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Abstract: A novel flywheel energy storage (FES) motor/generator (M/G) was proposed for marine systems. 
The purpose was to improve the power quality of a marine power system (MPS) and strengthen the energy 
recycle. Two structures including the magnetic or non-magnetic inner-rotor were contrasted in the 
magnetostatic field by using finite element analysis (FEA). By optimally designing the size parameters, the 
average speed of FEA results of was 17 200 r/m, and the current was controlled between 62 and 68 A in the 
transient field. The electrical machine electromagnetism design was further optimized by the FEA in the 
temperature field, to find the local overheating point under the normal operation condition and provide 
guidance for the cooling system. Finally, it can be concluded from the comprehensive physical field analysis 
that the novel redundant structure M/G can improve the efficiency of the M/G and maintain the stability of the 
MPS. 
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1 Introduction1 
Energy storage is an important aspect of realizing energy 
saving, emission reduction, and sustainable development. It 
can increase energy efficiency and solve energy crises. Since 
energy crises have an adverse effect on the world economic 
development process, all countries must face the challenging 
problem of energy storage. There are four main ways to store 
energy: pumped storage, storage battery, ultracapacitor, and 
flywheel energy storage (FES). In contrast with other methods, 
FES has the advantages of long service life, high power 
density, and large energy storage densities which are not 
limited by the times of charging and discharging and do not 
harm the environment, as seen in Tang (2009) and Tang 
(2003). Therefore, FES is the most promising new kind of 
energy storage technology.  
 
The FES system is a mechanical device which stores 
electrical energy in the form of kinetic energy. The magnetic 
suspension system, motor/generator (M/G), and flywheel 
rotor make up the key components of the FES system to 
realize the process of energy input, storage, and output. The 
modern FES system with high-capacity and extended storage 
capabilities was first developed in the 1950s but was limited 
by the technical conditions; it was not developed widely at 
that time. The FES technique entered into a new high-speed 
development stage in the 1990s. Now it is used in wind power 
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generators, electromagnetic cannons, uninterruptible power 
supplies (UPS), and power grid peak regulations, as seen in 
Wang (2008). Especially in the field of marine science, it has 
the advantage of easy installation and integration of the motor 
and generator because of its outstanding contribution to 
improving marine power systems.  
 
2 The structural design of the flywheel 

energy storage motor/generator  
The M/G and its control system is the core dynamic 
component of energy conversion in an FES device. The M/G 
must combine the characteristics of a high efficiency motor 
and generator in order to reverse. So far, there are three types 
of electrical machines that have been widely applied: the 
induction electrical machine, as in Ckdenas et al. (2000) and 
Kato et al. (2009), reluctance electrical machine, as in Park et 
al. (2008) and Rajapakshe et al. (2008), and permanent 
magnet PM electrical machine, as in Kohari (2009) and 
Upadhyay and Mohan (2009), Yu et al. (2009). Among them 
the PM electrical machine, especially the Halbach magnetized 
structure, is the most widely used M/G with the characteristics 
of small volume, fewer losses, high efficiency and power 
densities, high torque output ability, as well as lower mass and 
highly reliable operation, as demonstrated in Jang et al. 
(2009). 
  
In this study, the PM brushless M/G has been chosen as a 
prototype. The 3-D model of the flywheel with the M/G and 
the profile view of the M/G are shown in Fig.1. 
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(a) The 3-D model of the flywheel and M/G  

 

 

1. Shaft; 
2. Coil; 
3. Inner-rotor core; 
4. Winding insulation and skeleton;
5. PM; 
6. Outer-rotor core 

 

