a diode rectifier. To confirm the 
correctness of the reported calculations, analytical calcula-
tions, and calculations by the method of finite elements, as 
well as laboratory tests, were carried out. However, the ana-
lytical models are based on numerous assumptions and sim-
plifications, which limits the use of the above expressions.

Comparison of methods for calculating generator param-
eters with axial magnetic flux and with permanent magnets 
is given in [3]. The generator under study is designed to work 
on a wind power plant. To calculate the parameters of a gen-
erator with an axial magnetic flux with permanent magnets 
without a magnetic core, an analytical method, and methods 
of two-dimensional and three-dimensional modeling by the 
finite-element method were used. The analytical method and 
the two-dimensional model were applied to individual cross 
sections through the air gap of the generator. Analytical 
methods and a two-dimensional model require the correct 
interpretation of the results when comparing them with the 
simulation results on a three-dimensional model. The work 
does not contain data on the error of the obtained results and 
information on the  accuracy of measurements, which may 
cast doubt on the results.

Design, analysis, manufacture, and testing of two min-
iature generators with axial magnetic flux are given in [4]. 
To reduce the torque of magnetic resistance, the generator 
creates a static magnetic field consisting of a multilayer flat 
winding and two multipole rotors with permanent magnets 
on either side of the winding. To more significantly reduce 
the torque of resistance and save space, the second generator 
is made with a multilayer flat winding on the rotor and sta-
tor. This makes it possible to abandon the generator case. Ex-
perimental studies of prototypes were carried out on a low-
speed wind turbine at a wind speed of 1–2 m/s. However, the 
work does not disclose the algorithm of the output voltage 
control system of this unit, which is especially important for 
autonomous wind power plants.

To ensure a stable output voltage of the generator with 
permanent magnets, paper [5] proposed a method to control 
the magnitude of the speed of rotation. A mathematical mod-
el of a generator with permanent magnets in the coordinate 
system of synchronous rotation is constructed in the work 
and a voltage stabilization scheme was developed. A gener-
ator voltage stabilization scheme was also built at different 
speeds and loads. By comparing the simulation results with 
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plied to control the converters both on the generator side and 
on the network side. The simulation results show that the 
controlled variables correspond to their standards regard-
less of wind speed fluctuations. The results of experimental 
studies are shown indistinctly, without a description of the 
necessary equipment and test program, which casts doubt on 
the adequacy of the results.

Thus, the results of our review revealed that the issue of 
increasing the efficiency of energy conversion in MGAMF 
requires further research, taking into account the effect on 
the output voltage of the generator of changes in the load 
and the speed of rotation of the shaft when working as part 
of autonomous electric power systems.

3. The aim and objectives of the study 

The aim of this work is to increase the efficiency of en-
ergy conversion in MGAMF as part of autonomous electric 
power systems by designing and researching MGAMF with 
a double stator and an additional magnetization winding.

To accomplish the aim, the following tasks have been set:
– to build a three-dimensional field mathematical model 

of MGAMF with a double stator and an additional magne-
tization winding;

– to conduct research on the results of calculations and 
modeling of MGAMF using the constructed three-dimen-
sional asymmetric field model;

‒ to build a mathematical model of MGAMF with an 
additional winding of magnetization in the coordinate sys-
tem d‒q;

– to develop algorithms for controlling the system of au-
tomatic stabilization of the generator voltage when the load 
and shaft speed change;

‒ to investigate the control quality of the designed sys-
tem of automatic voltage stabilization of the generator.

4. The study materials and methods

The object of our research is electromechanical processes 
in a generator with an axial magnetic flux and a double sta-
tor operating as part of electric power systems.

The main hypothesis assumes that in order to regulate 
the output voltage of MGAMF, a change in the  current of 
the additional winding is performed. This leads to a change 
in the magnetic flux in the air gap and, as a result, to an in-
crease or decrease in the output voltage.

During MGAMF operation, it is assumed that the load 
is constant, and its values are not influenced by external 
factors and internal ones; the rotational speed is constant.

Fig. 1 shows the structure and cross-section of the studied 
MGAMF. The choice of the main dimensions for the gener-
ator is approximately based on calculations using classical 
procedures and employing the practical experience of research 
engineers [11]. To simplify the presentation of the material, 
the calculation procedure is not given in the current paper.

