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Abstract: Flux reversal permanent magnet generators are well suited for use as wind turbine generators owing to their
high torque generation ability and magnetic gear. However, they suffer from poor voltage regulation due to their high
winding inductance. In this paper, a design optimization method is proposed for flux reversal generators in wind turbine
applications. The proposed method includes a new multiobjective function. Cost, volume of the generator, and mass
of the permanent magnet are considered in it independently and simultaneously. Besides the new objective function,
the main superiority of this paper compared with published papers is considering winding inductance in optimization
procedures as a constraint and analyzing the optimization results for different values of it. Also, for the first time, the
equations for permanent magnet sizing are considered based on a demagnetization curve for designing a flux reversal
generator. For this purpose, a step-by-step design procedure is proposed and sensitivity analysis is performed to determine
the sensitivity of output parameters to specific electrical loading, the height of the permanent magnets, and the machine
length-to-diameter ratio. Then a multiobjective optimization based on a genetic algorithm is carried out and the best
combination of pole number and number of slots/pole/phase is obtained. Then, for this combination, the optimum
value of the constraint is obtained, too. Then specifications and dimensions of the optimum flux reversal machine as a
wind turbine generator is presented. Finally, a time-stepping finite element method is used to validate the design and

optimization results.
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1. Introduction

Today, numerous industrial applications such as ship propulsion, wind, and tidal power generation require
high-torque low-speed drives, which often run below 150 rpm [1, 2]. Direct drive turbines have been used
for avoiding gearboxes failures, reducing mechanical loss, increasing reliability, and lowering maintenance costs.
The appropriate generators for such applications should have high torque generation ability. Permanent magnet
(PM) machines are usually the most common and popular options in this field and flux reversal machines (FRMs)
are new versions of these machines. An FRM is classified as a high-power density machine that operates based
on the flux modulation effect between the stator teeth and rotor poles [3]. When the rotor rotates one turn, the
winding flux linkage varies Zr times, where Zr is the number of rotor teeth. Hence, the winding flux variation
in FRMs is faster than the rotor field rotation, which is known as the electromagnetic gearing effect. This kind
of machine is a well-suited direct-drive application where the rotational speed is low. In an FRM, when the
rotor rotates by one pole pitch, the polarity of the PM flux linkage in the armature winding is reversed, which

is called “flux reversal”.
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The first group has concentrated on analyzing different aspects of FRM machines. For example, FRMs
have an “electrical gear” property, which was introduced in [4] for the first time. In these machines, FRMs
are analyzed with the combination of this concept and the conventional PM synchronous machine (PMSM)
analysis methods. The d-q model of FRMs was developed in [5] based on the PMSM model and electrical gear
concepts, where the power density of FRMs was increased with full pitch winding. In [6, 7] a subdomain model
was developed for no-load and on-load magnetic field distribution calculation. The work in [8] focused on the
harmonic content of back electromotive force by field modulation theory. Some of these papers have dealt with
analyzing the different topologies of FRMs, such as transverse flux or linear form [9-11].

The second group has focused on designing FRMs. The first FRM, which was introduced in 1955, had
a single-phase configuration [12]. The drawbacks of the single phase led researchers to introduce a three-phase
FRM [13]. Since then, many studies have been done on the design and improvement of three-phase FRMs. The
authors in [14] proposed using a flux barrier in the rotor and in [15] proposed the asymmetric stator pole to
reduce the flux leakage. A magnetless FRM was first designed in [16], in which a four-phase DC field was used
instead of PM for providing excitation control ability. An improved configuration was introduced in [17-19] for
cogging torque reduction.

All the above-mentioned papers have focused on the advantages of FRMs. Nevertheless, one of the main
drawbacks of the FRM as a generator — i.e. large winding inductance — has not been considered thoroughly
in the design. In this paper, the optimum selection of winding inductance is considered in the design and
optimization of a 1.5 MW direct drive generator.