(b) The profile view of the M/G 
Fig.1 The 3-D M/G structure 

 
2.1 The permanent magnet (PM) structure 
The air-gap magnetic field of a Halbach magnetized 
structure PM brushless M/G is sine. Additionally, the sine 
waveform electromotive force (EMF) can be obtained. The 
manufacturing angle of the Halbach structures can be 
divided into the whole ring-form Halbach array and the 
subsection Halbach array, as in Zhu and Howe (2001) and 
Xia et al. (2004). Without particular windings and slot 
structure, the ring-form Halbach array can obtain the sine 
form no-load EMF. However, it is difficult to manufacture 
and has been limited by the machining process. The 
subsection Halbach array consists of many blocks, and a 
higher number of blocks can lead to an ideal Halbach 
magnetized structure while on the other hand increasing the 
processing cost. The prototype of a PM brushless M/G has 
four poles, and every pole has been partitioned to four 
blocks. Through the optimized design, the subsection 
Halbach array magnet structure can obtain higher air-gap 
magnetic flux density. It can reduce the volume of motor, 
weight, and inertia and improve the dynamic performance of 
the M/G which can also improve the utilization rate of the 
PM material. The torque ripple is small, as in Zhu et al. 
(2000). 
 
2.2 Double-rotor core structure 
The novelty of this electrical machine model is the rotor 
core which has been designed for the special “H” form 

structure; both the axial up-down and radial the inner-outer 
are all double. The structure can fully use the PM, greatly 
reduce the volume, and improve the motor power density, 
which is most helpful for realizing high speed operation in 
an FES system. 
 
2.3 Stator skeleton, coils, and drive mode  
The stator is ironless in order to reduce the iron losses and 
improve the efficiency of the electrical machine. The 
windings have been winded in the stator skeleton which is 
made of epoxy. Stator windings are made up of six coils and 
with the four poles forming the fractional slot. Compared 
with the integer slot, they have the following advantages: 
1) Reducing the slot insulation space and simplifying the 
embedding technology; 
2) Reducing the amount of the copper, lowering the cost, 
and improving working efficiency;  
3) Improving the back EMF waveform and decreasing the 
load torque ripple; 
4) Reducing the temperature rise.  
The drive control circuit adopts two-phase breakover and 
three-phase six-state star form windings. 
 
The PM brushless M/G prototype with the structure of a 
double-rotor and ironless stator is comprised of the 
following components from inside to outside: the shaft, 
inner rotor core, stator skeleton, winding, permanent magnet, 
and outer rotor core (the distance from the sampling circle to 
inner diameter of the permanent magnet is 3 mm). The 
overall magnetic performance of the prototype has been 
significantly affected by the structure sizes such as the PM 
thickness, the air gap length, and the inside and outside of 
the core layer thickness. There are two types of double-rotor 
structures including the double-rotor all magnetic structure 
and the only outer-rotor magnetic structure. Using the FEA 
method, the key parameters of the two types will be 
calculated in a static magnetic field in the next section in 
order to obtain the optimal structure size parameters.  
 
3 Contrast of the inner-rotor magnet in the 

magnetostatic field 
The Halbach magnet array has the characteristic of 
strengthening one magnetic field and weakening another side. 
The out-rotor prototype M/G is the inner magnetic field, so 
the PM inner field is strong, as in Zhu and Yan (2008). Lines 
of magnetic force are crowded and the flux density at the air 
gap is high. The approximate sine wave air-gap magnetic flux 
density can be obtained, as seen in Jang and You (2008). 
 
3.1 The analysis of the M/G prototype of which the 

double-rotor core is all magnetic  
The structure of the double-rotor is all magnetic, and the 
parameters of the key structure size have been calculated by 
using the FEA at the 2-D magnetostatic field. The following 
different variables have been set to optimized parameters: 
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the inner-rotor thickness, air gap length, PM thickness, 
thickness of the out-rotor core. These variables’ names are 
known as 1R , gapL , magL , 2R , respectively. Every step of 

each optimization parameter is 2 mm; the total number of 
samples is three. 
 
