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Abstract: Permanent magnet couplings can convert a dynamic seal into a static seal, thereby greatly
improving the stability of the underwater propulsion unit. In order to make full use of the tail space
and improve the transmitted torque capability, a conical Halbach permanent magnet coupling (C-
HPMC) is proposed in this paper. The C-HPMC combines multiple cylindrical HPMCs with differ-
ent sizes into an approximately conical structure. Compared with the conical permanent magnet
couplings in our previous work, the novel C-HPMC has better torque performance and is easy to
process. The analytical calculation method of transmitted torque of C-HPMC is proposed on the
basis of torque calculation of the three common types of HPMCs. The accuracy of the torque calcu-
lation of the three HPMCs is verified, and the torque performance of the three HPMCSs of different
sizes is compared and discussed. The “optimal type selection” method is proposed and applied in
the design of C-HPMC. Finally, on the basis of torque analysis calculation and axial force calculation,
a complete flowchart of the design and performance analysis of C-HPMC is described.

Keywords: underwater propulsion; conical Halbach permanent magnet coupling; transmitted
torque; analytical method; optimal type selection

1. Introduction

With the rapid development of marine science and technology, a variety of under-
water vehicles are helping humankind to continue to explore the ocean, comprehend the
ocean, and make use of the ocean [1-3]. The deep-sea environment, with highly corrosive
and high hydrostatic pressure, has brought many challenges to the development of high-
performance underwater vehicles. One of the most common problems is the sealing of the
output shaft. Traditional mechanical seals have complex structures, serious mechanical
losses, and low reliability, so it is difficult to ensure the normal operation of internal elec-
trical components, especially in the deep-sea environment. As a useful solution for the
shaft sealing, permanent magnet couplings (PMCs) have been widely used in underwater
equipment, chemical and nuclear power, and other industrial applications in recent years
[4,5].

PMCs use magnetic force to realize non-contact torque transmission, which can con-
vert the dynamic seal into a static seal, thus greatly improving the security and stability
of the seal [6,7]. The application of PMCs is closely related to the research and develop-
ment of rare-earth permanent magnets. According to the magnetization direction of per-
manent magnets, existing PMCs can be broadly classified into cylindrical PMCs and axial
PMCs [8-12]. For PMC, it is generally required to achieve a given maximum transmitted
torque with a minimum volume of permanent magnets [13]. In the initial design, the max-
imum transmitted torque is one of the most important characteristics of PMCs. Some clas-
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sical analytical methods and finite element analysis (FEA) methods are employed to cal-
culate the torque performance of PMCs in the very early research [6,14], and the
optimization designs are carried out based on those calculation methods [9,10,15,16]. In
addition to the maximum transmitted torque, the inertia, weight, and cost are also the
main specifications for the design of PMCs. Directly adopting an ironless structure can
reduce the inertia and weight, but it will also affect the torque performance of PMC
[4,11,17].

It is well known that the Halbach array is a special magnetization method for perma-
nent magnets, which offer many attractive features, such as sinusoidal airgap field distri-
bution, potentially high airgap flux density, and self-shielding magnetization [18-22]. In
recent years, more attention in research has been given to the application of the Halbach
array in magnetic machines, since it is an effective way to improve the performance [23-
25]. The PMC with Halbach array has attracted great interest, because it can improve
torque performance while reducing the mass and inertia [26,27]. The PMC is defined with
Halbach magnetized outer rotor as Halbach permanent magnet couplings (HPMCs).
There are three common HPMCs, which adopt radial, parallel, and Halbach magnetized
inner rotors, respectively. In [28], the transmitted torque of the HPMC with Halbach mag-
netized inner and outer rotors is calculated and compared with that of the traditional par-
allel magnetized PMC by analytical method, finding that the HPMC requires a signifi-
cantly lower magnet volume to produce the same transmitted torque as the parallel mag-
netized PMC. The analytical torque calculation method of the HPMC using a segmented
Halbach array for both inner and outer rotors was established in [29]. An HPMC with a
radially magnetized inner rotor was designed and optimized in [7].