Moreover, minimizing the permanent magnet weight in the FRM is another point that has been left
unnoticed in the literature. Rare earth magnets are among the most expensive parts of PM machines. In this
study, design equations will be presented based on the demagnetization characteristics so that the volume of
the PM will be minimized during the optimization process.

The remainder of this study is organized as follows. In Section 2, the analytical design approach is
proposed and design steps of an FRM are presented. Also, some equations are presented for determining the
main dimensions of an FRPM, the permanent magnets, and inductance. In Section 3, the effects of several
parameters on machine characteristics are investigated. In Section 4, the machine is optimized with a specific
objective function. Finally, the validity of the design and optimization are investigated in Section 5 using

time-stepping finite element analysis.

2. Analytical design method

In order to design a machine, it is necessary to determine four basic elements: input data, design procedure,

assumptions, and outputs.
2.1. Input data

Input variables usually include generator rated values, material specification, and operational data. The purpose
of this research is designing a gearless direct-drive wind generator. The widely used 1.5 MW 690 V generator
class with a rated rotational speed of 19.65 rpm is considered for this purpose. Table 1 illustrates the generator

rated values and specifications of the materials.

2.2. Design procedure

The design procedure is divided into three parts. First, the main machine dimensions are determined, and then

the PM sizing is accomplished. Finally, the winding inductance is calculated.

694



GHASEMIAN et al./Turk J Elec Eng & Comp Sci

Table 1. Generator nominal value and used material specification.

Parameters Symbol and unit | Value
Power P,, Mw 1.5
Voltage V, v 690
Efficiency n, % 95

Power factor PF 1

Speed Ny TPM 19.65
Winding factor K, 0.95
Lamination factor K; 0.95

Slot fill factor K., 0.7
Maximum temperature | ©,,, C° 120

Steel saturation By, T 2

Core loss coefficient Ky, Ke,w/m? 187.8, 1.578
Copper resistivity Teo, MM 1.72x10~8

2.2.1. Main dimension calculation

The design procedure is started based on the general active power equation [20]:

P, = 3nPFEI, (1)

Where 7 is the machine efficiency, PF is the operation power factor, and E' is induced voltage, which is equal
to 2Ky, fNpnop. K, is the winding factor, f is the electrical frequency, IVpp, is the number of winding turns
per phase, and ¢, is the flux under each pole. By substituting this equation in (1) and defining By, and ac
as follows, the air-gap diameter (D, ) and machine length (L) can be obtained from (4) by taking Y as the

machine stack length to the air-gap diameter:

P¢
B,, = L 2
T wDyK, L 2)
By, is the specific magnetic loading, which is defined as the total flux per unit area over the surface of the
armature periphery [20]. K; is the lamination factor, which is determined according to the effective to actual

length of the machine, and P is the pole number.

_ 6Nl

ac .
mDy,

3)

ac is the specific electrical loading, which is defined as the total number of armature conductors per armature

periphery at the air gap [20].

D o_ 3¢ V2PP, (@)
9\ MK, K,PFnBg,acY’

L=YD,. (5)

The stator teeth number (Q;) is specified according to the machine pole number P and the number of

slots per pole per phase ¢ as follows:
Qs = mqP. (6)
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The rotor teeth number (Z,.) should be equal to:

Zy, = Qs - (7)

P
5

The machine stator yoke height h,, and rotor yoke height h,, are determined according to the flux
under each pole and maximum permissible flux density for the electrical steel. Also, for optimum use of the
PM material, the height of the rotor and stator yoke should be larger than the PM segment width.

7D, Ba, K
hsy = hry = ﬁ' (8)

Slot dimensions are determined based on the space needed for copper wires:

_ ACONCS

As
KCO

(9)

where K., is the slot fill factor, which is related to the insulation type and winding technology; N.s is the

number of conductors per slot; and A, is the cross-section area of each conductor that is calculated as follows:

wD,ac
Ngs = g_. 10
3IPq (10)
Teol
Ay = M7 11
R (11)

where 7., is the copper resistivity, L., is the total length of winding per phase, and R, is the winding resistance

per phase, calculated as follows:

Lco = (L + Tc)NcsPQ7 (12)
PCO
Ry = 355 (13)

T, is the winding pole pitch and P., is the allowable machine copper loss.