The magnetic shunt is made of a magnetic conductive 
material: a solid piece of steel, a composite ferromagnetic 
material, or a ferromagnetic powder material. The shunt 
forms a path for closing the main magnetic flux of permanent 
magnets on the one hand, and, on the other hand, forms a 
path for closing the magnetic flux of the additional winding.

Fig. 1. Schematic showing the studied magnetoelectric 

generator with axial magnetic flux: 1 – generator rotor 

shaft; 2 – generator housing (capsule) made of magnetic 

conductive material; 3 – additional winding; 4 – generator 

rotor made of non-magnetic material; 5 – permanent 

magnets of type NdFeB N38H; 6, 7 – two stators of the 

investigated generator with an armature winding; 8 – flanges 

with bearings; 9 – magnetic shunt

Fig. 1, b shows the axial cross-section of the generator 
under study with the basic dimensions.

The main parameters of the electric generator under 
study are given in Table 1.

Table 1

The main parameters of the generator under study

No. Parameter Value 
Measure-
me nt unit

1 Full rated power 700 V·А

2 Estimated voltage of the generator 48 V

3 Number of phases 3 –

4 Rotational frequency 1,000 rpm

5 Number of poles 6 –

6 Type of permanent magnets
NdFeB 
N38H

–

7
Diameter/axial length of permanent 

magnets
25/8 mm

8 Power factor 0.9 –

9
Diameters of the magnetic core of 

the stator
135/85 mm

10 The length of the stator core 23.0 mm

11 Axial length of the rotor 8.0 mm

12 The outer diameter of the generator 270.0 mm

13 The size of the air gap 0.5 mm

14 Estimated efficiency 92 %

15 The number of grooves on the stator 18 –

16 Steel brand 3416 –

The finite-element method used to solve the problem is 
implemented in the COMSOL Multiphysics 5.5 software 
package.

The study of control quality was carried out by model-
ing in a MATLAB/Simulink environment with generator 
parameters. 
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5. Results of investigating control algorithms for a 
magnetoelectric generator with an axial magnetic flux 

and a double stator

5. 1. Construction of a three�dimensional axisym�
metric field mathematical model

To reduce the power of the computer, reduce the time 
spent on each iteration of numerical calculation, increase 
the efficiency of using numerical methods, an axisymmetric 
model has been built in the framework of this work. The mod-
el has 2 types of symmetry: geometric (sectoral) symmetry 
and mirror symmetry with respect to a plane perpendicular 
to the axis. This makes it possible to reduce the geometry of 
the total calculated area to such as shown in Fig. 2.

Fig. 2. Estimated area of the constructed model: 1 – periodic 

boundary conditions; 2 – boundary conditions between the 

stator and rotor; 3 – zero boundary conditions; 4 – armature 

winding; 5 – generator rotor with permanent magnets; 

6 – additional winding

Periodic boundary conditions are set at the boundaries 
of symmetric sectors of the calculated area. For the model 
built, the condition of periodicity is given, since in neigh-
boring sectors of the model the residual magnetization of 
permanent magnets changes its sign. Mathematically, the 
condition for the vector magnetic potential A is written as 
follows

A12=–A21.
 

  (1)

Boundary conditions between the stator and rotor must 
coincide with the boundary conditions (1).

For this boundary of the calculated region, zero bound-
ary conditions of the first kind are set for the tangent com-
ponent of the magnetic potential

n×A=0.  (2)

To reduce the number of equations of the calculated 
region and the time spent on each iteration, a combined 
approach is used: for non-conductive regions, the solution 

is derived with respect to the scalar magnetic potential Vm. 
Classical equations for the electromagnetic field are used for 
the vector magnetic potential A. In addition, this solution 
makes it possible to improve the accuracy of calculating the 
magnetic flux at the boundaries (2, Fig. 2).

For all non-conductive parts (air, rotor, and some parts of 
the housing), a system of equations with respect to the scalar 
magnetic potential Vm is used
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where μ0, μr – magnetic vacuum permeability and relative 
magnetic permeability of the material of the region; Vm – scalar 
magnetic potential; B – vector of magnetic induction; H – mag-
netic field strength vector; M – magnetization vector.