The results of FEA are shown in Fig.2 where it can be seen 
that the effect on the air-gap flux density (which is 
represented as rB ) by PM thickness and the air gap length 
is most obvious. Air-gap flux density increases as the PM 
thickness increases and the length of the air gap decreases. 
The increasing of the air gap flux density is approximately 
equal when the increase amplitude of each length is the 
same. Air-gap flux density is directly proportional to the 
inner-rotor core thickness. Although air-gap flux density 
increases with the increase of the inner-rotor core length, to 
a certain extent the increasing amplitude slows down. When 
the inner-rotor core thickness is greater than 5 mm, its effect 
on the air-gap flux density weakens gradually. The thickness 
of the outer-rotor core has no effect on the magnetic field or 
the varying thickness of the outer-rotor core; the six curves 
nearly coincide with each other. From the harmonic 
component figures transferred by the fast Fourier method it 
can be seen that the fundamental component is high of the 
Halbach array magnet structure, while by contrast the 
harmonic component is low, Yu and Wang (2011a). 

 

 
 (a) The air gap flux density changes with inner-rotor length 

 

 
(b) The FFT curves of (a) 

 
 (c) The air gap flux density changes with the air gap length  

 
 (d) The FFT curves of (c)  

 
 (e) The air gap flux density changes with the magnet length 

 
(f) The FFT curves of (e)  
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(g) The air gap flux density changes with outer-rotor length 

 

 
(h) The FFT curves of (g)  

Fig.2 The calculation of the key parameters of the 
double-rotor all magnetic 

 
3.2 The analysis of the M/G prototype in which only the 

outer-rotor core is magnetic  
When the structure of only the outer-rotor core is magnetic, 
the parameters of the key structure size have been calculated 
by using FEA in the 2-D magnetostatic field. The definition 
of specific parameters is the same as in the last section. 
 
The results of FEA are shown in Fig.3. It can be seen that 
the PM thickness has an effect on the air-gap flux density. 
Air-gap flux density increases when the PM thickness 
increases, and its increase is approximately equal if the 
increase amplitude is the same. Air-gap flux density 
increases with the decrease of the air gap length and the 
inner-rotor core thickness, and its decrease is approximately 
equal if the increase amplitude of the air gap length or the 
inner-rotor core thickness is the same, respectively. As the 
M/G structure of the core is all magnetic, the thickness of 
the outer-rotor core has no effect on the magnetic field or 
different thicknesses of the outer-rotor core; the six curves 
nearly coincide with each other. From the harmonic 
component figures transferred by the fast Fourier method it 
can be seen that there is not a third, fifth, or seventh but only 
a ninth harmonic component, which is the same as the 
structure in the scenario where the double-rotor core is all 
magnetic, Yu and Wang (2011b). 

 
(a) The air gap flux density changes with inner-rotor length 

 
(b) The FFT curves of (a)  

 
(c) The air gap flux density changes with the air gap length 

 
(d) The FFT curves of (c) 
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(e) The air gap flux density changes with the magnet length 

 
(f) The FFT curves of (e) 

 
(g) The air gap flux density changes with outer-rotor length 

 
(h) The FFT curves of (g) 

Fig.3 The calculation of the key parameters in the scenario 
that only the outer-rotor is magnetic 

In the same way, as seen in the above analysis on the key 
parameters, the air-gap flux density of the Halbach array 
structure in a scenario where the double-rotor core is all 
magnetic is higher than when only the outer-rotor core is 
magnetic. From the standpoint of numerical value, the 
former has more advantages. On the other hand, the FES 
requests high speed, high power, and small volume, and the 
overtopping air gap flux density is not better than the 
performance when only the outer-rotor core is magnetic. 
When only the outer-rotor core is a magnetic structure, the 
increase of the air-gap length has little effect on the flux 
density magnitude. Air-gap flux density is inversely 
proportional to the inner-rotor core thickness; for this reason, 
reducing the inner core thickness reduces the total volume 
and causes the flux density to increase only a little. 
 
4 The transient field calculation for the 

Halbach array magnet structure 
According to the index of the prototype M/G (power 7.5 kW, 
rate speed 17 000 r/m, moment of inertia 2.19 kg/m2), the 
structure parameters are 4/6 (poles/slots), the Halbach array 
is magnetized, and each magnet has 4 blocks. The key 
electrical parameters are as follows: the DC bus voltage is 
110 V, the current is 70 A, the drive controller uses the 
current amplitude limiting, the maximum and the minimum 
of the hysteresis loop are 68 and 62 A. 
  

