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Abstract: In this paper, the study and optimization design of stator coreless axial flux permanent
magnet synchronous generators is presented for direct driven variable speed renewable energy
generation system applications while considering the requirement of reliability and dynamic
performance with unstable input conditions. The dynamic analytical model is developed based on
the investigation of the axial flux permanent magnet synchronous generator (AFPMSG) structure
and basic electromagnetic equations to find out the relationship between generator parameters and
dynamic performance. Simulation via the MATLAB/Simulink platform is carried out to obtain the
sensitivity of dynamic performance to generator parameters. An integrated optimization model
that takes the key parameters as variables is proposed, aiming to improve the mechanical dynamic
performance of AFPMSG. For accurate design, the design procedure is modified by combining the
nonlinear iterative genetic algorithm (GA) to perform the calculation. A 3_kW AFPMSG is optimally
designed to minimize the output voltage overshooting—the index of dynamic performance for direct
driven variable speed generation application. Finally, a three-dimensional (3D) finite element model
of the generator is established by Maxwell ANSOFT, and the simulation results confirm the validity
of the dynamic performance analysis and optimal design procedure.

Keywords: direct driven variable speed; stator coreless axial flux permanent magnet synchronous
generator; mechanical dynamic performance; optimization design

1. Introduction

With the rapid development of society and technology, renewable energy resources have emerged
as the most viable and sustainable response to the increasing energy demand, limited fossil fuel
supplies as well as political pressure to reduce carbon emissions. Among the renewable energy
technologies, electric power that is converted via mechanical energy is the most popular, in particular,
those involving kinetic and potential energy forms such as wind energy and wave energy. Compared
to the traditional gearbox connecting the energy harvesting device to the generators, the recently
developed direct driven coupling method has the advantages of simple structure, high efficiency,
and reliability [1,2]. However, the inherent randomness and fluctuation of renewable energies results
in the output of direct driven coupling with low speed and instability, which requires advanced system
control and suitable generators. Therefore, specification design and optimization of the generator
have always been highlighted in the research of renewable energy exploitation and utilization, as the
generator plays a key role in the direct driven energy conversion.
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The axial flux permanent magnet synchronous generator (AFPMSG) has been widely used in
electric vehicles, energy storage systems, and renewable energy systems due to its benefits of high
power density, big diameter axial ratio, and convenient multipolar structure layout, as well as other
features [3,4]. Depending on the stator and rotor structure, the AFPMSG can be single-sided or
double-sided, core or coreless, with surface-mounted or embedded permanent magnets, single stage
or multi stage or other topological structures [5]. Due to the high torque density, simple construction,
excellent electromagnetic property and other advantages, AFPMSG with two outer rotors and an
inner coreless stator is increasingly being researched and widely used. Moreover, when considering
the coreless stator, the structural mass of the generator is decreased; meanwhile, the efficiency and
operation stability are increased resulting from no stator core loss and cogging torque [6,7]. Because of
the high generator diameter to the axial length ratio and two outer rotors that consist of PM and
rotor yoke, the proposed generator has bigger rotational inertia which can also be taken as energy
storage. The special structure introduced above makes the AFPMSG better regarding its dynamic and
anti-disturbance performance, and it is suitable for low speed and high torque direct driven variable
speed generation application.

With the increasing application of AFPMSG in direct driven renewable energy power systems,
studies on their analysis and optimization have drawn great attention recently. Analytical analysis,
the equivalent magnetic circuit approach and finite element simulation are the main AFPMSG research
directions. An AFPMSG design based on the dynamic generator and the power system model
has been presented as well as the system control for a variable speed wind power system in [8].
In [9], the optimization design of high-speed coreless stator AFPMSG was performed by a hybrid
method combining analytical and finite element analysis. Design and optimization, taking a different
stator, rotor, permanent magnet (PM), and other structure parameters as variables, have been studied
in [10-13]. Considering the wind speed and wind turbine characteristic, the AFPMSG structure
parameters were optimized to minimize the cost while maximizing the annual power output with
the particle swarm optimization algorithm and three-dimensional (3D) model simulation in [14].
Wedge-shaped air gap was proposed to deal with the issue of coil space factor at the inner diameter
of AFPMSG to increase electromagnetic loading in [15]. In the literature, studies on AFPMSG mainly
focus on the design and optimization of cost, efficiency, structure and dimension parameters as well
as generator controls, while a minority of them look into the dynamic performance of AFPMSG.
For the unstable output condition of direct driven renewable power generation systems, this paper
concentrates on the study and improvement of the dynamic performance of AFPMSG by its dynamic
analytical model and structure parameter optimization, while keeping the overall dimension and
output performance of the original prototype unchanged.