The electromagnetic field formed by permanent magnets 
is also solved relative to the scalar magnetic potential, but 
the equation takes on a different form, given the properties 
of permanent magnets
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where μm is the magnetic permeability of a permanent mag-
net; Br – residual magnetization of a permanent magnet;  
e – the direction of the vector of residual magnetization of 
the magnet (x, y, or z axis).

The magnetic core of the stator, the generator housing, 
and the shaft are made of a magnetically soft material, 
which is characterized by a nonlinear relationship between 
magnetic induction B and the magnetic field strength N. 
Electromagnetic field equations for these regions and the 
nonlinearity of the ferromagnetic material are described by 
the following equations
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where J is the current density vector in the elements of the 
calculated region; Е –  vector of electric field strength; σ – elec-
trical conductivity of the material.

For a three-phase winding of the armature of the genera-
tor under study, the first four equations of the system are val-
id (5). At the same time, the current density in the armature 
windings, induced by EMF and other winding parameters, 
are determined by the following system of equations
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where Je is the magnitude of the current density in the arma-
ture winding, which depends on the magnitude of the load 
and the nature of the generator; N – the number of turns in 
the armature winding; Sc – cross-sectional area occupied by 
the winding of the conductor; Rс – active resistance of the 
stator winding phase; L – the average length of the turn of 
the stator winding phase; σс, ас – the electrical conductivity 
of the stator winding material and the cross-sectional area 
of the elementary conductor; Vind – the value of the induced 
EMF in the winding of the generator stator; Ve – voltage 
characterizing the generator load; EzA, EzX – electric field 
strength at the locations of the phase zones  “A”  and “x”.

Another way to reduce the time of calculation of the gen-
erator according to the proposed mathematical model and re-
duce the power of the computer, in this model we use a direct 
method for solving nonlinear differential equations, rather 
than iterative [5]. To provide a single solution to the system of 
differential equations (3) to (6), an additional condition is set 
for all regions with vector magnetic potential A [5]

( ) 0.∇⋅ σ =A  (7)

In the equations of system (3), only the potential gra-
dient is used, and not the potential value itself. To obtain 
a single solution to the problem, the Dirichlet condition is 
applied, given for one of the boundaries of the calculated 
region [6]

Vm=0.  (8)

The model adopts the following assumptions: losses 
on hysteresis and eddy currents in the magnetic core are 
not taken into account; no calculation of electromagnetic 
moment and forces is carried out. The analysis of thermal 
conditions is not carried out since it requires the statement 
and solution of a separate problem.

The grid of finite elements (GFE) in the calculated area 
of the studied MGAMF is shown in Fig. 3.

The parameters of the selected GFE make it possible 
to obtain a minimum calculation time along with ade-
quate results.

Fig. 3. Grid of finite elements of the generator under study

Table 2 shows a comparison of GFE parameters and the 
calculation time for the built axisymmetric (fragmental) 
model and the full-volume model of the generator.

Table 2

Comparison of GFE parameters

Parameter
MGAMF 

fragmental 
model

MGAMF 
full-volume 

model

The total number of tetrahedra cover-
ing the computational domain

58б948 371б372

The number of boundary surface 
elements of GFE

19б601 90б164

The number of linear elements of GFE 1б882 9б727

The average time for calculating the 
given task, s

348 2б604

Obviously, the use of an axisymmetric model can sig-
nificantly save the resources of the computer.

5. 2. Simulation results of a magnetoelectric genera�
tor with an axial magnetic flux

In the simulation, the rated rotor speed of 500 rpm 
was adopted. Fig. 4 shows the distribution of magnetic in-
duction (background coloring) and the closing lines of the 
main magnetic flux (arrow) for the initial moment and at 
time 0.02 s. The current in the excitation winding is Ie=0 A. 