  
Fig.4 Transient field speed curve  

 

 
Fig. 5 Transient field current curve 
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Through the FEA calculation of the model of the M/G in the 
2-D transient field, the speed curve has been obtained and is 
shown in Fig.4. The average speed is 17 100 r/m. With the 
large moment of inertia at 2.19 kg/m2, the FES system 
starting time is very time consuming with a rise time of 
about 15 minutes until the speed reaches the steady state. 
The stable speed curve produces fluctuation and its 
amplitude is less than 120 r/m which is caused by the current 
limiting and drive current commutation. The current curve is 
shown in Fig.5 from which it can be seen that current 
limiting has controlled the current in the range of positive 
and negative 62–68 A. Limiting the lower current can ensure 
the electrical machine torque output capacity and improve 
the rise time of speed. Limiting the larger current can reduce 
the armature thermal load of the electrical machine while 
reducing the armature current density and the armature 
copper losses. It also can avoid excessive current which can 
cause large losses, then large calorific power which makes 
the PM demagnetization and reduces electrical performance, 
even leads to a serious problem of burning the power 
devices of the drive. 
 
5 The transient temperature field calculation 

for the Halbach array magnet structures 
Through using the FEA method the actual parameters are 
calculated in the transient field for the M/G prototype in the 
previous section, and both the speed and the current basic 
parameter curves are obtained. Then by simulating in the 
temperature field, for the purpose of further optimizing the 
electromagnetic design the electrical machine local 
overheating points that can provide guidance for the cooling 
system have been found. 
 
5.1 Loss analysis 
Because the M/G has a high speed, small volume, and high 
power density, it has caused large losses per unit volume. To 
calculate temperature accurately is not only a key problem 
for the high-speed electrical machine design, but also the 
necessary preparation for its temperature field analysis and 
calculation. In the high frequency electro-magnetic field, 
alternating current produces a skin effect and proximity 
effect; both effects will cause the windings’ copper losses to 
increase. The additional losses caused by the skin effect and 
proximity effect have been defined as eddy current losses; 
both the eddy current losses and DC losses are called AC 
losses, as in Wasaki et al. (2009) and Xi and Sullivan (2009), 
among which the iron losses make up a large portion. The 
principle of the generation of the iron losses is more 
complex. There are alternating and rotating magnetic fields 
in the electrical machine simultaneously. The alternating 
iron losses and rotating iron losses are generated by the two 
fields respectively. In different magnetic fields the ratio of 
each is different. So in the sense of numerical calculation, it 
is very difficult to accurately calculate the core losses. The 
following reasons will cause the eddy current losses: the 

magnetic motive force due to the stator armature current, the 
uneven distribution of the air gap magnetic conductance, 
and the higher harmonic component of the main PM. These 
factors will cause the temperature rise of PM, the change of 
magnet performance, and then influence the efficiency and 
operation performance of electrical machines. The main 
losses of the redundant Halbach PM brushless M/G in this 
paper are PM eddy current losses, iron losses, and the 
windings’ copper losses. But due to the frequency of the 
prototype, the M/G electromagnetic field is only 0.5k; the 
skin effect and proximity effect have been ignored when 
calculating the windings copper losses which are caused by 
a high frequency electromagnetic field. PM eddy current 
losses and iron losses are calculated in the 2-D transient 
field. 
 
5.2 The transient temperature field calculation 
The FEA method is employed to achieve the simulation for 
the prototype M/G in the transient temperature field under 
natural conditions, only considering the conduction and 
convection heat transfer and while ignoring the thermal 
radiation effect. Therefore, according to the heat transfer 
theory, the transient 3-D heat conduction equations can be 
written as: 
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where, T is temperature; xK , yK , zK  are the thermal 

conductivities of each medium in the directions of x , y , z ; 
q , c , γ  are the heat source density, thermal capacity and 

density, respectively; τ is the time; 1S and 2S are the 
thermal insulation boundary surface and heat radiation 
boundary surface; eT and α  are temperature of the 

ambient mediums and heat radiation coefficient of 2S  

surface; K is the thermal conductivity coefficient of 1S  

and 2S surface normally. 
 