Recently, computer-aided techniques boosted by advanced optimization algorithms and computer
technology have been applied in the electromagnetic analysis and design. References [16,17]
presented the development of computer-aided electromagnetic field computation and multi-objective
optimization in detail. A novel procedure combining the multi-objective into a single objective was
proposed to optimize the electromagnetic field design in [18]. In [19], the dimensions of a coreless
AFPMSG were optimized, including the magnet pole, the number of winding turns and air gap
distance by implementing a hybrid pattern search-genetic algorithm. Magnetic field calculation and
the optimal design of electrical machine require searching for solutions to a multidimensional nonlinear
problem, resulting in the wide use of the heuristic algorithm to improve the calculation efficiency
and accuracy, such as genetic algorithm (GA), particle swarm optimization (PSO), and simulated
annealing method [20-22]. GA is a random search method that imitates natural selection and genetic
mechanisms, and it has been widely used as an optimization algorithm. GA searches for the best
solution by simulating natural evolution. GA was adopted to optimize the design of AFPMSG with the
aims of reducing the cost, increasing the power density and decreasing the torque ripple, as in [23,24].
Global optimization of AFPMSG is calculated by the sequence-genetic algorithm and fuzzy genetic
algorithm to achieve higher accuracy and efficiency, as in [25-27].
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In this paper, a complete dynamic analytical model is developed from the AFPMSG dynamic
model and swing equation, through which the key structure parameters are analyzed. Aiming at
improving the dynamic performance of AFPMSG to achieve reliability in direct driven renewable
energy generation system applications, an optimal design model considering the key parameters as
variables is constructed and calculation is carried out by a modified design procedure that combines
the nonlinear iterative genetic algorithm. In the following, the complete dynamic analytical model
that is based on the structure and electromagnetic relationship investigation of AFPMSG is given in
Section 2. Key parameters of AFPMSG are analyzed for dynamic performance based on the analytical
model in Section 3. Section 4 introduces the integrated optimization model and the modified design
procedure. In Section 5, the validity of the optimal design is simulated and compared through the
dynamic performance. Finally, the conclusions are drawn in Section 6.

2. AFPMSG and Dynamic Analytical Model

The dynamic performance analysis and optimal design of stator coreless AFPMSG requires an
overall study on the structure and basic electromagnetic relationship, as well as the dynamic analytical
model. Hence, it is important to introduce the stator coreless AFPMSG and dynamic analytical model
in detail.

2.1. AFPMSG

The AFPMSG proposed in this paper is an axial flux permanent magnetic machine topology with
two outer rotors and an inner coreless stator. Sectorial PMs that are mounted on the surface of two rotor
yokes make up the rotor while the stator armature is formed by epoxy-resin-casted non-overlapping
concentrated winding. The configuration and simulation model schematic, as well as the specifications
referring to the real AFPMSG, are given in Figure 1 and Table 1. Figure 2 illustrates the rotor and stator
winding in detail.

When compared to other topologies, the stator coreless AFPMSG can make full use of the
low-grade energy for its low detent torque and stable operation characteristic in the low speed
condition. Due to the high moment of inertia contributed by the structure, the generator can
also be used as energy storage to absorb the input disturbance energy, which increases system’s
anti-disturbance capacity and reliability. Electromagnetic relation is the basis of motor analysis and
research. The basic electromagnetic relations of AFPMSG are the steady state equations and main
sizing equations [3], as shown below. Equations (1), (2), and (4) indicate the relation between the
EMF (electromotive force), electromagnetic torque, electromagnetic power and structural parameters.
Equation (3) represents the influence of electrical parameters established by structural parameters
on the operation state. From the electromagnetic relation, the transformation principle inside the
generator can be known. It can be seen that the steady state equations and main sizing equations
represent the operation characteristic under different conditions and the relationship between the
rated design power and structure dimensions, respectively. Also, it is obvious that the structure and
dimensions have great influence on the output performance of the generator:
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27
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where X,; and Xuq are armature reaction reactance, Ry, Xj, Ef and I, are the stator winding impedance,
leakage reactance, induced voltage and effective phase current. U is the terminal voltage. s, ky, Ago,
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a1, Bs, Doyt and k; are the rotational speed, winding factor, average electrical load, magnet width
to pole pitch ratio, flux density of the air gap, outer diameter, and radio of outer diameter to inner
diameter of the generator, respectively.
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Figure 1. Axial flux permanent magnet synchronous generator (AFPMSG) configuration without the

stator core and simulation model. (a) Assemble model; (b) Ironless stator structure; (c) simulation model.
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Figure 2. Structure of the ironless AFPMSG. (a) Rotor and permanent magnet (PM) structure;
(b) Ironless stator structure.
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Table 1. Design data of the proposed axial flux permanent synchronous generator (AFPMSG).

