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The paper investigates the adequacy of a simplified mathematical model of a numerical-analytical method for calculating
low-power permanent magnet generators for autonomous power systems operating with a rectifier and active load. The
object of study is generators with a radial arrangement of permanent magnets on the rotor surface. The model considered
is based on an idealized representation of the air gap between the rotor and stator and does not take into account the
tooth-and-groove structure, the actual geometric dimensions of the permanent magnets, and the nonlinear magnetic
properties of ferromagnetic materials. To assess the adequacy of the model, a comparative analysis of the results of
numerical-analytical calculations with the data of high-precision modeling using the finite element method in the Ansys
Maxwell software package was performed. A series of FEM models of generators with varying levels of detail and
complexity were was constructed. The paper presents mathematical expressions of the numerical-analytical method based
on the Fourier transform, oriented towards computer implementation. The modeling was performed taking into account
the electrical circuit of the generator, which includes a three-phase rectifier and an active load. The time dependencies of
the magnetic field distribution and electromagnetic torque were calculated. The errors in the calculation of the
electromagnetic torque obtained by the numerical-analytical method were determined in comparison with FEM models of
varying degrees of detail. The results demonstrate the capabilities and limitations of the simplified mathematical model
and confirm the feasibility of its use for preliminary calculations and optimization of the parameters of permanent magnet
generators for autonomous renewable energy systems. References 12, figures 6, tables 3.

Keywords: modeling; electric generator; renewable energy; permanent magnets; energy characteristics; electromagnetic
torque; numerical-analytical method; finite element method.

Introduction. The efficient use of renewable energy sources, in particular wind energy, is one of the
priority areas for the development of modern energy systems. Low-power permanent magnet (PM)
generators operating with a rectifier and active load have become widely used in autonomous energy
systems. Such generators are characterized by high efficiency, reliability, and the ability to operate under
variable rotational speeds, which makes them promising for autonomous wind power installations.

Effective design of PM generators requires accurate calculation of the magnetic field and energy
characteristics, which allows optimizing the geometric parameters of the machine and ensuring stable
operation under variable load conditions. The most accurate results are provided by finite element modeling
(FEM) in modern software packages. At the same time, the development of finite element models requires
considerable time, high qualifications, and careful validation of the results obtained.

In this regard, for preliminary engineering calculations and the selection of design parameters for
generators, it is advisable to use analytical and numerical-analytical methods that allow for a quick
assessment of the main characteristics of the machine without performing a complete FEM simulation.
Similar to traction electric drive design tasks [1], such methods make it possible to quickly determine key
indicators - in particular, electromagnetic characteristics, torque density, and efficiency - in a wide range of
operating modes and to perform preliminary optimization of geometric dimensions.
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A number of approaches to the analytical and numerical-analytical calculation of the electromagnetic
field of permanent magnet generators have been proposed in the scientific literature. These methods take into
account the dependence of the magnetic field, currents, and voltage of the stator windings on the geometric
parameters of the machine and the electromagnetic properties of the materials. Thus, in [2], a method was
developed based on the rotor magnetic potential model in combination with a magnetic equivalent circuit,
which allows taking into account the saturation effects of ferromagnetic materials. In [3], a two-dimensional
analytical calculation of the magnetic field in the air gap of a generator is presented using vector magnetic
potential and the method of separation of variables. Work [4] is devoted to a calculation method based on
scalar magnetic potential, taking into account the interaction of the stator poles and slots, which provides an
accurate determination of the radial and tangential components of magnetic flux density induction. In [5], an
analytical method based on a magnetic equivalent circuit with iterative determination of magnetic
resistances, taking into account saturation, is proposed.

A significant contribution to the development of analytical methods for calculating electric machines
has been made by employees of the Electromagnetic Systems Department of the Institute of Electrodynamics
of the National Academy of Sciences of Ukraine. In particular, monograph [6] discusses the application of
the integral transformation method for the analysis of electromechanical systems, including linear machines
and radial magnetic flux machines with permanent magnets. Further development of analytical methods for
calculating radial magnetic flux machines with permanent magnets is also presented in works [7, 8].

