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Abstract: The paper discusses in detail the construction of the Core Less Axial Flux
Permanent Magnet generator simulation model. The model has been prepared in such
a way that full compatibility with the elements of the SimPowerSystem library of the
Matlab/Simulink package is preserved, which allows easy use of the presented simulation
model for testing the work of the generator as part of a larger system. The parameters
used in the model come from the MES 3D calculations performed in the Ansys/Maxwell
software, for a machine prototype with a rated power of 2.8 kW, which was then used to
experimentally verify the correct operation of the presented model of machine.
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1. Introduction

Machines with axial magnetic field flow, with permanent magnets, are characterized by a
very large ratio of diameter to axial length. Due to the features of geometry desired in many
applications and the simple construction of Axial Flux Permanent Magnet machines, they are
increasingly used. This type of machines are more and more frequently used for generator work
with wind turbine assemblies, mainly of small and medium powers. This situation creates the
need to conduct simulation tests for machines of this type as an element of more complex energy
systems. The generator model in the Matlab/Simulink program was made in such a way that it
was compatible with elements of the SimPowerSystems library. This approach makes it easier to
simulate generator operation under different conditions. It is possible to use ready-made elements
of the library, thanks to which it is easy to simulate the work of the generator with various types
of load or in a system with various types of power converters. This allows simulation testing of
many variants of the control strategies of these converters. The generator model described can
also easily be coupled with a turbine model, thanks to which a full turbine-generator-converter
system will be simulated.
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2. Description of the generator simulation model

The generator parameters determined in the field calculations were used to build a circuital
model used to simulate the dynamics of the generator. The investigated generator has 2.8 kW
rated power at 300 rpm. In the basic model version the equations take the form of (1), (2) and (3).

d 0
“Ruir+L —ir+—0. = 1
“ AR TU A TAAF LR o
me =i}, @)
2
d
Jmﬂzme+mo—50-D, 3)

where:

uy is the vector of phase voltages uy = [ua; ug;uc],

iy is the vector of phase currents iy = [ia;iB;ic],

Y is the vector of magnetic fluxes of magnets coupled with phases ¥ ¢ = [ a;¢¥B;¥cl,

R is the diagonal matrix of resistance of phase windings R = [R4, 0, 0; 0, Rp, 0;0, 0, Rc],

L is the phase winding inductance matrix L = [La, Lap, Lac; Lsa, LB, Lsc; Lca, Less Lcl,

0 is the rotation angle of the generator,

me is the electromagnetic moment produced by the generator,

m,, is the load moment,

D is the friction coeflicient,

J is the inertia moment.

Equation (1) describes the generator’s electrical substitute circuit, Equation (2) is an expression
for electromagnetic torque, while (3) is a mechanical equation.

Figure 1 shows the mask of an axial flux generator model working on a three-phase RLC load
connected in a star.
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Fig. 1. Mask of a axial flux generator model working on a three-phase RLC load

Terminals labeled phase_A, phase_B and phase_C are compatible with elements of the
SimPowerSystems/SimScape library. The model can work in two modes of mechanical input.
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The set value can be the generator rotational speed or load moment. The corresponding input
is active depending on the selection of the operating mode. In addition, the model provides
measurements of phase currents as well as phase and phase-to-phase voltages, the value of the
angular velocity w, the electromagnetic moment generated by the generator m and the estimated
load moment as the outputs. The last value makes sense when the generator model works in the
mode with the set speed. Figure 2 shows the whole model hidden under the mask presented. The
functional parts of diagram shown in Figure 2 are presented in details in Figures 3-7.

The diagram shown in Figure 3 implements electrical Equation (1). This part of the diagram
is built using elements of the SimPowerSystems library, thanks to which the model maintains
compatibility with elements of this library. The Mutual Inductance block is responsible for the
voltage drop on the resistances and the inductance system of the coupled generator windings. The
controlled voltage sources EMF A, EMF B and EMF C are responsible for the induced generator
voltage described in the expression:

d, aw
dr 907"

in Equation (1). The current measurement blocks provide the values of the phase currents neces-
sary to determine the electromagnetic torque from Equation (2).

The values of the derivative of the permanent magnet flux coupled with the windings in the
function of the rotation angle: dPsi A, dPsi B and dPsi C, necessary to control the voltage sources
from Figure 3, are determined by the diagram shown in Figure 4.

The values of derivatives of fluxes coupled to windings come from the interpolation of the
results of field calculations. This interpolation occurs in lookup table blocks. The input of these
blocks is reduced to the first period of the theta mechanical angle value calculated as an integral
of the omega angular velocity.

The block diagram shown in Figure 5 is responsible for determining the value of the electro-
magnetic torque from Equation (2).

The upper part of the diagram shown in Figure 6 is responsible for the implementation of
mechanical Equation (3). The value of the speed resulting from this equation is taken into account
when the model is operating in the mode with the preset torque Mo_wym. In the case of working
with a preset speed of omega_wym, the speed value determined from Equation (3) is ignored.
The position of the Switch determines the operating mode. When working in the mode with the
specified rotational speed, the value of the load torque must be estimated (based on Equation (3)).
The fragment of the generator model responsible for this task is shown in Figure 7.