Parameters Value Parameters Value
Rated output power Py 3 kW Outer diameter D+ 0.418 m
Rated RMS voltage at rated 300 rpm: Uyt 220V Out-in diameter ratio: y 1.8
Number of phase: m 3 Magnet thickness: 15 15 mm
Frequency: f 50Hz Winding turns per phase: N 434
Number of pole pairs: p 10 Air gap length: I, 1 mm
Pole-arc coefficient: « 0.8 Rotor yoke thickness: A 10 mm

2.2. Dynamic Analytical Model

The direct driven variable speed generation system under consideration consists of stator coreless
AFPMSG that is directly coupled to the energy harvest device without any gear box via a simple shaft.
Therefore, to find out the dynamic response under the disturbance input and the key parameters that
affect the performance, the dynamic analytical model including the swing equation and dynamic
model of stator coreless AFPMSG is presented below.

2.2.1. Dynamic Model of AFPMSG

The dynamic model of AFPMSG is derived from the dual-reaction principle of permanent magnet
synchronous machine based on d-q rotating reference frame [28,29]. According to the needs of practical
application, when considering the conditions and assumptions, such as no loss, torque pulsation,
unsaturated magnetic circuit and ignoring the complex magnetic field effects, the second order reduced
model is adopted for dynamic study [30-32] and the dynamic equations of output voltage are given by:

.o d

ud:fr-zd+%fwe<pq )
. d

Ug = —T-ig+ —;;q + We@y (6)

Considering the influence of stator current, the flux linkage equations are given by:

¢q=—Lg-ig+opm @q=—Lg-ig (7)

where 7 is the stator resistance, w, is the angular electrical speed, uy, i4, 1, and i; are the d and q axes
stator voltage and current, respectively, ¢4, Ly, ¢4, and L, are the inductances and flux linkages along
d and q axes, and ¢py is the permanent magnet flux linkage given by ¢py = zKTep/ where K, is the
induced EMF constant of AFPMSG.

Dynamic voltage equations can be derived from the above four equations. Figure 3 shows the
equivalent circuit diagram of AFPMSG.

‘ di ,
Uy = —1-ig— de—f + WeLygig (8)

. di .
Ug = —7"ig— qu—g — WeLgig + We@pm )

The equivalent circuit of AFPMSG can not only be used in steady state analysis but it is also
suitable for the transient process. The electromagnetic power generated by AFPMSG can be obtained
as below:

3 . .
P, = E(ed g +eq - ig) (10)

where 14, u; are the d and g axes stator voltage and current, respectively, e; = w.L4i; and e; =
—weLgig + we@pp. The transient power and torque developed is given by:
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3 . ..
P, = Ewe[GDPMlq —(Lg— Lq)ldlq} (11)

P, 3 . ..
To = — = ~plopmig — (Lg — Lq)idig) (12)
Wi 2

where w;, is the mechanical speed, p is the number of pole pairs. In (12), the first part is torque
component of PM, which is linearly related to stator current, the second part is the magnetic resistance
torque component. For surface mounted AFPMSG, there is L; = L,. Therefore, the torque is linear to i,
and T, can be modified:

3 .
T. = 5P9PMmig (13)

Based on the modeling equations above, the MATLAB/Simulink model of AFPMSG is shown
in Figure 4. The model in Figure 4 contains all of the main parameters that are needed for dynamic
performance. From the model, it is obvious that the dynamic performance can be simulated with
different input conditions and it can be improved by choosing the proper generator parameters.
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Figure 3. Equivalent circuit. (a) in q axis; (b) in d axis.
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Figure 4. Dynamic model of the proposed AFPMSG.
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2.2.2. AFPMSG Swing Equation