Fig. 4. Distribution of magnetic induction and magnetic flux in the calculated region of a magnetoelectric generator with an 

axial magnetic flux at Ie=0 A
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Permanent magnets on the rotor and magnetic 
shunts are arranged in such an order and in such a 
way that a path is formed to close the main magnetic 
flux of permanent magnets (at Ie=0 A). Permanent 
magnet-air gap 1- stator tooth 1-stator yoke 1-gen-
erator body 1-backrest of housing-generator body 
2-yoke of stator 2- stator tooth 2-air gap 2-permanent 
magnet. This nature of the closure of the main mag-
netic flux is due to the fact that  that the structural 
elements of the generator (housing, back of the case) 
are unsaturated. Accordingly, at Ie=0 A, the magnetic 
resistance of this section is significantly less than ex-
pected due to the air gap and magnetic shunt. This is 
a feature of a magnetoelectric generator with an axial 
magnetic flux and a double stator.

Numerical calculations of the investigated gener-
ator were carried out for two modes of operation: with 
a current in the excitation winding Іe=0 А, and when 
supplying current to an additional winding Іe=1 А.

Fig. 5 shows the distribution of magnetic induc-
tion and the main magnetic flux when supplying cur-
rent to an additional winding of the value Ie=1 A.

As part of the study, the external characteristics were 
calculated for a fully active load cosφ=1 when current is ap-
plied to an additional winding and at Ie=0 A. Change in the 
load of the generator under study is described by a system of 
equations (6).

Fig. 7 shows the external characteristics of the generator 
under study.

Thus, the change in the parameters and characteristics of 
the generator under study when supplying current to an ad-
ditional excitation winding corresponds to theoretical ideas 
about the operation of generators of this type. This indicates 
the correspondence of the mathematical model built with 
the physical processes in the generator and the feasibility of 
using the results obtained in further research.

5. 3. Mathematical model in the d-q coordinate 
system

Field methods make it possible to carry out calculations 
and studies of an electric machine at the design stage, but 
they are not suitable for the synthesis of coordinate control 
systems of electrical machines. To solve control problems, a 
mathematical model of MGAMF in the d–q coordinate sys-

tem based on its convolutional electrical cir-
cuit was compiled using a typical procedure. 
When constructing the mathematical model 
of MGAMF, the following assumptions were 
accepted: the air gap is uniform; the saturation 
of the magnetic system is neglected; the stator 
winding is evenly distributed. The nonlinear 
system of equations (9) describes the opera-
tion of a magnetoelectric generator in the d–q 
coordinate system.  
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 (9)

Fig. 5. Distribution of magnetic induction and magnetic flux 

in the calculated region of a magnetoelectric generator with 

an axial magnetic flux at Ie=1 A

Fig. 6. Distribution of the normal component of magnetic induction in the air 

gap: 1 – with current in the magnetization winding Іe=0 А; 

2 – when supplying current to the additional winding Іe=1 А

Fig. 7. External characteristics of the studied magnetoelectric 

generator with axial magnetic flux
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where Lf, Rf – inductance and active resistance of the addi-
tional magnetization winding; uf, if – voltage and current 
of the additional winding; Ls=Lq=L – stator inductance 
along the q and d axes; Rs – active resistance of the stator 
winding; Lm – interinductance of windings; iq, id – stator 
currents along the axes q and d; uq, ud – stator voltages 
along the axes q and d; ω – angular velocity of the generator 
rotor; ψ0 – flux coupling created by permanent magnets; 
Zp – number of pairs of poles; M, Mc – electromagnetic 
moment of the generator and drive propulsion;  J – total 
moment of inertia; F1, F2, F3 – coordinate perturbations. 

The functional diagram of the generator voltage con-
trol system when the rotor speed or load change is shown 
in Fig. 8. 

The task of the control system is to stabilize the voltage 
of the autonomous generator when the load and/or speed of 
the generator change. The system must ensure first-order 
astatism, which means the absence of static error. The dy-
namic error in setting and dropping the rated load should 
not exceed the standard values. The output signal of the 
voltage controller VC is the task signal for the excitation 
current controller CC.

5. 4. Development of generator voltage control algo�
rithms 

The development is carried out by the method of inverse 
dynamics problems in combination with minimization of local 
functionalities of instantaneous energy values, based on the 
idea of reversibility of the direct Lyapunov method for the study 
of stability. The method makes it possible to find the law of 
control in which the closed loop has a predetermined Lyapunov 
function. This gives the system the property of stability as a 
whole, which makes it possible to solve problems of controlling 
interdependent objects according to mathematical models of 
local contours. A characteristic feature of optimization is to 
find not an absolute minimum of quality functionality, as in 
classical systems, but a certain minimum value that provides a 
dynamic error of the system that is permissible under technical 
conditions. The obtained control algorithms provide dynamic 
decomposition of the interdependent object, weak sensitivity to 
parametric perturbations, and do not contain differential links, 
which enables their practical implementation.