Finally, the slot width (W, ) and slot height (Hs) are calculated as follows:

B 7(Dg + 2h.,)

Wss - Qs - Wsta (14)

A,
WSS ’

Wy is the stator tooth width, which is equal to 0.75 W, [13], where Wp,, is the PM width.

2.2.2. PM dimension calculation
Irreversible demagnetization can occur by an opposite magnetic field with an intensity higher than magnet

coercive force (H.). Such a situation can occur due to excess current in the stator windings during a short
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circuit fault or even heavy overloading of the generator. As shown in Figure 1,' the coercive force decreases with
temperature rise so the worst case, i.e. the value corresponding to the highest operating temperature (Tpqz ),

is considered.

B (T)

e e e e B

0
-1000 -800 -600 -400 -200 0
H (KA/m)

Figure 1. Demagnetization curve of PM - N38SH.

The equations for calculating the size of a PM were developed by Gieras in [21]. The minimum thickness
of the magnet along the radial direction is determined by the armature reaction and demagnetization curve as

follows:
Ka Km Fad

I ad 1
hm min HC(TmaI)) ( 6)

where K, is a safety factor that is set to 1.1 [22]. K, is the ratio of the maximum possible current during a
short circuit or overload to the nominal current. F,; is the mmf of the direct axis armature reaction per pole

with nominal current and can be calculated as follows:

m2v/2 .
Fog = ——— adeNpth~ (17)
P

K,q is the direct axis armature reaction factor that can be obtained by FEM simulation (i.e. 0.9).

2.2.3. Inductance calculation

The machine inductance is caused by armature reaction and flux leakage. It directly affects the machine voltage
regulation and converter system, which makes it an important parameter in the design procedure. For avoiding
the complexity of inductance calculation, the equation in [4] is used with a modification factor (K ). This

factor is used to consider the leakage and fringing flux and is estimated based on the FEM analysis (i.e. 1.1).

TNy, Dy L

Li=Ky———"———.
T2P> (hyy + 1ng)

(18)

2.3. Assumptions

During the design procedure, some unknown parameters are needed to be determined based on past experiences
like winding factor ( K, ), lamination factor (K ), and slot fill factor ( K., ), which are shown in Table 1. These
parameters are categorized as the design assumptions and can be modified during the simulation procedure and

construction.

ISintered Neodymium Iron Boron (NdFeB) Magnets. Website https://www.eclipsemagnetics.com/media/wysiwyg/brochures/
neodymium_grades_data.pdf[accessed 10 5 2019].
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2.4. Outputs

Output variables are some electrical parameters like output power and inductance and also the geometrical
parameters including the stator and the rotor dimensions. Here, the volume of machine, the mass of materials

used in a machine, power density, and winding inductance are considered as output parameters.

3. Sensitivity analysis

As described in the previous part, there are many initially assumed parameters in the design procedure that
can affect the performance of the machine. To reach an optimal design, some of these parameters should be
determined during an optimization process. For this purpose, a sensitivity analysis for the influence of some
parameters like specific electrical loading (ac), machine length to air-gap diameter ratio (Y), and PM height
(hm) on the output characteristics is performed. The rated values of the sample FRPM are shown in Table 1.
In this design, the number of pole pairs is considered to be 6, a full pitch distributed winding is used, and the

number of slots per pole per phase is considered to be 2.