Streamlined revolved body is one of the most common structural forms of underwa-
ter vehicles, and it has a conical tail segment, as shown in Figure 1a. The underwater pro-
pulsion unit chosen is generally radial PMC, which is mounted in the tail segment, as
shown in Figure 1b. Most of the existing HPMCs do not take into consideration the special
needs of the underwater propulsion and thus have many limitations in performance im-
provement. In our previous work [30], a conical permanent magnet coupling is first pro-
posed, matching the tail segment space of the underwater vehicle so as to can make full
use of the tail space to improve the torque performance. However, its application in engi-
neering is greatly limited because of the use of irregular permanent magnets. Taking the
practical situation of the engineering application into account and improving perfor-
mance at the same time, a novel conical Halbach permanent magnet coupling (C-HPMC)
is proposed. The C-HPMC combines multiple cylindrical HPMCs with different sizes into
an approximately conical structure, which can make full use of the tail space and is easy
to process (Figure 1c).
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Figure 1. Underwater vehicle and propulsion unit. (a) Tail segment. (b) Radial permanent magnet
coupling (PMC). (c) Novel conical Halbach permanent magnet coupling (C-HPMC).

In this paper, features of C-HPMCs are analyzed and the analytical model is estab-
lished. The analytical calculation method of transmitted torque of C-HPMC is proposed
on the basis of torque calculation of the three common types of HPMCs. The accuracy of
the torque calculation of the three HPMCs is verified, and the torque performance of the
three HPMCSs of different sizes is compared and analyzed. The “optimal type selection”
method is proposed and applied in the design of C-HPMC. A research case of C-HPMC
is established under certain prefixed geometric parameter constraints, and the specific de-
sign and analysis process is given.

2. Topologies and Features of C-HPMC

The PMC for underwater propulsion is mounted in the tail segment of underwater
vehicles. The inner rotor is connected with the motor output shaft, and the outer rotor
drives the propeller. Non-contact torque transmission between the inner and outer rotors
is achieved by the permanent magnet magnetic force. The tail segment of underwater ve-
hicles is simplified to a simple conical space. It can be seen from Figure 2a that the tradi-
tional cylindrical PMC cannot make full use of this space. Figure 2b shows the structure
of the proposed C-HPMC, which is composed of multiple cylindrical HPMCs with differ-
ent sizes.

If the traditional cylindrical PMC is used in the tail segment, the relationship between
the outer diameter D, and the axial length is as follows:

D, =D —-2xL Xtana (1)

where D, is the outer diameter of the tail conical space, L, is the axial length of PMC,

and & is the half cone angle. It is assumed that the C-HPMC is divided into N modules,
and each module has the same axial length. Then, the outer diameter of the nth HPMC
D, can be expressed as:

L
Dan=Ds—2anNsxtana (2)

where L is the axial length of the tail conical space.
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Figure 2. PMCs for underwater propulsion. (a) Structure of traditional cylindrical PMC. (b) Struc-
ture of the novel C-HPMC.

When designing a PMC, the size of the outer rotor is usually restricted, but the inner
space is often sufficient. Choosing the Halbach magnetized outer rotor can help to make
full use of outer rotor space and improve the ability of the transmitted torque. There are
three common HPMCs, which adopt radial, parallel, and Halbach magnetized inner ro-
tors respectively, as shown in Figure 3a—c. In the present study, considering the difficulty
of processing, the two-segment Halbach magnetized PMs are used in HPMCs. The only
difference among the three HPMCs is the magnetization direction of the inner rotor PMs.
U, is the relative magnetic permeability, R, is the inner radius of PMCs, R is the

outer radius of PMCs, R istheinnerradiusofinner PMs, R, is the outer radius of inner

ir

PMs, R, is the inner radius of outer PMs, R, is the outer radius of outer PMs, 8, is
the angle of the main pole, 8, is the pole pitch, 6 is the arc length of PMs. For the two-

segment Halbach magnetized rotors, the PMs can be divided into the main poles and the
auxiliary poles. The ratio of the main pole can be expressed as:

R,,=06,/6, ©)

6,=7/p (4)

In order to facilitate processing and save costs, the R, is usually 0.5. For the radial

and parallel magnetized rotors, the pole arc coefficient is defined as:
@, =6./6, 5)

For type-2 and type-3, the highest torque is achieved when «, is equal to 1. For all
of the three types of HPMCs, the R, of the initial Halbach magnetized inner rotors and
outer rotors is 0.5. The geometrical parameters of the tail conical space and the initially
designed C-HPMC are shown in Table 1. Both the inner and outer rotors use high-perfor-

mance permanent magnet NdFeB, the residual magnetic flux density is 1.27T, and the
relative permeability is 1.1045.
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Figure 3. Structure of three common HPMCs. (a) Type-1 (Halbach magnetized inner rotor). (b)
Type-2 (parallel magnetized inner rotor). (¢) Type-3 (radial magnetized inner rotor).