Coordinate perturbations F1, F2, F3 are interpreted as in-
definite but limited in magnitude 0

1 1 ,F F≤  0
2 2 ,F F≤  0

3 3 .F F≤  

The level of control voltages is sufficient to compensate for 
them 0

1 ,du F>  0
2 ,qu F>  0

3 .fu F>  Thus, an interconnected 
nonlinear system of the 4th order turns into a system of 
4 linear equations of the first order. As a result, the task of 
controlling an object (9) is reduced to solving local problems 
of controlling linear subsystems. 

The desired quality of the closed control loop according 
to the concept of inverse problems of dynamics [12, 13] is 
given by the differential equation of the following type

0

* *
*

0

.. ..

.. .. .

n i

in i

m j

m jm j

d z d z
z

dt dt
d x d x

x
dt dt

+ + γ + + γ =

= β + +β + +β

 

 (10)

Using the coefficients of 
equation γi and βj, the desired 
nature and duration of the 
transition process of the origi-
nal coordinate z is given when 
moving along a given trajecto-
ry x*, where: x* is a time-dif-
ferentiated function in the re-
quired number of times; m<n.

The preferred closed-loop 
control transfer function de-
rived from equation (10) for 
the case n=3 and m=1 is (where 
s=d/dt is the Laplace operator)

( ) ( )
( )= =

β +β
=

+ γ + γ + γ
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z s
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The corresponding transfer function of the open control 
loop is equal to

( ) ( )
( )

( ) ( )

= =
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1 0
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(12) demonstrates that in order to obtain a control sys-
tem with first order astatism ν=1, it is necessary to set the 
values of the coefficients β0=γ0, then

( ) ( )
1 0

2
2 1 1

,r

s
W s

s s s

β + γ
=

⎡ ⎤+ γ + γ −β⎣ ⎦

 

(13)

and with second order astatism ν=2, one needs to set β0=γ0 
and β1=γ1

( ) ( )
1 0

2
2

.r

s
W s

s s
γ + γ

=
+ γ

  (14)

The specified quality at the speed of the system (13) is 
determined by the expression ( )0 1 1/ ,zDω = γ γ −β  and the 
quality with respect to the acceleration of the system (14) 
is equal to 0 2/ .zDε = γ γ  The order n of equation (10) can 
be different for each closed control loop according to the 

u

u

Fig. 8. Voltage control system of magnetoelectric generator: marked: VC – generator voltage 

controller; CC – generator excitation current controller; DCC – DC converter; 

CS – generator excitation current sensor; VS – generator voltage sensor; |u|*, |u| – specified 

and measured value of the operating voltage of the generator; 
* ,fi  if – set and measured 

value of the generator excitation current; ua, ub, uc – phase voltages of the generator
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requirements of the control quality and is usually equal to or 
one above the order of the control object.

The structure and parameters of the desired control 
quality equation (10) are set so that the perturbed motion 
is asymptotically stable. According to the Hurwitz stability 
criterion for the third-order equation, this condition is met 
with the ratios of parameters γ0>0; γ1>0; γ2>0 and γ1γ2>γ0, 
and for second- and first-order equations – at positive values 
of coefficients.

The relationship between the coefficients of equa-
tion (10) and the necessary indicators of control quality, 
such as the control time, the type of transient process, 
overshoots are established using well-known methods of 
automatic control theory, for example, root, frequency, or 
standard polynomials, followed by refinement by modeling.

The development of an algorithm for controlling the 
excitation current of MGAMF is carried out on the basis of 
the third equation of system (9). The local control object is 
described by the first-order equation, so the order of the de-
sired closed-circuit equation of the current of the form (10) 
is also assumed to be equal to one (n=1, m=0)

*
0 0 ,f f fz z i+ γ = γ   (15)

with the provision of first order astatism ν=1 and the given 
quality at speed 0 .z

fDω = γ  The duration of the monotonous 
current transient process is determined using the value of a 
single coefficient γ0f.