The simplest analytical approach to modeling electric machines with permanent magnets is to use a two-
dimensional model of an air gap with idealized surfaces of the rotor and stator magnetic conductors. Within such a
model, materials are considered linear, and the magnetic field of permanent magnets and stator currents are is
represented as equivalent current loops [6—8]. Although analytical methods allow calculations to be performed in
several areas with boundary conditions and take into account the volumetric distribution of field sources, the
inevitable simplification of geometry and linearization of material properties lead to certain errors.

A systematic comparison of the results of simplified analytical models [8] with data from high-
precision FEM modeling in software packages such as Ansys Maxwell [9] makes it possible to determine the
limits of applicability of the analytical approach and evaluate its accuracy at various stages of designing
permanent magnet generators for autonomous renewable energy systems.

The purpose of this work is to validate a mathematical model and a numerical-analytical method
for calculating the magnetic field and energy characteristics of electric generators with surface-mounted
permanent magnets (SMPM) on the rotor for renewable energy systems (with a rectifier and active load)
based on the example of a low-power generator.

To achieve this goal, a comparative analysis of the results of numerical and analytical calculations
was performed using high-precision finite element modeling data in the Ansys Maxwell software package. A
series of FEM models with varying levels of detail was constructed to determine the effect of geometric
simplifications on the accuracy of calculating the electromagnetic characteristics of the generator.
Electromagnetic torque was chosen as the main
parameter for comparison, since it is an integral
characteristic that comprehensively reflects the
interaction between the rotor magnetic field and stator
currents. Unlike local magnetic field parameters, the
electromagnetic torque provides a more accurate
assessment of the adequacy of the model and is sensitive
to the influence of higher harmonics arising from the
cogging structure of the stator and the peculiarities of
the rectifier operation.

Description of the FEM model. Fig. 1 shows a
sketch of a 2D cross-section computational domain of a
generator with a three-phase stator winding and SMPM
on the rotor. This model is used for finite element
modeling in the Ansys Maxwell program [9]. Figure 1
denotes: / is the stator core, 2 is the rotor core, 3 is the

Fig. 1. Sketch of the two-dimensional slots with stator winding, 4 is the permanent magnets.
computational domain of the generator The model has the following basic geometric
parameters:
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radius of the active surface of the stator is 66 mm, outer radius of the stator yoke is 95,5 mm;

active surface radius of the rotor is 55 mm, inner radius of the rotor core is 30 mm,;

magnet height is 10 mm, ratio of magnet width to pole width along the azimuth coordinate is 40/45;
height and width of stator teeth is 17 mm and 4,7 mm, respectively;

height and width of wedge-shaped tooth tip protrusions of teeth is 1,0 mm and 5,7 mm, respectively.
Rotor rotation frequency is v,(f) =const=3000 rpm. For the stator and rotor core, 1008 steel with
standard magnetization characteristics from the Ansys Maxwell material library was used, which ensures
correct reproduction of the properties of ferromagnetic materials in the model. Electromagnetic parameters
of the winding: number of conductors in the slots is 7, number of pole pairs is 4, number of slots per pole and
phase is 2, pitch reduction factor is 1.

The model does not contain electrically conductive elements, losses in steel are not taken into account. In
FEM models with a stator tooth-slot structure, the slot leakage inductance is automatically taken into account by
the Ansys Maxwell software package. The active resistance of the winding is calculated using analytical methods
[10] and taken into account in the electrical circuit, which includes the electric machine, Fig. 2. The scattering
inductance and active resistance of the end parts of the winding are not taken into account in this study.