The swing equation, which is also called the rotational inertia equation [33,34], representing
the connection relationship between the energy harvesting device and AFPMSG, is essential for the
dynamic performance analysis. The swing equation characterizes the rotor balance relation of the
generator between electromagnetic torque and mechanical torque. In a direct driven generation system,
the generator is connected to the energy harvesting device through a shaft without any gear box and
therefore a simple lumped mass model has been adopted and the differential equation is defined by:

dw
]J = Tyu — Te — Kwp, (14)
dt
where | is the moment of inertia of rotor mass, Ty, and T, are developed by the energy harvesting
device and generator, and K is the friction coefficient. The moment of inertia mainly comes from

permanent and rotor yoke, and the equation is given by:

] = Jsnaft + Jre + Jpm

D2 ,+D? (15)
= ]shaft + w - (mpe +mppm)
n(D2, — D? (D2, — D?
mMpypm = Zl’ép—( out4 m)hM Mrpe = 2 ( out4 m)A (16)

where g5 is the moment of inertia developed by the shaft, mp, and mpy; are the mass of rotor yoke
and PM, and hj;, A are the thickness of PM and rotor yoke.
The MATLAB/Simulation model of the AFPMSG swing equation is shown in Figure 5.
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Figure 5. Simulink model of swing function.

2.2.3. Dynamic Analytical Model of AFPMSG

The dynamic analytical model of AFPMSG combines the dynamic model of APMSG and swing
equation, as illustrated in Figure 6. Structure parameters, electrical parameters, torque and movement
analysis have been considered in the analytical model. The dynamic response of AFPMSG to the direct
driven variable speed condition can be obtained by adjusting the input condition and the generator
parameters. Three steps are taken to analyze the dynamic performance of AFPMSG. First, the dynamic
response of the generator under different input conditions is found by changing the input torque or
speed condition according to the typical input disturbance. Second, the control variable method is
applied to change one parameter, while the others are kept unchanged to find the sensitivity of the
main parameters of AFPMSG to the performance. The last step is to adjust the generator parameters
on the basis of optimization to improve the dynamic performance.
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Figure 6. Dynamic characteristic analysis block diagram.

3. Dynamic Performance and Key Factor Analysis

3.1. Dynamic Performance Analysis

In the direct driven generation system without any speed adjustment gear, the energy including
the fluctuation and disturbance received by the generator, will directly reflect in the output
performance, which depends on the structure parameters of generator. In this paper, dynamic
performance analysis is researched via the starting process and response of the output voltage when
there is disturbance. According to Table 1, the moment of inertia of stator coreless AFPMSG is 0.957
kgmz, the friction coefficient is 0.09, stator resistant is 3.3 (), and induction is L; = L; = 0.008 H. Those
parameter data are obtained from theory calculation and the simulation of Maxwell ANSOFT.

Figure 7 shows the output voltage curves of the starting up with 100 Nm rated input torque
(a) and voltage response to the disturbance with 5 Nm step torque input (b). It can be observed that the
generator needs to take some time At (about 1.5 s) to reach the steady state operation or settle down
from the disturbance. Besides, the voltage response to the disturbance input is damped oscillation,
peak value of which greatly influences the power quality and reliability operation. The output voltage
fluctuation caused by unstable input needs to be considered particularly in a direct driven generation
system with no speed adjustment gear. Therefore, according to the curves and the principle of the
control system [35,36], the regulating time At and maximum voltage overshoot M, representing the
dynamic stable time and the disturbance deviation of the system, respectively, is presented to illustrate
the dynamic performance of AFPMSG. The maximum voltage overshoot M), is defined by:

u-uy

M, = max 17

p 0. (17)

where U is the transient output voltage, Us is the rated steady state voltage value and |U — Us| ,,, is

the maximum difference between the transient output voltage and the rated steady state voltage.

According to the dynamic analytical model, the rotational inertia |, EMF factor K., number of
pole pairs N, stator winding resistance r, inductance is L;, L; and damping coefficient K are the main
model variables that affect the dynamic performance of AFPMSG. The damping coefficient is obtained
from the experience formula and it is not a designable parameter of the generator, which is neglected
during the optimization. The variables of the AFPMSG analytical model are structure parameters
or developed by them, while one structure parameter might affect more than one model variable,
as in the relation presented in Section 2. Therefore, it is essential to find out the impact of structure
parameters on the dynamic performance to optimize the overall structure of AFPMSG for improving
the output dynamic performance, which is the main target of this paper.
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Figure 7. Output performance of starting and input disturbance. (a) Start with constant torque input;
(b) dynamic performance with step torque input.