Table 1. Geometrical parameters of the tail conical space and the initially designed C-HPMC.

Design Parameters Value
Front end diameter D, 80 mm
Axial length L, 60 mm
Half-cone angle « 15°
Outer rotor yoke thickness 3 mm
Outer PM thickness 3.5 mm
Air gap length 2 mm
Inner PM thickness 3.5 mm
Pole pairs p 6
Number of modules ~ 10

3. Performance Analysis of the C-HPMC

The C-HPMC presented above adopts two methods to improve the torque transmis-
sion capacity of the propulsion system of underwater vehicles: one is the multi-module
specially shaped structure, and the other is the usage of Halbach array PMs. The perfor-
mance of the C-HPMC is the result of the combined action of multiple cylindrical HPMCs.
There are three common HPMCs with different magnetized inner rotors. The comparative
study of three types of HPMCs is the foundation for the design and optimization of C-
HPMC.

The main function of the C-HPMC is to realize non-contact torque transmission, and
hence the transmitted torque has always been a research focus. For underwater propul-
sion, the maximum transmitted torque is also the most important specification for the
design of C-HPMC. At the same time, the propeller directly connected to the outer rotor
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of C-HPMC is used to convert the torque into thrust. A slight displacement of the propel-
ler in the axial direction leads to an axial force that is opposed to this displacement. The
novel C-HPMC proposed in this paper is expected to have more complex and compre-
hensive mechanical characteristics. It can be used as a coupling to transmit torque and as
a passive axial bearing to maintain the propeller in its axial position, compensating the
axial force related to thrust. Therefore, the axial force of the novel C-HPMC also needs to
be carefully studied.

3.1. Transmitted Torque Calculation of the C-HPMC

The transmitted torque of PMCs can be analyzed by three-dimensional FEA (3D FEA)
method or two-dimensional FEA (2D FEA) method. However, the FEA method is not suit-
able for the initial design and optimization design, especially when the calculation model
size is large or the number of design parameters is large. Many samples with different
design parameters need to be calculated in the initial design and optimization stage of the
new prototype. When analyzing the influence of design parameters on the novel C-
HPMC, it is more efficient to use analytical methods. The analytical method is helpful not
only to solve the problem of computational cost and efficiency, but also to understand the
design object fundamentally. Since the maximum transmitted torque directly determines
the power output capability of the propulsion unit, it is necessary to analyze and optimize
the torque performance of the C-HPMC. The analytical method based on accurate subdo-
main and Maxwell stress tensor will be used for transmitted torque calculation.

For the C-HPMC consisting of N HPMCs, the total transmitted torque 7, is the

sum of the transmitted torque of HPMCs:

T, =§:Tn (6)

n=1

where T, the transmitted torque of the nth HPMC, can be expressed as:

T, =ﬂ(j}rn28n,(r,&)xBng(r,H)de @)
Ho

where @ is the rotor position angle, 7, is the radius of the airgap of the nth HPMC, L,

is the axial length the nth HPMC, and B, (r,#) and B, (r,0) are the radial and tangen-

tial components of the air gap flux density of the nth HPMC, respectively. The air gap flux

density is jointly excited by the inner and outer rotor permanent magnets of the nth HPMC,
so it can be expressed as:

B, (r.0)=B,(r.6)+B, (r.0) ®)

By, (r’0)=Bai(r’9)+Bao (1‘,9) (9)

where B (r,6),B, (r,0), B, (r.6),B,, (r,6) are the radial and tangential components of

the air gap flux density when the inner and outer rotors are separately excited. The only
difference between the rotors is the distribution of residual magnetization. When the mag-
netization mode of the permanent magnets is different, the analytical expression of the
magnetization components M, and M, are different. The three types of HPMCs include

one type of outer rotor and three types of inner rotors, their waveforms are shown in Fig-
ure 4.
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Figure 4. Waveforms of magnetization components M, and M, . (a) Halbach magnetized outer

rotor. (b) Halbach magnetized inner rotor. (c) Parallel magnetized inner rotor. (d) Radial magnet-
ized inner rotor.