To simulate the actual operating
conditions of the generator, a typical circuit for
autonomous wind power systems with a six-
diode rectifier [11] and an active load (Fig. 2)
was used in the Ansys Circuit program, which,
together with Ansys Maxwell, is part of the
Ansys Electronics software suite [9]. The
rectifier (D;...Dg) creates a non-sinusoidal load
) B, ZFDB ZFDG that affects the? shape of the phas§ curreqts and

— electromagnetic torque. The active resistance

* R, simulates the load (Table 1). The

Fig. 2. Electrical circuit with the electric machine included inductances L,, Ls, Lc and active resistances

R,,=R,=Rp=R( represent the parameters of the

stator winding. The circuit accounts for the rectifier and resistive load effects on phase winding currents, and
consequently on the magnetic field and electromagnetic torque.

Description of the analytical model. Figure 3 shows a sketch of the generator model simulation
domain of the generator air gap (within one a single pair of poles) used for numerical and analytical
calculations using based on the integral transformation method [6, 8]. In the model, two current loops j, are

used instead of each

4 ; permanent magnet at a
P & radius r;. The position of
1:___ o 5 Jo . Jo P T the current loops j, along

i

/‘ B ClL.J Y -,  the azimuth coordinate
o =0 Ad =0 P, 0. depends on the specified
\ <7 i« rotation frequency v,
“— (rpm), which can be set
either as constant or
variable over time. In this
case, the angular width
between two such current
contours is equivalent to the angular width of a permanent magnet ¢,, and the length of the contours ¢, along
the axis ¢ does not depend on the height of the permanent magnets, but is chosen to be as small as possible
to localize the equivalent field source only at the edges of the imaginary magnet:

Py <<<(P‘c_q)p)' (1)
This ensures the most accurate reproduction of the magnetic flux density induction distribution in the

air gap in the model (Fig. 3), where the magnetic field source is specified by the boundary condition [8§].
The representation of the stator's tooth-slot zone is performed by boundary conditions at the radius

r,. The total current of each slot is represented by a linear current contour j,, on the surface of the ideal stator
magnetic conductor.

3 |
Hy=170:) =

Fig. 3. Sketch of the generator model for numerical-analytical calculation
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Numerical-analytical calculation method. To calculate the inductance and induced EMF in the
stator phase windings, a program was written in the Wolfram computer algebra system [12] based on the
following expressions (2)...(9) of the calculation method described in [8]. The calculation is performed in
three stages: determining the current density distribution in the stator and rotor contours according to
expressions (2)—(4); calculating the induced EMF and inductances according to expressions (5)—(7);
calculating the electromagnetic torque according to expression (8). The input data for the calculation are
given in Table 1.

Table 1
Parameter | Value Units Description

o 4mx107 Gn/m magnetic constant

p 4 - number of pole pairs

q 2 - slots for pole and phase

m 3 - number of stator phases

7 0,066 m stator radius

0 0,001 m air gap

hy 0,010 m magnet height

kyp 40/45 - magnet overlap of rotor pole

by 0,0052 m slot width

Iy 0,130 m air gap length

M, 1003441 A/m magnetization of magnet

e 1,045 - relative magnetic permeability of magnets

B 1 - pole pitch reduction coil pitch factor

We 3,5 - number of effective turns in 2-layer winding coils, in half a slot
v(t) 3000 rpm the rotor speed is set constant in time to simulate the steady

state operation of the generator

L, 0,00117 Gn slot leakage inductance dispersion in slots per phase

L, 0 Gn frontal end-winding inductance dispersion per phase

L 0 Gn inductance of the load

R, 0,03 Om active resistance of the winding per phase

R, 50 Om active resistance of the load

The current density in the stator and rotor current contours is calculated using the expressions:
m
Jon )=kl pkp () Jun (O =gy D i (Ve (K, )
K=1

where 7 is time; m=3 is the number of stator phases; ix(f) is current of phase K (K = 4, B, C), k,.(K), k,,(t) and
k,(t) are coefficients of distribution of current contours by azimuth coordinate (winding coefficients [8]):

sin(0,5n . .
kwn(K)— ( (Pg) Z Z ( inB,,1(K) +emGW2(K))(1_em(pr)’ 3)
¢1=0 p=0
k pn (K) _ sin(@.3n¢) Z_: e"”‘pr(t)(emap1 + M2 )(l—ei"@f ) “)
n =0

where 7 is the Fourier transform parameter [6]; i is the imaginary unit. Other components of expressions
(2)...(7) are presented in Tables 1 and 2. The voltage induced by permanent magnets in the phase K of the
stator winding is calculated using the expression:

ZdW 5T *
ok (= pqg E (0 (K) E () = =ine, A,, (1), (5)
n g

where kfm (K) is the complex conjugate of the distribution coefficient (3); E,,.(¢) is the EMF due to the
rotation of permanent magnets at coordinate 7,. To calculate the self (K'=K") and mutual (K'=K")
inductance, the following expression is used:
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laWpn™ N0+ Ry | e
Licr == 2 Kk (K252 |k (K. (6)
o)
The coupling coefficients between the stator winding phases are:
L on
- KX" (7
A 'LK/I(/ . LK"K!/
Electromagnetic torque of the rotor relative to the stator:
m
M@©)= Y i (i (O) w, ®)
K=1
Table 2
Formula Description
0, =0/ (mq) tooth pitch angle
Pg = 0.k ot slot angle
©p =9kgp magnet angle
r1=ry-0 rotor core radius

5=81+h,/1,,

equivalent non-magnetic gap between magnetic conductors

kgt:bg/ (@.12)

slot/tooth pitch ratio

(psm:(PT( 1 'kipp)/ 2

angle of maximum width of the rotor linear current contour

_ -1 angle of the width of the linear current contour
5 = Pgpy - 10
W =2pqw, number of turns per phase
Q="/p pole angle

o, () = 21v,.(1)/ 60

angular frequency of the rotor

0, (1) = [0, ()t

position of the rotor relative to the stator

(Pph(K):(Z(Pr(K_m))/m

initial coordinates of linear current contours

0,,1(K)y=@u(K)+2p190:+q1 ¢,

coordinate of the current contour of the upper layer of the two-layer
stator winding

e\Au2(1<):ewl (K)_(Pl'( 1 _B)

coordinate of the current contour of the lower layer

epIZZ(P‘rpl

coordinate of the first contour

ep2:9p 1+(p17_(\0p_(\0s

coordinate of the second contour

ki =Wcl(r,@g)

current density coefficient in the stator contours

kiy=1/r Qs current density coefficient in the rotor contours
1,=M_h, current in the current contours
K=1,2,...,m phase sequence number
A (=4, () FA,,() magnetic potential at the coordinate r,
P rll+n rzn 1o magnetic potential from the magnetic field of permanent magnets

Apn (0= jpn(t)
i

2n 2n
o) (rl +r )

Awn (t) = jwn (®)
d

magnetic potential from the magnetic field of stator currents

In this study, the load is represented by active resistance and is connected to the generator winding
terminals via a 6-diode bridge rectifier [11] (Fig. 2). A combined approach is used: the generator parameters
(induced voltage, inductance, and coupling coefficients) in the Wolfram environment are preliminarily
determined by an analytical method using expressions (5)—(7), and additionally, the calculation of the slot
leakage inductance L,, the end parts inductance L., and the active resistance of the winding R,, is performed
according to textbooks for the design of electrical machines [10]. All results (u,x(?), Lx'x" , Lg, Le, Ry, kx
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and R,) are exported to the Micro-Cap program to find the phase currents iy(?), ip(f), ic(f) of the three-
phase generator winding, as well as to find the current through the resistive load R.. In this study, the
rotational speed is assumed constant (according to Table 1), while the time dependencies of the currents are
obtained from the transient analysis of the electrical circuit.

The currents in Micro-Cap are calculated using transient analysis over a given time interval and
imported back into the analytical model in the Wolfram environment for further calculation of the
electromagnetic torque (8). At each step of the transient analysis, the machine parameters are used for the given
(constant) speed, and the time variation manifests through the circuit currents, not through variable w,(z).