3.2. Key Parameter Analysis

The generator structure parameters can be divided into two types according to the dynamic
analytical model and structure schematic as shown in Figures 1 and 2. The first type are structure
size parameters, which mainly include the outer diameter of the generator, ratio of outer diameter
to inner diameter, thickness of PM and rotor yoke, and the length of air gap. The other type is the
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number parameter of the structure components such as the number of pole pairs and winding turns.
Some generator structure parameters are determined by the rated design parameters of AFPMSG
or they are limited by the overall structure size, which are not considered in the parameter analysis.
Main structure parameters are analyzed by simulation based on the structure and electromagnetic
relationship of the AFPMSG in the following.

3.2.1. Ratio of Main Dimensions

The ratio of the main dimensions is defined as the ratio of the shaft length to the outer
diameter [37], while means the ratio of the outer diameter to the inner diameter in AFPMSG. The ratio is
the vital geometry parameter of motor design, which not only decides the diameter of the generator but
also affects the variables of the dynamic analytical model, including the rotational inertia, EMF factor,
resistance and inductance. The influence of the ratio on the variables and dynamic performance is
simulated via parameterization, as shown in Figure 8. The value of all dynamic analytical model
variables increase as the ratio increases. The change of EMF factor that is caused by the ratio is greater
than other variables, resulting in the output dynamic performance. The maximum output voltage
overshoot increases while the regulating time decreases with the effect of changing variable value
caused by the adjustment of the main dimension ratio.
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Figure 8. Influence of different diameter ratio: (a) Model variables; (b) Dynamic characteristic response.

3.2.2. Thickness of the Permanent Magnet

The permanent magnet (PM) is the source of the magnetic field and it is also a part of the magnetic
circuit. The electrical time constant as well as the EMF factor and inductance is affected due to the
magnetic resistance being closed to air. The EMF factor and rotational inertia increases while the
induction decreases when the PM becomes thicker. The dynamic performance changes because of
the increasing thickness of the PM with the maximum output voltage overshoot decreasing slightly
and the regulating time reducing. When considering the cost and saturation of the magnetic circuit,
the thickness of the PM needs to be set properly to achieve the desirable output design and dynamic
performance. Figure 9 illustrates the influence on the generator caused by the thickness of PM.
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Figure 9. Influence of different PM thickness: (a) Model variables; (b) Dynamic characteristic response.

3.2.3. Thickness of Rotor Yoke

The rotor yoke is a component of the magnetic circuit as well as the supporting structure of the
PM. Therefore when deciding the value of PM thickness, the saturation of the magnetic circuit and no
deformation of the structure need to be taken into account. With electrical and structural demands
satisfied, an increment in the thickness of the rotor magnetic yoke causes no impact on the EMF
factor, synchronous inductance or stator resistance, but it increases the rotational inertia effectively,
which lowers the maximum output voltage overshoot and increases the regulation time, as indicated
in Figure 10.
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Figure 10. Influence of rotor yoke thickness: (a) Model variables; (b) Dynamic characteristic response.

3.2.4. Length of the Air Gap

The length of the air gap is a key factor influencing the EMF factor and the inductance of AFPMSG.
Generally, the air gap length of PM motors is larger than that of the rotary motors and the value is
usually over 1 mm. The EMF factor and inductance decreases as the air gap increases while the former
dropped more significantly, resulting in the regulating time increasing and the maximum voltage
overshoot decreasing, as shown in Figure 11.
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Figure 11. Influence of different air gap length: (a) Model variables; (b) Dynamic characteristic response.

3.2.5. Turns of Coil

The stator of the proposed stator coreless AFPMSG is post winding coils that are cast in
epoxy resin or other nonmagnetic materials. The coil turns are greatly dependent on design needs,
winding configuration and stator space. However, the turns are also related to the EMF factor,
stator resistance and inductance, which affect the output electrical and dynamic performance. The turns
demonstrated a positive proportional relation with the EMF factor, with the results demonstrating
that the larger the number of turns, the higher the EMF factor will be with the increasing of resistance
and induction at the same time. The maximum voltage overshoot increases and the regulating time
decreases for an increasing number of coil turns. The dynamic response is shown in Figure 12.
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S 1.2 112 § v
£ 2] 5 15

3 —~
2104 {108 g
2 S @4 {a 5
g os ‘ : : ‘ ‘ og 3 po
= 375 400 425 450 475 500 2 . N

£ 1,2
— Turns per coil N —*— Lq&Ld = 2
T 129 S 412 = _% 2
£ 104 J10 2 5, I
3 ° 1o 8 2 —— E
A £ g — | £
4 61 16 2 1 1.8
S 4] —a {4 £
E S
3 2 12 = 0 T . ; - - ; 0
= 375 400 425 450 475 s00 360 380 400 420 440 460 480 500
Turns per coil N Turns per coil N
(a) (b)

Figure 12. Influence of different turns per coil: (a) Model variables; (b) Dynamic characteristic response.