As field calculations showed, the coefficients of internal and mutual inductance in the tested
generator show variability as a function of the angle of rotation. In order to include this fact
in the simulation, the model from Figure 2 needs to be modified. This modification consists in
replacing the Mutual Inductance block responsible for the voltage drop across the resistances and
the inductance system of the coupled phase windings from Equation (1), by the diagram that
takes into account the dependence of the inductance factors on the angle of rotation maintaining
compatibility with elements of the SimPowerSystems library.

The voltage drop on the system of generator’s coupled inductances, variable in a function of
the rotation angle, is described by Equation (4):

d
up = T AL©) - if), “4)
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Fig. 3. Part of the diagram in Figure 2 responsible for the implementation of electrical Equation (1)
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Fig. 4. Part of the diagram from Figure 2 responsible for determining the value of the derivative
of the flux coupled with windings
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Fig. 5. The part of the diagram in Figure 2 responsible for determining
the generator’s electromagnetic torque
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Fig. 6. The part of the diagram from Figure 2 responsible for the implementation
of mechanical Equation (3) and selection of the model’s operating mode
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Fig. 7. The part of the diagram from Figure 2 responsible for estimating the load torque

where:

uy, is the vector of voltage on inductances of generator windings uy, = [ur,;Ury; Uzl

L(0) is the the matrix of inductances of phase windings, variable in a function of the angle of
rotation 6,

ir is the vector of phase currents iy = [ia;iB;ic].

In order to model the variable inductance of the generator using elements from the SimPow-
erSystems library, Equation (4) transformed in the integral version was used. This equation takes
the form of (5):

t

ir=L@)" - fuL dr. (5)

o

The block diagram responsible for taking into account the variation of inductance coefficients
as a function of generator rotation angle, replacing the Mutual Inductance block from Figure 2,
is shown in Figure 8. The diagram in the upper part contains three models of inductance and
resistance of phase windings. The phase_A winding model is shown in Figure 9. The diagram is
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implemented using elements of the SimPowerSystems library. Resistance Ra is the phase winding
resistance. The voltage measurement block Ual measures the voltage on the inductance, which
after integration in the integrator block gives the value of the integral necessary to determine the
winding current from Equation (5). This value, in turn, is used to drive the current source CCAs
which forced the winding current. Such use of controlled current sources in a three-phase system
leads to an unacceptable situation in which all loops of the system contain more than one such
source. Resistor Ral counteracts the described situation, its value should be chosen so that it does
not affect the simulated waveforms.
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Fig. 9. A fragment of the diagram from Figure 8 modeling the inductance and resistance

of phase_A winding
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of inductance coefficients
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Figure 11 shows a fragment of the diagram responsible for calculating control values of
current sources of phase windings in accordance with Equation (5).
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Fig. 11. A fragment of the diagram from Figure 8 responsible for implementation of calculation (5)

Experiments have shown that the variability of inductance coefficients has little effect on
the waveforms in the tested generator. The proposed model will, however, enable analysis of
other variants of the generator’s construction characterized by greater variability of inductance
coefficients as a function of the angle of rotation.

3. Experimental verification of proper function of the model
In order to verify the correctness of the constructed computational model of the axial generator
described in Table 1, measurements on the generator prototype were made. Figure 12 shows the

screen shot of the oscilloscope with the measurement of line voltages in the idle state of the
generator for a rotational speed of 32.764 rpm.

Table 1. Waveform parameters from Figure 13

Signal Urwms [V] Unmax [V] THD [%0]
Uap — measurement 50.23 72.6 1.43
Uag — simulation 48.74 70.25 1.76
Upc — measurement 49.95 72.03 1.53
Upc — simulation 48.76 70.27 1.77
Uca — measurement 50.33 72.64 1.49
Uca - simulation 48.76 70.28 1.77
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Fig. 12. Oscilloscope screen shot when measuring line voltage at idle speed for 32.764 rpm

Figure 13 shows the comparison of measurements and simulations made using the model
in Figure 2. The observed waveforms show a high agreement both in shape and amplitude. The

amplitude of the simulated signals is slightly smaller. Table 1 summarizes the basic parameters
of the observed waveforms.
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Fig. 13. Measurements and simulations results of line voltage at the output of the generator
working in the idle state
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4. Simulation of generator work on three phase Gretz bridge

Figure 14 shows the model of the tested generator working on a three-phase Gretz bridge.
On the rectified voltage side, a capacitor with a capacity of C = 1 000 uF was used. The system
works on the load RL, its elements have the following values: Robc = 110 Q, Lobc = 10 mH.
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Fig. 14. A generator model working on a three-phase Gretz bridge
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A system simulation was performed at a generator’s rated speed of 300 rpm.

The voltage and rectified current were U = 540 V and It = 5.04 A, with the filter capacitor able
to completely remove the pulsation of the rectified voltage. In the load, the power P = 2.794 kW
was dissipated.

Figures 15 show the phase voltages of the generator working on the Gretza bridge at 300 rpm.
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Fig. 15. The phase voltages of the generator working at Gretz bridge load with a rated speed of 300 rpm
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5. Conclusions

The method of constructing the simulation model of the Core Less Axial Flux Permanent
Magnet electrical machine presented in the article functions correctly. This was confirmed exper-
imentally. The simulation model is also fully compatible with elements of the SimPowerSystem
library of the Matlab/Simulink package, which, as shown in section 4, enables the efficient use of
the described model to perform simulation tests of more complex systems. The discussed model
was created with the aim of conducting simulation tests of the AFPM machine control strategy,
working with a wind turbine, which is the subject of further work of the authors.
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