Through mathematical analysis, the equivalent 
transformation corresponding to the equation first can be 
rewritten as: 
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The prototype is axially symmetric so that the middle of axis 
does not have thermal exchange. As its circumferential 
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structure is repeated periodically and considering the effect 
of the windings end, take two half-turn windings as the 
solved region according to the center of any teeth of the 
radial. The solved region is shown as Fig.6, including the 
shaft, windings insulation and skeleton, coils, double-rotor 
core, PM. 

 

 

1. Shaft;  
2. Coil;  
3. Inner-rotor core; 
4. Winding insulation 
and skeleton; 
5. PM; 
6. Outer-rotor core 
 

Fig.6 Model of the prototype in temperature field 
 

For the purpose of convenient calculation, the basic 
hypothesis and boundary conditions of the solved region are 
as follows: 
 
The basic hypothesis for the prototype M/G in the transient 
temperature field: 
1) Calculating the windings copper losses, considering the 
effect on each winding by the eddy current is the same, as 
that averaged; 
2) Assuming the thermal source of stator iron losses does 
not change with temperature, but the winding heat source is 
only affected by time;  
3) Assuming the windings end contacts with the skeleton 
surface, the heat source of the windings end is equal to the 
heat source of slot; 
4) Ignoring the effect of pole arc coefficient on the transient 
temperature distribution. 
 
The boundary conditions for the PM brushless M/G 
prototype in a temperature field: 
1) Considering that the middle section of the axial center is 
an insulation surface, including double-rotor core, coils, 
windings skeleton, and the center section of PM. Due to the 
circumferential symmetry that considers the center section 
of slots as an insulation surface, including the stator 
windings skeleton, the center section of PM, which applies 
to the second convection heat transfer boundary conditions. 
2) As to the outer surface of the outer-rotor and inner surface 
of the windings skeleton as the cooling surface, they apply 
to the third convection heat transfer boundary condition. 
3) The top-face of the axis is a cooling surface; it applies to 

the room temperature boundary conditions. 
 
The simulation result in the transient temperature field is 
shown in Fig.7, which indicates that the PM temperature is 
about 86 ℃ and below 115 ℃, which is the demagnetization 
temperature. Because the PM material of the prototype is 
NdFeB N35UH, its operating temperature is 180 ℃, so it 
will not cause the PM demagnetization. The temperature of 
the coils is below 125 ℃, and the insulation class of 
prototype is at H level, that is 180 ℃; the windings 
temperature rise is also in the range of normal operation. 
The average temperature curves of all objects are shown in 
Fig.8 from which it can be seen that the average temperature 
of the highest object is below 120 ℃. Through the FEA 
calculation in the transient temperature field under the 
normal operation condition in the natural environment, the 
prototype M/G temperature rise data is obtained. It provides 
guidance for the further optimal design. However, with the 
restriction of these kinds of hypothetical conditions and the 
effect of actual complex conditions, the losses need to be 
accurately calculated and comprehensively analyzed 
corresponding to the motor state, generator state, and 
maintenance state. 
 

 
(a) The permanent magnet temperature field plot 

 

  
 

(b) All the Stators and rotors temperature field plot 
Fig.7 Field plot in temperature field 



Journal of Marine Science and Application (2012) 11: 134-142 

 

141

 
Fig.8 All objects average temperature curves in temperature 

field 
 
5 Conclusions 
In the magnetostatic field, transient field, and temperature 
field the FEA method was applied to calculate the reluctant 
structure Halbach PM brushless M/G which was proposed in 
this study. Through the simulation results the following 
conclusions can be safely drawn: 1) By the optimized design, 
the novel structure achieves the high speed, high power, and 
low losses of the design target; 2) The local overheating 
point is found under the normal operation condition, which 
benefits the advancement of the cooling effect; 3) The 
prototype M/G will further improve the efficiency of the 
electrical machine and strengthen the stability of the marine 
power system. 
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