4. Integrated Optimization Design

4.1. Optimization Model

As discussed previously, the dynamic response of AFPMSG varies with different structure
parameters, and the two dynamic performance indicators that regulate time and maximum output
voltage overshoot are affected. In terms of the cross impact of different structure parameters,
optimization once at a time or simple superposition optimization is not enough to achieve the optimal
target. When optimizing the dynamic performance of AFPMSG, the integrated optimization is essential
when taking all of the structure parameters into account. The mathematic equation connecting the
dynamic performance indicator and the structure parameters of AFPMSG is given by:

G(xy,x2-xp) = M) + kAt (18)
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where xq,x,---x, are variables of the structure parameters, M, and At are the two dynamic
performance indicators of overshoot and regulation time respectively, and k is the weighting coefficient
depending on the optimization target. In a direct driven generation system, the dynamic performance
is especially concerned because the unstable output voltage amplitude has a direct impact on the
safety and reliability operation of the generator with the disturbance conditions. Thus, to reduce the
amplitude of the dynamic output voltage, an integrated optimization model aiming at the maximum
voltage overshoot is proposed with taking the structure parameters as variables.

Two steps are taken to determine the objective function. The first is to develop the variables
of the dynamic analytical model from the generator structure parameters via the calculation of the
electromagnetic relationship and the basic size equation. Then the object function is constructed by the
variables through the dynamic analytical model and equation of maximum output voltage overshoot.
The process of determining the object function is illustrated in Figure 13.

Basic size and electromagnetic Dynamic model and maximum
relation overshoot function
Optimization parameters Model variables Objective function
Vs th A; lg> N J: Ke: Ld&q: r Mp =G(x)

Figure 13. Objective function deriving block diagram.

The accurate definition of the constraints in terms of optimization variables is a key step
in the optimal design procedure of stator coreless AFPMSG. The optimization in the paper is to
improve the dynamic performance on the condition of keeping the output power and the overall
size of the generator unchanged. Hence constraints containing the overall size of the generator,
the demand of non-saturation of magnetic circuit, and electrical output performance are considered
in the optimization. The mathematic optimization model of maximum output voltage overshoot is
presented as follows:

minMp : My = G(v, hm, A, lg, N)
s.t. Pour > Py
>0 19)
Byoke < Bmyoke
size(Doyt; 1)

where 7y, hy, A, lg, N are the ratio of the outer diameter to inner diameter, thickness of PM, thickness of
rotor yoke, length of air gap and turns of coils. P, # and Py, 1o are the power and efficiency of
the generator before and after optimization, B, is the flux density of the rotor yoke, which should
be smaller than the saturated maximum flux of the rotor yoke B, o, and the overall size of the
generator mainly refers to the diameter and axial length. In addition to the limit of output power
and efficiency, the rated design parameters are considered as the limitation, such as the rated output
voltage and frequency.

4.2. Optimization Design

The dynamic performance optimization design of the stator coreless AFPMSG is the nonlinear
multi parameters optimization according to the previous model and analysis, where the algorithm
adopted is important to the optimization results and efficiency. Direct search and random search are
the two main nonlinear optimization algorithms [38]. Nowadays heuristic optimization algorithms
including the genetic algorithm (GA) and Simulated Annealing (SA), have been widely developed and
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used in the optimization of electrical machines to overcome the limitations of initial conditions,
local optimization, the difficulty of considering multi parameters as well as other deficiencies.
The GA is a metaheuristic inspired by the process of natural selection that belongs to the larger
class of evolutionary algorithms (EA). GA are commonly used to generate high-quality solutions to
optimization and search problems by relying on bio-inspired operators such as mutation, crossover and
selection [39]. GA has been applied to the optimization design due to the advantages of simple process,
global searching ability, and high expansibility, as in [18,19]. In this paper, the improved GA is used to
perform the optimization, as discussed in [40].