For an electrical circuit without a voltage rectifier, for example, with an active-inductive load on
each phase (R., and L, ), electrical currents can be calculated without using Micro-Cap, according to the
system of equations [8]:

(LAA+Le+Lg+Lcs)iA+LABLZ_f+LACa:l_tC+(Req+Rw)iA+”pA=0
(LBB+Le+Lg+Lcs)iB+LBAle+LBCd£+(Re +R )iB+u B3 =0; )
dt dt - P
(LCC+Le+Lg+LCS)1'B+LBAahi+LCBahl+(Re +R )ic+u c=0.

dt dt 4w p

The resistance of three resistive loads R., (9), which is equivalent to one resistance with a rectifier (Fig. 2),

is determined by the expression:
2
Req :Rcs(n&j, (10)

which is established based on the ratio between the input phase voltage and the rectified voltage of the
Larionov circuit [11].

To verify the numerical-analytical method, a finite element method (FEM) model (Fig. 1) was
implemented in Ansys Maxwell software. The numerical-analytical calculations were performed using
Wolfram Mathematica/Wolfram System, while the analysis of the complex electrical circuit (Fig. 2) for the
numerical-analytical method was conducted using Micro-Cap software. The FEM results are compared with
the numerical-analytical results in the following section to validate the accuracy of the numerical-analytical
method by comparing the electromagnetic torque.

Comparison of the results of the numerical-analytical method with the results of the FEM
(Ansys Maxwell). To verify the numerical-analytical method for calculating the electromagnetic torque of
the generator, a comparison was made with the results of numerical modeling in the Ansys Maxwell software
package. Since the numerical-analytical method is based on simplifications (linearization of the
magnetization characteristics of ferromagnetic materials, replacement of permanent magnets with equivalent
surface currents, representation of the slot winding with thin current contours), for an adequate comparison
in Ansys Maxwell, a series of 2D models with a gradual approximation to the real design was created (Fig.
4). Fig. 4 shows two-dimensional models in Ansys Maxwell 2D: a — slotless model with current contours and
slotless model with thin equivalent magnets; b — slotless model with real magnets; ¢ — model with slots and
equivalent thin magnets; d — complete models with linear iron and nonlinear iron.

The basic model a (Fig. 4) in Ansys Maxwell corresponds as closely as possible to the assumptions
of the analytical method: a stator without slots with current loops on the surface of the stator iron with a
thickness of 0,05 mm, the relative magnetic permeability of ferromagnetic materials is assumed to be
constant (x = 1000). The same geometry (Fig. 4, a) is used for two variants of the rotor magnetic system
representation: with thin equivalent permanent magnets 0,05 mm thick with equivalent magnetization

h
M,=M, (O_gSJ (Table 1), or with equivalent current loops on the rotor surface instead of magnets (as in

>

Fig. 3) with a given current /, (Table 2). In this case, the equivalent non-magnetic gap o is calculated
according to Table 2.

Model b (Fig. 4) restores the real geometry of permanent magnets of nominal thickness (10 mm) and
the real non-magnetic gap (6=06,+4,) while maintaining the slotless structure of the stator and the linear
magnetic properties of iron. Model ¢ (Fig. 4) adds the actual slot structure of the stator with winding, while
maintaining the linear magnetic properties of iron. This geometry is used with thin equivalent permanent
magnets with a thickness of 0,05 mm. The complete model d (Fig. 4) includes all geometric features of the
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Fig. 4. Series of 2D models in Ansys Maxwell with gradual approximation to
the real design
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Fig. 5. Torque without accounting for slots in Ansys Maxwell

models with varying degrees of simplification (3-7, Table 3), as well
as from the numerical-analytical method (1, 9, Table 3)

design (stator slots with
winding and magnets of
nominal thickness). The same
geometry is used for two
calculation options: preserving
the linear magnetic properties
of iron and taking into account
the nonlinear B-H
magnetization curve of the
ferromagnetic material of the
magnetic conductors (1008
steel from the Ansys Maxwell
library), which allows the
influence of the magnetic
saturation effect on the
calculation of the
electromagnetic torque of the
generator to be taken into
account.  This  consistent
approach allows not only to
evaluate the accuracy of the
analytical method, but also to
quantitatively determine the
influence of each
simplification on the results of the
calculation of the electromagnetic torque
of the generator.