3.1. Specific electrical loading

Figure 2 shows the effect of increasing the specific electrical loading on the output characteristics of the sample
FRPM. At first, the values of h,, and Y are assumed to be constant and equal to 25 mm and 0.5, respectively.
Figure 2a shows that the machine volume (VM) is decreased as the specific electrical loading is increased.
Consequently, the mass of steel ( My, ) is reduced as well in the same manner (Figure 2b). Although the volume
of the machine is decreased, the mass of copper (M., ) is increased (Figure 2¢). In fact, the number of winding
turns is increased with an increase in ac. To have a constant efficiency, a conductor with a larger cross-section
is needed, which leads to an increase in the mass of copper. With constant PM height, the mass of PM (M, )
is reduced as well (Figure 2d). Figure 2e shows that an increase in power density (P;) leads to the total mass
being reduced. The winding inductance is related to the diameter, length, square of winding turns, and air gap
length. As shown in Figure 2f, the inductance of winding is larger for a higher value of ac. It shows that the
effect of winding turn increment is more than the effect of reduction in the diameter and length. The larger
inductance can deteriorate the voltage regulation and needs a larger DC bus voltage in the power electronic
converter to compensate for the inductive voltage drop. Thus, the specific electrical value is limited by the

winding inductance.

3.2. Machine length to diameter ratio

Figure 3 shows the effect of increasing Y on the output characteristics of the sample FRPM. In this investigation,
the values of ac and h,, parameters are assumed constant and equal to 30,000 A/m and 25 mm, respectively.
As shown in Figure 3a, the volume of the machine is slightly increased. An increase in the mass of steel is
observed as well (Figure 3b). Although the machine length is increased, the reduction in winding turns and
winding pole pitch leads to the reduction in copper mass (Figure 3c¢). In the beginning, the reduction rate is
steep and then is gradual. According to (4) and (5), it can be concluded that the mass of PM is proportional
to the third root of Y. Thus, a bigger Y leads to more PM mass (Figure 3d). As shown in Figure 3e, initially,
the reduction in mass of copper leads to more power density, but eventually the power density is decreased

due to the increase in the steel and PM mass. As shown in Figure 3f, the machine reactance is decreased by
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Figure 2. FRPM generator output characteristics versus ac parameter.

an increase in “Y ”. The bigger Y leads to fewer winding turns, smaller machine diameter, and lower winding

reactance.

3.3. Permanent magnet height

In the previous parts, we presented the equations for calculating the minimum value of the PM height based
on demagnetization characteristics. These equations only determine the minimum possible PM height and its
exact value is determined during the design process. The output characteristics of the sample FRM are shown
in Figure 4. The results are obtained with constant ac and Y equal to 30000 A/m and 0.5, respectively. As
presented in Figure 4a and Figure 4b, by increasing the PM height, there is a slight increase in the machine
volume and steel mass because of the increase in the machine outer diameter. Figure 4c shows that the copper
mass is independent of the PM height and remains constant. As shown in Figure 4d, the mass of the PM is
increased linearly such that there is an increase in the total mass of the machine and the power density of the
machine is reduced (Figure 4e). The reluctance of the flux path is proportional to the PM height. Thus, the
winding reactance is decreased with an increase in the PM height (Figure 4f). Therefore, an increase in the
PM height has a positive role in reducing the winding reactance and power converter cost but will increase the
overall machine cost. Hence, a compromise is needed to deal with this issue. In the next part, the optimization

process will be presented to design an optimum FRM.
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Figure 3. FRPM generator output characteristics versus Y parameter.

4. Optimization

Four steps are followed for optimization: 1) determining the optimization variables; 2) defining an objective
function; 3) specifying the optimization constraints; and 4) presenting the optimization algorithm and analyzing

the results.

4.1. Optimization variables

In this paper, the specific electrical loading, machine length-to-diameter ratio, and PM height are considered
as optimization variables. X = xy, 2, x3, where z1=ac, zo=Y, and x3=h,,. The following ranges are

considered during the optimization algorithm:

b

A
1000 <, <100000( )
0.2<z9<2, (19)

8<x3<50(mm).
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Figure 4. FRPM generator output characteristics versus h,, parameter.