In terms of the calculation of an integrated optimization model for dynamic performance,
the modified design procedure combing the GA is proposed. GA was adopted in the paper to
perform the calculation as a part of design procedure for the best optimization result. Thus simple
and utility algorithm is preference. To avoid the problems of slow convergence and “precocity”,
adjustable crossover probability and mutation probability are used in the GA process. Figure 14
illustrates the basic structure of the modified design procedure. A preliminary design is obtained
through the sizing equation and basic electromagnetic relation on the condition of rated design
parameters. The main structure parameters are optimized by the GA applied to search for the best
solution from the variables of the generator for the object function.

Determination of initial
design parameters

v

Initial design results of
AFPMSG

v

Initial population by
random generation

k_' New generation

Evaluation the *
population fitness Crossover & mutation
with adjustable
probabiility

Select elitist

topping criteria

Yes
Opitmial design results
of AFPMSG

v

Simulation and
Validation

End
Figure 14. Flowchart of the genetic algorithm (GA) optimization design procedure.

The optimization design is carried out by MATLAB GA tools that are based on the mathematic
optimization model. The structure parameters before and after the optimization for maximum output
voltage overshoot target are given in Table 2. When comparing the data of Table 2, the structure
parameters of the generator are optimized with minor adjustments to the overall diameter and axial
length. The turns of coils and thickness of PM are decreased after optimization, which will reduce
the EMF factor and loss of the generator as well as the flux density of the air gap and output power.
On the contrary, the decreasing of the diameter ratio and length of the air gap can not only make
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up the influence mentioned above but also reduce the dynamic output voltage overshoot. Besides,
although the mass of generator increases, the increasing of the rotor yoke thickness without changing
the whole size greatly increases the rotational inertia and lowers the output voltage overshoot because
the increment of mass concentrates on the rotor.

Table 2. Design variables of the AFPMSG before and after optimization.

Design Variable Initial Value Optimal Value
Outer diameter: Dy 418 mm 420 mm
Out-in diameter ratio: y 1.8 1.75
Magnet thickness: h; 15 mm 13 mm
Winding turns per phase: N 434 420
Air gap length: I, 1 mm 0.6 mm
Rotor yoke thickness: A 10 mm 15 mm
Axial length: [ 62.1 mm 67.5 mm

5. 3D Finite Element Analysis

3D finite element analysis is performed to evaluate the validity of the dynamic analytical model
and the optimization design procedure presented in the previous sections. The 3D model of the
stator coreless AFPMSG is developed and simulated via the electromagnetic field simulation software
Maxwell ANSOFT (Maxwell v16, ANSYS, Inc., Pittsburgh, PA, USA).

The finite element models of the proposed AFPMSG are based on Table 2. Figure 15a illustrates the
magnetic field distribution for the whole AFPMSG and the effective plane of the air gap. Asymmetrical
distribution of flux density in the rotor yoke is caused by the armature reaction when considering
the influence of stator current. As mentioned in Section 4, the optimization design of generator
dynamic performance with the consideration of rotational inertia will increase the thickness of rotor
yoke, which results in lower values of the maximum flux density being presented in the rotor yoke.
Along with the structure characteristic of the stator coreless, it is obvious that the magnetic circuit is
not saturated. The flux density of air gap increases with the optimization of air gap length and the
thickness of PM, which guarantees the demand of electrical output. The flux density distributions of
the air gap along the radial and axial direction are given in Figure 15b.

The optimal three phase voltage as well as their harmonic contents are obtained and shown in
Figure 16a. It is obvious that the optimized generator has a sinusoidal output voltage with the value
meeting the design requirements and the harmonic contents can be negligible.

Figure 16b compares the output voltage and power before and after optimization. The output
voltage and power of optimization are bigger than that before optimization, indicating that the
improved structure parameters enhance the electrical performance. The comparison also confirms the
validity of structure parameter optimization for electrical performance.