It is necessary to find such a control function of the ex-
citation current controller uf so that the quality of current 
control approaches the desired one given by equation (15). The 
degree of approximation of the real process of controlling the 
current to the desired is estimated by the functionality, which 
characterizes the energy normalized by inductance of the first 

derivative of the magnetic field in the form 
2

.
2m

i
W L=



( ) ( ) ( ) 21
, .

2f f fG u z t i t u⎡ ⎤= −⎣ ⎦
    (16)

Finding the control function uf=uf(іf) by classical meth-
ods of the theory of automatic control, provided that the 
absolute minimum of the functional is achieved

( )min 0,fu
G u =

   

(17)

leads to the traditional law of management of the compensa-
tion type, the implementation of which requires accurate in-
formation about the structure and parameters of the object. 
Deviation of parameters from the calculated values leads to 
a deterioration in the quality of control.

This disadvantage is eliminated if we abandon the exact 
fulfillment of condition (17) but only limited by the re-
quirement that the value of functional (16) belongs to some 
vicinity of the extreme minimum, which provides a dynamic 
error permissible under technical conditions. To do this, the 
minimization of the functionality is carried out according to 
the gradient law of the first order

( ) ( )
,

ff
f

f

dG udu t

dt du
= −λ  (18)

where λf>0 is a constant.

Taking into account (9) and (15), the derivative of the 
functional is equal to

( ) ( )1
.

f

f
f f

dG u
z i

du L
= − −   (19)

After substitution (19) in (18), the excitation current 
control algorithm is found

( ) ( ),f f fu t k z i= −     (20)

where k f=λf /Lf=const is the gain of the excitation current 
controller.

A necessary condition for the convergence of the process 
of minimizing functionality at t→∞

( )
0,

fdG u

dt
<

( ) 0,fG u →   (21) 

is met in accordance with the rule of signs

( ) ( )sign sign 1/ .f fk L=  (22)

The variable z  in the control algorithm (20) is a neces-
sary (given) derivative of the excitation current, which is de-
termined in real time from the desired quality equation (15) 
by closing the control system for feedback on the excitation 
current z=if

( )*
0 .f f fz i i= γ −    (23)

Finally, the excitation current control algorithm takes 
the form after integrating both parts of equation (20) taking 
into account (23)

( ) ( ),f f fu t k z i= −

( )*
0 d .f f fz i i t= γ −∫      (24)

On the basis of (24), a block diagram of the excitation 
current controller (CC) of type 101 (n=1, m=0, ν=1) is con-
structed, which is shown in Fig. 9.

Fig. 9. Block diagram of the excitation current controller

As can be seen from Fig. 9, the controller has an atyp-
ical structure and does not contain the parameters of the 
control object (9), which is typical for classical controllers. 
The controller contains only a parameter γ0f of the desired 
control algorithm (15), which sets the required time of the 
monotonous transient. 

The generator voltage control algorithm is developed by 
analogy to procedure (15) to (24)

( ) ( )* ;f ui t k z u= −

uf

if

if*
f kf
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0
0

* d .
t

uz u u t⎛ ⎞= γ −⎝ ⎠∫  
   (25)

(25) demonstrates that the voltage control algorithm 
does not contain the parameters of the object (9). The block 
diagram of the generator voltage controller is similar to the 
current controller shown in Fig. 9.

5. 5. Investigating the control quality of the designed 
system

The study was carried out by modeling in the MAT-
LAB/Simulink environment with the generator parameters 
given in Table 1. The controller of the excitation current and 

voltage of the generator have the following parameter values: 
γ0f=1500; kf=500; γ0u=500; ku=0.2.

Fig. 10 shows the plots of transients of the generator 
voltage when setting the nominal active load at 0.02 s and 
dropping it by 0.05 s. 

Fig. 11 shows the plot of the transient process of the 
generator current. Under the action of the load, the current 
reaches a value of 7.3 A.

Fig. 12 shows plots of the transients of the generator voltage 
with a decrease and increase by 15 % of the generator speed.

During the operation of the automatic stabilization sys-
tem, the established voltage remained unchanged at a given 
level of 48 V (red plot).