Fig. 5 and Fig. 6 show the time
dependence of the electromagnetic
torque of the generator within the
electrical half-period (0 ms...2,5 ms),
calculated using different methods:
Ansys Maxwell 2D (for 4 models in Fig.
4) and the numerical-analytical method
according to expressions (2)...(8) for the
model in Fig. 3 (which corresponds to
model a in Fig. 4). The results
demonstrate a clear correlation between
the degree of model simplification and
the nature of the torque curves. The
analytical method shows excellent
agreement with the slotless model with

current contours j, in Ansys Maxwell (model a, Fig. 4). The results of the comparison of the average values

of the electromagnetic torque over the period are given in Table 3.

The analytical method shows excellent agreement with the slotless model in Ansys Maxwell (1 and
3, Table 3). The relative error is only 0,6%, which confirms the correctness of the software implementation
of the analytical method according to expressions (2)...(8) with an electrical circuit with 6 diodes [11] (Fig.

2) in the Micro-Cap program.

The representation of magnets by current contours (3, Table 3) shows a more accurate result relative
to the complete model (7, Table 3) compared to the use of thin equivalent magnets (4, Table 3). Therefore,
the idea of representing the magnetic field of permanent magnets using a boundary condition on the surface
of an ideal rotor magnet conductor does not seem appropriate. The error from replacing full-size magnets (5,
Table 3) with current contours (3, Table 3) is -11,8 %. The presence of a tooth-slot structure of the stator (6,
Table 3) leads to a 4,6% reduction in torque compared to the model without slots (4, Table 3). Not taking into
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account the magnetization curve of the
steel of the rotor and stator magnetic
conductors increases the torque by
11,9% (7 and 8 in Table 3).

In general, simplification from
a complete FEM model with linear
magnetic properties (7, Table 3) to a
simple analytical model (Fig. 3, Fig. 6,
a) results in a calculation error of -8%
(comparison of the average torque of
25,00 N-m and 23,00 N-m). This error

P T T S S 1s the result of the combined effect of
0.0000 0.0005 0.0010 0.0015 0.002¢ 0.0025 all

geometric simplifications:

Ls replacement of real magnets with

Fig. 6. Torque in Ansys Maxwell with linear (7) and nonlinear (8)  current loops, absence of a tooth-and-
iron and stator slots, as well as torque from the numerical- slot structure in the analytical model,
analytical method (2) accounting for slot leakage inductance and failure to take into account the

scattering leakage inductance of the
slots in the electrical circuit of the simple model. When taking into account the nonlinear magnetization
curve of ferromagnetic materials in the complete FEM model, the average torque decreases to 22,34 N-m
(Fig. 6, Table 3).

Table 3
No, Model Model characteristics Torque, Deviation from
Fig. 5-6 N'm full FEM, %

1 Analytical model, Without consideration L, (table 1) with 23,13 +3,5

Fig. 3 the circuit of Fig. 2 in Micro-Cap
2 Analytical model, With consideration L, (table 1) with 21,70 -2,9

Fig. 3 the circuit of Fig. 2 in Micro-Cap
3 FEM model a, Fig. 4 Current contours, without slots 23,00 +3,0
4 FEM model a, Fig. 4 Thin magnets, without slots 18,92 -15,3
5 FEM model b, Fig. 4 Full-size magnets, without slots 26,08 +16,7
6 FEM model ¢, Fig. 4 Thin magnets with stator slots 18,05 -19,2
7 FEM model d, Fig. 4 Full, linear iron (1 = const) 25,00 +11,9
8 FEM model d, Fig. 4 Full, nonlinear iron w(B) 22,34 base
9 Analytical model (Fig. 3) Without taking into account L,, with 23,73 +6,2

the scheme according to expression (9)

If the numerical-analytical calculation method additionally takes into account the diffusion
inductance of the slots in the electrical circuit according to the methods [10] (2 in Table 3), the calculated
torque value is 21,70 N-m (Fig. 6), which gives an error of less than 3% relative to the complete FEM model
with nonlinear material properties (comparisons 2 and 8 in Table 3).