To compare the dynamic performance, the output voltage response to the same continuous
disturbance torque input is simulated and analyzed before and after the optimization of the AFPMSG.
The output voltages before and after the optimization are shown in Figure 17a, while Figure 17b
illustrates the envelop curve of the maximum output voltage. The output voltage response of the
optimized generator is slower and smaller than the preliminary one. It is observed that the dynamic
response of output voltage after optimization became more stable, which exerts a better inhibition of
voltage leap in the case of heavy disturbance. The comparison of maximum output voltage overshoot
with different input torques is indicated in Figure 17c. The markings in Figure 17b,c indicate that
the output voltage becomes more stable and the maximum output voltage overshoot is reduced,
making the system more safe and reliable after optimization. Moreover, the inhibition of voltage leap
for the optimized generator is more apparent when the input is heavily disturbed. It is concluded
are obtained that the dynamic performance of the optimized AFPMSG is better and the optimized
AFPMSG can operate more stably and reliable with unstably input conditions.
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Figure 15. Distribution and comparison of Mag B before and after optimization: (a) Magnetic
flux density distribution in the APFMSG and on the middle plane of the effective air gap; (b) The
circumferential distribution curve at average radius and radial distribution curve of Mag B before and
after optimization.

The comparisons between the preliminary design and optimal design are given in Table 3, where
the items to be compared are mainly the output electrical output performance, consumption of PM,
and the dynamic performance. It is obvious that the optimized generator complies with design
requirements with slight improvement in terms of economy and efficiency. Besides, the output peak
voltage is reduced under the same disturbance condition, which improves the safety and reliability of
the generator.

Additional simulation is carried out on the output voltage versus rotor speed and input torque
for a constant resistive load, as shown in Figure 18. The result shows that the voltage versus rotor
speed and input torque appear to be a linear relationship respectively, even in the low speed range,
making it suitable for direct driven power generation such as direct couple wave power generation
and low speed wind turbines.



Energies 2018, 11, 3162 17 of 22

Output voltage UA,UB,UC FFT analysis

37500

37500

250,00 —
12500

50.00 —

000 —

Voltage(v)

-125.00 —

mag(inducedVoltage(Winding/)) [V]
|

250,00 —

37500 T T
000 500 1000

T T T T T T T
1500 2000 2500 3000 000 10000 20000 30000 40000 500,00
Time [ms] Freq [H2)

(a)
= Optimial value = Optimal value
300 3000 4
200 2500
S s
2 ~
S 100+ . 2000 -
(é)1 —
£ 0+ £ 1500
E g
= -100 5 1000 A
o 8
5 >
O -200 A (] 500
-300 0
-400 T T T T T T T -500 T T T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (s) Time (s)

Figure 16. Distribution and comparison of output performance: (a) Output voltage after optimization
and Fast Fourier Transform (FFT) analysis; (b) Output voltage and power comparison before and
after optimization.

Table 3. Output and dynamic performances of the AFPMSG before and after optimization.

Parameters Initial Value Optimal Value
Rated output power: Py 2893 W 3078 W
Rated RMS voltage at rated 300 rpm: Upy¢ 220V 237V
Output performance Total loss: Py 3258 W 298.6 W
Maximum efficiency: # 0.9 0.912
PM material volume: Vpy, 0.0024 m° 0.002 m3
Regulating time: At 15s 19s

Dynamic performance Maximum voltage overshoot: M 4.45% 3.37%
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Figure 17. Dynamic performance analysis: (a) Output voltage with variable torque input for optimal
design and partial detail; (b) Envelop comparison of the maximum output voltage before and after

optimization; (¢) Maximum overshoot with different input disturbance torque.
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Figure 18. Induced Voltage curves with varied speed & torque. (a) simulation curves of induced
voltage with varied speed input; (b) simulation curves of induced voltage with varied torque input;
(c) comparison on the induced voltage between varied speed and torque input.

6. Conclusions

In this paper, a dynamic performance study and an optimization design of stator coreless AFPMSG
was presented for direct driven variable speed power generation application. The dynamic analytical
model was developed based on the structure analysis and a dynamic model of AFPMSG and swing
equation. Moreover, dynamic performance indexes were considered through the simulation of
a dynamic analytical model under starting up and disturbance input conditions. Key structure
parameters were analyzed based on the dynamic analytical model and an integrated optimization
model with multiple structure parameter variables was developed for the optimization design of the
generator dynamic performance.

Considering the demand of dynamic performance for direct driven generators, based on a
nonlinear iterative genetic algorithm, a modified optimization design procedure was proposed. A 3 kW
300 r/min stator coreless AFPMSG was optimally designed through the design procedure. Theoretical
calculation and simulation analysis were performed on the electrical and dynamic performance of the
generator before and after optimization, the results of which showed that the dynamic performance
was improved after optimization without reducing the electrical output. Moreover, the 3D finite
element simulation outcomes and comparison also demonstrated the accuracy of the theoretical
analysis and model in the paper.
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