Fig. 10. Plots of transients of generator voltage when setting up and dropping the rated load

Fig. 11. Generator current transient process plot
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6. Discussion of results of investigating the voltage 
control system of a magnetoelectric generator with 

magnetic flux bypass surgery 

The average value of magnetic induction in the stator 
teeth is 1.49 Tl, in the stator yoke – 1.04 Tl, in the air 
gap – 0.376 Tl (Fig. 4). The calculated values of magnetic 
induction in the structural elements of the generator under 
study are in the permissible range, which indicates the cor-
rect choice of basic geometric dimensions. For the selected 
steel grade, the permissible induction in the teeth can be 
1.9 Tl. This makes it possible to use an additional winding 
to magnetize the magnetic core and provides an appropriate 
voltage adjustment range.

When a current is applied to an additional wind-
ing (Fig. 5), a significant magnetic induction of about 
1.28 Tl appears in the housing (capsule) of the magnetic 
core of the generator under study. This increases the average 
value of induction in the stator teeth to 1.91 Tl, in the stator 
yoke –1.54 Tl, in the air gap – 0.477 Tl.

When a current is applied to the additional winding 
Іe=1 А (Fig. 6, curve 2), a path appears to close the magnetic 
flux of the additional winding through magnetic shunts: the 
back of the housing – the generator housing 1 – the stator 
yoke 1 – the stator tooth 1 – the air gap 1 – magnetic shunt – 
air gap 2 – stator tooth 2 – stator yoke 2 – generator body 
2 – back of the housing. 

The magnetic flux of the additional winding partially 
reduces the main magnetic flux under the poles with perma-
nent magnets (Fig. 6, curve 1) and magnetizes the magnetic 
shunts of the rotor. Due to this, the average value of EMF 
in the air gap increases, and therefore the value of the EMF 
induced in the windings increases. Due to the design of the 
generator with a double stator and the connection scheme of 
the windings at the output, EMF of almost sinusoidal shape 
is obtained, which will be proved in our subsequent papers.

The normal component of magnetic induction  Bn in the 
air gap is  responsible for the amount of EMF induced in 
the winding of the armature of the generator under study. 
When Іe=1 А current is supplied to an additional winding, 
the value of the normal component of induction Bn in the air 

gap  increases by about 27 %. This value is correlated with 
an increase in induction in the air gap and in the structural 
elements of the generator (Fig. 5).

When DC is supplied to an additional winding, the 
voltage at the generator output increases by 24 % (Fig. 7). 
This makes it possible to adjust the output voltage of the 
generator when the load or speed of rotation of the generator 
rotor change.

The designed functional diagram of the generator volt-
age control system when the rotor speed or load change is 
shown (Fig. 8). The control system consists of an internal 
excitation current control circuit if of an additional electri-
cal winding and an external voltage control circuit of the 
generator |u|.

In the absence of control, the voltage during non-work-
ing stroke is 100 V (Fig. 10), and in the presence of a rated 
load is 48 V (black plot). During the operation of the auto-
matic stabilization system, the established voltage during 
non-working stroke and in the presence of a rated load re-
mains unchanged at a predetermined level of 48 V without 
static error (red plot). At the time of setting and resetting 
the load, a dynamic error of approximately 0.01 s is observed.

Fig. 12 shows plots of transients of the generator voltage 
with a smooth decrease by 0.02 s of the generator speed 
by 15 % of the rated value of 1000 rpm to 850 rpm. Then 
it smoothly increases by 0.05 s of rotational speed up to 
1150 rpm (15 % more relative to the rated value). The gen-
erator load is rated. In the absence of control, the voltage 
decreased from 48 V to 42 V when the rotational speed 
decreased, and during the increase in the rotational speed 
increased to 53.5 V (black plot). 

Existing methods of controlling the output parameters 
of generators with permanent magnets are mainly built on 
the use of external semiconductor converters. On the one 
hand, they are a reactive load for the generator, on the other 
hand, due to constant switching processes, they reduce the 
reliability of the generator, its utilization rate, and reli-
ability. In addition, it complicates the structure as a whole 
and increases its cost, especially with an increase in the 
capacity of the autonomous energy complex. The proposed 
system is devoid of these shortcomings, it makes it possible 

Fig. 12. Plots of transients of the generator voltage with a decrease and increase by 15 % of the generator speed
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to smoothly adjust the output voltage in a given load range 
and rotational speed.