For the HPMCs, the airgap field produced by the outer and inner rotor is governed
by Laplacian/quasi-Poissonian equations and boundary conditions. The analytical solu-
tion to the air gap flux density excited by a single inner rotor or outer rotor can refer to
the analytical expression of the air gap magnetic field of ideal PM motors. The complete
solution to the flux density components can be deduced from the general solution of La-
placian/quasi-Poissonian equations and the specified boundary conditions.

1.  For the Halbach magnetized outer rotor:

B,(0)= 3 Kuy(n) fun (r)eos[np(6+9)] (10)
By, (r.0)= ZK (k) faa, (r)sin[kp (6 +9)] (11)

where,

Mrn+MHn_Mrn_Mt9n ﬁ znp_z(Mrn+an6n) Rmi "
np—1 np+1 R (np)2—1 R

Rl_ 2np B B & 2np ] B B B Rl_ 2np
{(M“)[ij ([ ] [(w) [ 2 }
- np-1 R[. np—1 R,- np+1
Jo (1) = —[R—MJ - [E (Tj (13)

(12)
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M9n=2—pMsin(12”H 1 icos{(%—l)‘l(n-l)ﬁ}r ! ico{(zi-l)inﬂ)ﬁﬂ

2. For the Halbach magnetized inner rotor:

(14)

(1)

(16)

(17)

(18)

K, (n)=
{{(#ﬁﬂ[%j _(ﬂr—l)[;::} ]—[(ﬂ,+l)_(ﬂr_1)(

3.  For the parallel magnetized inner rotor:

B, (r.0)= 2, Ky(n)fy, (r)cos(npd)

n=1,3,5---

(19)

(20)

(21)

(22)

(23)

(24)

(25)
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Z KBL fBQt ) Sin (npa) (26)
n=13,5-
M Mﬁn M + M9n Rri . 2 (Mm + anHﬂ ) Rri !
:uonp - ' + 2 .
np+1 np—1 R, (np) -1 R,
u(n)= (27)

(o] ] HeofT
T R
oo (r) = [RL] 7 (%J —[%JW (29)

sin(% a,) {cos(% a,)—cos(2-«a, )%)}
e (30)
—(np) cos(% a,) {sin(%ap )+sin((2— ap)%)}_

cos(% a,) [sin(g a,)+sin((2-«, )%)}.
My =—2 m (31)
—(np) sin(2 o )[cos( a,)-cos((2-a )—)}

4.  For the radial magnetized inner rotor:

Z 1) f3,: (1) cos (np6) (32)
1,3,5
=2 KBI n) fso: (r)sin (np6) (33)
n=1,3,5--
where,
np+l1 2np
(np—1)+2 R, —(np+1) R,
MM, np R, R,
KBi (n) = 2 X B 2np 2np 2np (34)
My (np) -1 ;Un'+1 1— & _luri_l ﬁ — R”'
ﬂri R.Yi /uri in Rmi
np—1 np+1 np+l
r R . R .
(=] B ] [ B 35
fb’rt( ) (RSI- (inj ( r j ( )

np—1 R np+1 R np+l
fw,-(r)=—(ﬁ] (R—J +[7j (36)
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M, =2Mea | sin L) —r 37)
’ 2 2
M, =0 (38)
Mm' :M/m :Mrn + anH (39)
The size parameters are as follows:

R,=R,R,=R,,R,=R, innerrotor 4

R,=R,,R,, =R,,R, =R, outerrotor (40)

3.2. Verification of Analytical Method

For all traditional cylindrical HPMCs used in underwater vehicles, it is assumed that
the thickness of the PMs of the inner and outer rotors is 3.5 mm, the air gap length is 2
mm, and the thickness of the out yoke is 3 mm. The outer diameter of HPMCs correspond-
ing to different axial lengths can be determined according to the formula (1) given in Sec-
tion 2. Table 2 lists the maximum transmitted torque 7, of three types of HPMCs with
different sizes, obtained by analytical method. It can be seen that as the axial length in-
creases, the T, first increases and then decreases. When L, =50 mm, the maximum
T .. canbe obtained by adopting type-1 structure of HPMCs.

max

ax

Table 2. T, of three types of cylindrical HPMCs with different sizes.