In both figures (Fig. 5 and Fig. 6), the influence of a 6-diode voltage rectifier is noticeable, which
causes a threefold decrease in the electromagnetic torque during one electrical half-period. This effect is
most pronounced on the curves of models without slots (Fig. 5). In the complete model (7 and 8 in Table 3),
the moment curves (Fig. 6) additionally show sawtooth harmonics, whose period is 2m times smaller than
the electrical half-period of the current in the stator winding phases.

Modeling was performed using an analytical method without a voltage rectifier with three equivalent
resistors R., (10) using equation (9) to find the currents in the stator winding phases instead of modeling the
electrical circuit in the Micro-Cap program. A curve with an average torque of 23,73 N-m (9, Table 3) was
established without the influence of harmonics from the voltage rectifier, which is a sine wave with
minimum and maximum values of 23,1 and 24,6 N-m, respectively (Fig. 5). Comparing the curves in Fig. 5
with average torques of 23,73 N-m and 23,13 N-m (9 and 1 in Table 3), the deviation is 2,6%. Therefore, to
perform preliminary approximate calculations of the generator (Fig. 1) with a small error in the results, it is
possible to use a numerical-analytical calculation method and equation (9) with equivalent resistance (10)
instead of the electrical circuit in Micro-Cap (Fig. 2).
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Conclusions. The work validates the numerical-analytical method for calculating the
electromagnetic characteristics of permanent magnet generators by systematically comparing it with the
results of finite element modeling (FEM) in the Ansys Maxwell software package.

It was found that the numerical-analytical method, based on the method of integral transformations taking
into account the complex influence of all applied geometric simplifications, demonstrates sufficiently high
accuracy (£3,5%) in calculating the average electromagnetic torque over the period, compared to the complete
two-dimensional model in Ansys Maxwell. A comparison with an identical analytical model in Ansys Maxwell
showed excellent agreement of the results with a relative error of 0,6%, which confirms the correctness of the
analytical solution of the magnetic field equation, the software implementation of numerical calculations together
with the Micro-Cap program for performing calculations of a three-phase electrical circuit.

Replacing permanent magnets of real dimensions with equivalent current loops on the surface of the rotor
core leads to an error of 11,8%. At the same time, the use of very thin equivalent magnets on the rotor surface in
FEM models gives an even greater error (27,5%). This indicates the advantage of representing magnets using
boundary conditions with the shortest possible linear current loops at the edges of imaginary magnets.

For preliminary calculations of the generator in the case of the resistive—inductive load at the output
of a three-phase rectifier, it is possible to use a simplified electrical circuit without a three-phase rectifier
with sufficient accuracy (error of 6,2%), but with three equivalent resistors and inductance on each phase,
which will allow not to use the Micro-Cap program to calculate a three-phase electrical circuit.

The research results confirm the adequacy and suitability of the numerical-analytical method for
preliminary calculations and selection of design parameters for generators with radially magnetized surface-
mounted arranged permanent magnets. The method is easy to use (when implemented as a simple computer
program), provides sufficient accuracy with significantly lower computational costs and less time spent on FEM
modeling, which makes it an effective tool for optimizing the design of an electric machine at the design stage.