The use of a magnetoelectric generator with an axial 
magnetic flux, in contrast to [2, 4], makes it possible to 
abandon the mechanical reducer. This will decrease the 
overall weight of the system and increase its reliability. 
This becomes possible due to the high rated torque of axial 
generators and the naturally low speed of their rotation.

Due to the developed methods of controlling a mag-
netoelectric generator with an axial magnetic flux, on the 
basis of the obtained simulation results, the reliability of 
autonomous electric power systems was increased. Due to 
voltage control without static error when changing the load 
and rotational speed.

The limitations of the proposed control method are 
associated with the saturation of the magnetic circuit of 
the generator when current is applied to the additional 
winding, in comparison with systems with electromagnetic 
excitation. The task of optimal design of such generators 
requires a balance between the specific power of the electric 
generator, its weight, and final cost.

The disadvantages of the proposed method of con-
trolling the output voltage are associated with a higher 
cost, weight, and complexity of the structure and manufac-
turing technology compared to generators with permanent 
magnets. Also, with the need for an additional control sys-
tem for additional winding. 

This study will be advanced from the point of view of 
operation of electrical complexes consisting of magneto-
electric generators, which will increase the reliability of 
their operation. In addition, on the basis of our result, a 
number of further studies related to experimental studies of 
generators with axial magnetic flux for autonomous energy 
complexes emerge. 

7. Conclusions 

1. A three-dimensional field mathematical model of 
MGAMF with a double stator has been built, which makes it 
possible to obtain the distribution of the electromagnetic field 
of the generator and makes it possible to analyze its parameters 
and characteristics. The model fully takes into account the de-
sign features of the generator under study, namely the presence 
of an axial flow from the stator winding and the flow generated 
by the additional winding. With the help of the model, an ex-
ternal characteristic was calculated, indicating that the mathe-
matical model built corresponds to physical processes.

2. The analysis of magnetic induction in the air gap and 
in other structural elements of the generator under study 
was carried out. Analysis of the obtained values showed that 
the geometric dimensions of the generator that were selected 
previously are correct and do not require significant adjust-
ments. In the future, this makes it possible to use the results 
of this calculation for the preparation of documentation for 
the manufacture of the prototype.

3. On the basis of the alternate electrical circuit of 
MGAMF, its mathematical model in the coordinate system 

d–q was built. When constructing the generator model, 
assumptions were adopted about the uniformity of the air 
gap, the absence of saturation of the magnetic system, and 
the uniform distribution in the space of the stator winding. 
The mathematical model takes into account the relationship 
between the additional excitation winding and the stator 
current components along the axes d and q, as well as the 
dependence of the electromagnetic moment on the magnetic 
flux of permanent magnets and the additional excitation 
winding, which makes it possible to solve problems of con-
trolling the coordinates of the generator and to study elec-
tromagnetic and electromechanical processes.

4. Algorithms for controlling the system of automatic 
stabilization of the generator voltage based on the concept 
of reverse dynamics problems in combination with minimi-
zation of local functionalities of instantaneous energy values 
have been developed. This provides voltage control without 
static error when changing the load and speed of rotation 
and dynamic decomposition of the interconnected system. 
A feature of control algorithms is their lack of generator pa-
rameters and differentiation operations, which ensures ease 
of implementation. The generator voltage is controlled by 
changing the excitation current of the additional fixed wind-
ing. The power of the additional excitation system is 2 % of 
the generator power. The automatic voltage control system 
consists of an internal excitation current control circuit and 
an external generator voltage control circuit.

5. The study of the generator voltage stabilization 
process using the proposed control system showed a high 
quality of regulation. When setting a jump in the rated 
load, the system provides astatic voltage control (without 
static error) at a given level of 48 V. In the absence of con-
trol, the voltage decreases from 100 V at a non-working 
stroke to 48 V in the presence of a load. When changing 
the generator speed within ±15 % of the rated value at 
rated load, the control system maintains the voltage at 
a predetermined level of 48 V. In the absence of control, 
the generator voltage decreases from 48 V to 42 V with a 
decrease in the rotational speed, and then rises from 48 V 
to 53.5 V with its increase.
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