7 of HPMCs/Nm

max

£, fmm D, fmm Type-1 Type-2 Type-3
30 63.92 21.66 21.32 19.93
35 61.24 23.41 22.79 21.21
40 58.56 24.60 23.65 21.91
45 55.88 25.20 23.90 22.03
50 53.21 25.21 23.55 21.59
55 50.53 24.63 22.61 20.62
60 47.85 23.44 21.14 19.14

The FEA models of three types of HPMCs corresponding to L, =50 mm are estab-
lished to calculate the transmitted torque and compare with the analytical results. All of
the FEA simulations are carried out using electromagnetic field analysis software Infolyt-
ica/MagNet. Figure 5a—c shows the FEA models and distribution of the HPMCs. Figure 6
shows the comparison of analytical results and FEA results for the transmitted torque of
initial H-HPMCs, P-HPMCs, and R-HPMCs models. The transmitted torque increases first
and then decreases as the angular displacement O increases. When &=7/2p, there is
maximum transmitted torque 7, . It can be seen that the analytical results are in good
agreement with the 2D-FEA results. Therefore, the proposed analytical method can be
used for a comparative study of the three types of HPMCs.
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(©

Figure 5. Finite element analysis (FEA) models and flux distributions of HPMCs. (a) Type-1, (b)
Type-2, and (c) Type-3.
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Figure 6. Comparison of analytical results and FEA results for transmitted torque of three HPMCs.

3.3. Optimal Type Selection Method of C-HPMC

Assuming that the C-HPMC is divided into 10 modules and each module has the
same axial length, the outer diameter of each module can be calculated by formula (2)
given in Section 2. Keeping other parameters such as PMs thickness and outer yoke thick-
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ness and pole pair number unchanged, the model of each module of C-HPMC can be de-
termined, and the 7, of each module is listed in Table 3. It can be seen intuitively from

max

Figure 7 that the optimal type of each module of C-HPMC is different. In order to obtain
the optimal transmitted torque, different modules of C-HPMC need to select different
types of cylindrical HPMC, which we call the optimal type selection method in this paper.
The 7, of the C-HPMCs based on one type of HPMCs or the optimal type selection

method are listed in Table 4. Obviously, the optimal type selection method is beneficial
for improving the torque performance of the C-HPMC.
Table 3. T, of each module of C-HPMC.

max

r.. of C-HPMC/Nm

m;

Type-1 HPMC Type-2 HPMC Type-3 HPMC

Modules D, /mm

1 76.78 5.7929 5.9399 5.6349
2 73.57 5.4368 5.5279 5.2273
3 70.35 5.075 5.1113 4.8163
4 67.14 4.7069 4.6901 4.4021
5 63.92 4.3318 4.2645 3.9851
6 60.71 3.9492 3.835 3.5663
7 57.49 3.5586 3.4027 3.147
8 54.28 3.1602 2.9695 2.7295
9 51.06 2.7548 2.5384 2.317
10 47.85 2.3445 2.0703 1.8699
7.0 T T T T T T T
6.5 | —&— Type-1
~6.0] | ereerersneeny | o TIPS
E 5.54 | “Opfimal type ” E ype i
PEOE BN, S sorel .
54.5
£4.04 | .
E 3.5J: “Optimal type ” | ]
-‘E 3.0 is type-2 i ]
225 :
*é' 2.04 | b
E 1.5 | ]
= 1.0 | b
S 0.5 | 1
0.0 T T — T T T T T T

Modules
Figure 7.7, of each module of C-HPMC.

Table 4. T, of C-HPMC based on “optimal type selection” method.