4.2. Objective functions

The objective functions are used as a measure for the effectiveness of the design. An objective function can
be a formulation of multiple objectives, which is known as multicriteria optimization. These criteria depend
on design goals. The common criterion is the machine cost from the economic view. Here, the total cost of
the materials including steel, copper, and magnet are considered as the first criterion for the objective function
and is denoted by the symbol “cost”. In the wind turbine application, according to the installation place, the
generator size is sometimes more important than the machine price, so it is also considered as an object in the
objective function and is denoted by Vj;. The PM mass is the third object in the objective function from the
feasibility view and is denoted by M,,,. These objectives are normalized based on the initial primary values

and from the objective function as follows:

F(X) = min(cost™ Vi? MF2 ), (20)
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where K;(i=1,2,3) is the weight assigned to each object for a different scenario. With different values of k;,
it is possible to consider each object separately or together. In the next sections, different scenarios will be

investigated and the results will be presented.

4.3. Optimization constraints
Usually, the objective function is optimized based on some limits, which are known as optimization constraints

that can be in equality or inequality forms. The winding reactance is a key parameter that determines the

terminal voltage of the generator. With id=0 control, which is the common control method for the generator, and
neglecting the winding resistance, the terminal voltage of the generator is approximately equal to /(1 + X2,)

(pu). Therefore, a big reactance can increase the generator terminal voltage. Thus, a constraint is set on the
winding reactance as:
XpuSXpufmaz' (21)

According to (16), another limit on the optimization process is PM height, which is shown by R, —min <hm
Maximum operation temperature of the generator is another limit on each machine design, which is shown by
0<0,, and will be considered during the optimization process.

4.4. Optimization algorithm and results

The well-known genetic algorithm (GA) is used in this paper for finding the optimum solution in MATLAB. For
finding the accurate answer, each optimization is repeated more than 100 times and the more repeated answer
is chosen. The primary values of optimization variables are ac = 15000 A/m, h,, = 15 mm, and ¥ = 0.5. The

results are shown with and without the constraint in Table 2. The value of X, _mqs is considered to be 1 pu.

Table 2. Optimization results.

Senario Without constraint With constraint

K1, K2,K3 | ac hm | Y | F(X) | Xpu | Vpu | ac hm |Y | F(X)
1,0,0 54000 | 14 | 0.9 | 0.453 | 3.2 | 3.35 | 13000 | 12 | 0.2 | 0.751
0,1,0 100000 | 27 | 0.2 | 0.171 | 4.27 | 4.4 | 29000 | 47 | 1.5 | 0.564
0,0,1 37000 | 7 1.6 | 0.427 | 2.35 | 2.55 | 13000 | 10 | 0.2 | 0.635
1,1,1 95000 | 20 | 0.6 | 0.039 | 4.15 | 4.26 | 13000 | 12 | 0.2 | .0622

As the first scenario (K1=1, K2=0, K3=0), only the cost is considered in the objective function. The
value of the objective function reaches 0.453. It is obvious that the higher value of ac and lower values for h,,
and Y will result in a lower amount of high price PM and lower cost, but the value of these parameters are limited
by the PM demagnetization condition. As shown in Table 2, in order to reduce winding reactance to 1 (pu)
according to the optimization constraint, the values of variables are reduced and the objective function value is
increased because of larger stator diameter and used material increment. In the second scenario ( K1=0, K2=1,
K3=0), only the generator volume is considered. As shown in Table 2, for reducing the volume, ac is increased
and Y is reduced as much as possible, and the value of h,, is determined according to the demagnetization
conditions, which results in F'(z)= 0.171. To satisfy the optimization constraint, the value of ac is decreased
and the values of h,, and Y are increased, which leads to an increase in F(x) to 0.564. According to the third
scenario (K1=0, K2=0, K3=1), only the mass of PM is important. Thus, the height of the PM is minimized
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as much as possible and a value of 0.427 is obtained for F'(x). To satisfy the constraint on reactance, the value
of F(z) is increased to 0.635. In the fourth scenario (K1=1, K2=1, K3=1), all objectives are considered
simultaneously. The value of F(x) without considering constraints is equal to 0.039. With these parameters,
the winding reactance and output voltage are 4.15 and 4.26 pu, respectively. The value of F(z) increases to

0.0622 when satisfying the constraints.
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Figure 5. Minimum value of F'(X) for different combinations of P and g.