The established limits of applicability of the method: the numerical-analytical method is most effective
for machines with a relatively uniform non-magnetic gap and a slotless or low-slot stator with negligible
slotting effect structure. For machines with a pronounced tooth-slot structure and significant magnetic
saturation, the method provides preliminary estimates with subsequent refinement being necessary using the
finite element method. The direction of Further development of the proposed method is the introduction of
additional coefficients that can increase the accuracy of the calculation under certain conditions. For example,
Carter coefficients and core saturation coefficients to expand the range of applicability.
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Hocniosceno adexsamuicms cnpoujeHoi MamemMamuinoi Mooeni YUcenbHO-aHaNiMUYHO20 Memody PO3PAXYHKY 2eHepamopis 3
NOCMITIHUMU MASHIMAMU MAN0i NOMYHCHOCMI 0I5l ABMOHOMHUX €HEePEMUYHUX CUCIEM, WO NPpayioioms i3 UNpAMIAYeM ma
axmuenum Hasanmaicennam. Q0 €kmom 00CniONCeHHs € 2eHepamopu 3 padianbHumM pO3MAULy8aAHHAM NOCMIUHUX MASHIMIE Ha
nosepxui pomopa. Posansinyma mooens IpyHmyemvcsl Ha i0eanizoeanomy npedCcmasieHHi NOGImpsiHO20 NPOMIJICKY MIdiC pOMOpom
i cmamopom ma He 6paxosye 3yOye60-naz08y CMPYKMYPY, DealbHi 2eOMEMpPUYHi pO3MIpU NOCMIUHUX MA2HIMI6 | HeniHilHI
MacHimHi eénacmugocmi epomaznHimuux mamepianie. 3a0ns OyiHKU A0eKeamHoCmi MOOeni GUKOHAHO NOPIGHANbHUL AHANI3
Pe3YIbMAamie YUcenbHO-aHATIMUYHO20 PO3PAXYHKY 3 OAHUMU BUCOKOMOUHO20 MOOETIO8AHHSA MEMOOOM CKIHUEHHUX elleMeHmi8 y
npozpammuomy komnaexci Ansys Maxwell. Ilobyoosano cepito FEM-modeneii zcenepamopa pisnozo piens oOemanizayii ma
cknaonocmi. Hagedeno mamemamuuni gupasu yucenbHO-aHALMUYHO20 Memooy Ha O0cHogi nepemeopenns Pyp’e, opicnmosani
Ha Komn'tomepHy peanizayito. MoOenosanHs 6UKOHAHO 3 YPAXYBAHHAM eleKMPUYHO2O0 KOAA 2eHepamopd, Wo 6KI0Yae
mpugasHuli GUNPAMAAY i akmusHe Hasanmagicenns. IIpo6edeHo po3apaxyHoK Haco8ux 3a1eAcHOCmell po3nooiny MASHIMHO20 NOs
ma eneKmpomazHimmo20 Momenny. Busnaueno noxubku po3spaxyHKy elekmpoMazHimHo20 MOMEHNTY, OMPUMAHO20 YUCETbHO-
AHATTMUYHUM MemOoOoM, Yy nopieHsaHi 3 FEM-moodensamu piznozco cmynens demanizayii. Ompumani pe3yiomamu 0eMOHCIMpPYons
MOJNCTUBOCHT MA OOMEJICEHHST CHPOUJeHOT MameMamuyHoi mMooeni Ui niomeepodlcyloms OOYibHICMb i 6UKOPUCIAHHA Ol
NONEPeOHiX PO3PAXYHKIE Ma ONMuMI3ayii napamempie 2eHepamopie 3 NOCMIUHUMU Ma2Himamu OJis A6MOHOMHUX CUCEM
8i0H06MI06aHOT eHepeemuku. bioin. 12, puc. 6, Tadmn. 3.

Knwuoei cnosa: MONENOBaHHS, E€ICKTPUYHUN TeHEPATOp, BiHOBIIOBAHA CHEPreTHKA, MOCTIHI MAarHiTH, CHEepPreTHYHi
XapaKTEPUCTUKH, EIEKTPOMArHITHUI MOMEHT, YACEJIbHO-aHAJITUYHUN METO/, METOJ] CKIHYEHHUX €JIEMEHTIB.
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