In all previous analyses, P and ¢ are assumed to be 12 and 2, respectively. For completing the design
procedure, different combinations of P and ¢ are considered and the optimization process is repeated. Figure 5
shows the results of the optimization. It can be seen that the minimum value of the objective function is
obtained with P and ¢ equal to 14 and 3, respectively.

As shown in Table 2, the limitation on the reactance value has a deep impact on optimization results
and must be selected optimally. For this purpose, the optimization process is repeated for different values of
Xpu—maz- Figure 6 shows a change in the generator volume and used materials versus X,,_q,. The optimum
point is obtained at X,,_maee = 2, where the machine volume and used materials’ mass are minimum. The

dimensions of the optimized generator are shown in Table 3.

Table 3. Optimized generator dimensions.

Parameters | Value | Parameters | Value Parameters | Value
P 20 D, 2530 mm | g 3 mm
q 3 L 1000 mm | W, 35 mm
Qs 180 hsys hry 50 mm Hy 65 mm
Z 170 hom 9 mm N 1

5. Finite element analysis

In this section, the optimized generator is simulated and the results of the 2D finite element method (FEM)

are presented for validating the optimization. Figure 7 shows the no-load three-phase induced voltage for the
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Figure 6. Change in generator value and used materials versus Xpu—_maz: &) generator volume, b) PM mass, c¢) steel
mass, d) copper mass.

optimized generator. The amplitude of the induced voltage is equal to 560 V and that means 690 V-rms for the
line-to-line voltage as considered for generator rated value.

The simulation results for the winding self and mutual reactance are shown in Figure 8. The sum of the
self and mutual reactance is 0.95 pu, which conforms to the optimization constraint.

The output power of the optimized generator at nominal conditions and maximum operation temperature
is shown in Figure 9a. As expected, the output power of the generator is equal to the rated value of 1.5 MW
at the rated stator current. The ripple of output power is 2.6%. The cogging torque is plotted in Figure 9b,
which has a peak to peak value lower than 0.15% of the nominal torque.

The distribution of the flux density under each pole of the optimized FRPM is shown in Figure 10. The

flux density is less than 2 T in this area, which is lower than the saturation value as given in Table 1.

6. Conclusion

In this paper, the design and multiobjective optimization of an FRM as a wind turbine generator is proposed
as a complete reference for designing this type of machine. In comparison with previous papers, this paper
presented a novel optimization procedure with new multiobjective function by considering winding inductance
as an optimization constraint and determining an optimized value for it. The sizing equations were presented
considering the PM demagnetization curve and the winding inductance. The effects of several design parameters
such as specific electrical loading, magnet thickness, and stack length on the output characteristics including
volume of materials, power density, and winding inductance were investigated. Then the GA was used to find
the optimal dimensions of the generator. The objective function, which included cost, volume, and mass of
the PM, was optimized simultaneously and independently. The winding inductance limit was considered as a

constraint during the optimization. The results showed that the inductance as a constraint could deteriorate
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Figure 9. Output power and cogging torque of the opti- Figure 10. Flux density distribution of the optimum
mum generator at nominal condition. generator at nominal conditions.

the objective function value. As a result of optimization, the optimal values for the pole number and the
number of slots/pole/phase were determined. The effects of constraints on generator volume and used materials
were analyzed and the constraints were selected optimally. The results show that the optimum 1.5 MW FRM
generator is obtained with winding reactance equal to 2 pu by a combination of 20 poles and number of
slots/pole/phase equal to 3. The validity of the proposed design and optimization was verified by the time-
stepping FEM. Results showed that the optimum generator has cogging torque less than 0.15% and generates

the nominal power with ripple less than 2.6% at nominal conditions.
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