Magnetization Type of HPMC T, /Nm

Type-1 41.1107

Type-2 40.3496

C-HPMC Type-3 37.6954
optimal type selection 41.3851

3.4. Axial Force of the C-HPMC

For underwater propulsion, the angular contact ball bearings or water-lubricated
bearings are usually applied to balance the thrust of the propeller. Axial force is one of the
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main causes of problems such as bearing wear, low efficiency, and increased shaft noise.
As long as there is an axial displacement between the inner and outer rotors of the HPMC,
it can be a passive axial bearing to maintain the propeller in its axial position, compensat-
ing the axial force related to thrust. The advantages of passive bearings include structural
simplicity, high reliability, and insignificant energy consumption, since they do not re-
quire control electronics or power sources. Calculating the axial force of the C-HPMC with
an axial displacement can expand its function and application range.

The three-dimensional (3D) FEA method is usually employed to calculate the axial
force of magnetic machines. By establishing a suitable finite element analysis model, the
axial force of HPMCs can be calculated accurately. Based on the parameters of the 2D FEA
models in Section 3.2, 3D FEA models are established (as shown in Figure 8). The results
are given in Figure 9 for the three types of HPMCs with 2 mm axial displacements. In the
stable zero point, the transmitted torque is 0 and the reverse axial force is the largest. With
the increase of the position angle, the transmitted torque first increases and then de-
creases, the axial force gradually decreases to zero and then increases in the opposite di-
rection. The area indicated by the yellow arrow in Figure 9 is the effective working area,
in which the axial force direction is opposite to the displacement direction of the inner
rotor. The reverse axial force can compensate the axial force related to thrust. In Figure 10,
the transmitted torque and axial force of type-1 HPMC are compared when the axial dis-
placement is 1 mm and 2 mm, respectively. It can be seen that as the axial displacement
increases, the axial force increases rapidly, the torque decreases slightly, and the effective
working area decreases. Therefore, for the C-HPMCs used in underwater propulsion, in-
creasing the axial displacement is an effective way to compensate the propeller thrust,
since the small displacement has little effect on the torque performance.

Type-1 Type-2 Type-3

Figure 8. 3D-FEA models of three types of HPMCs with 2 mm axial displacement.
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Figure 9. Axial force and transmitted torque of three types of HPMCs with 2 mm axial displacement. (a) Type-1, (b)
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Figure 10. Influence of different axial displacements. (a) Torque and (b) Axial force.

4. Design of the C-HPMC for Underwater Propulsion

4.1. Design Constraints of the C-HPMC for Underwater Propulsion

There is an isolation hood between the inner rotor and outer rotor of the C-HPMC.
The isolation hood needs to be able to withstand sea water pressure. Considering the tress
and processing performance, it is determined that the thickness of the isolation hood is
0.6 mm, the air gap length is 2 mm, and the thickness of the retaining ring for PMs is 0.3

mm.

For propeller, its input power P, and output mechanical power P, can be ex-

pressed as:

(41)
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P,=F-V, (42)

out a

where T is the torque of the input shaft, @ is the rotating speed, F' is the thrust of
propeller, V, is the freestream fluid velocity. The efficiency of propeller 7] can be calcu-

lated by the equation below:

77 — ut a (43)

7 mainly depends on the advance ratio (J=V,/nD), thrust [, and the design pa-

rameters of the propeller. According to the propeller performance curve and the motion
state of the underwater vehicle, the torque and thrust of the propeller near the operating
point can be estimated. The overall dimensions of C-HPMC can be determined according
to the geometrical constraints of tail conical space mentioned in Table 1 in Section 2. The
sizing constraints and performance requirements of the C-HPMC for underwater propul-
sion are listed in Table 5. Next, the specific design and optimization process is introduced
based on the initial model, and the significance of the new structure proposed is explained.

Table 5. Sizing constraints and performance requirements of the C-HPMC for underwater propul-
sion.

Items Value
Air gap length 2 mm
Thickness of isolation hood 0.5 mm
Thickness of retaining ring 0.25 mm
Material of isolation hood and retaining ring 304 stainless steel
Rated torque of propeller 20 Nm
Rated thrust of propeller 200 N
Rated speed 600 rpm
Material of PMs Nd-Fe-B
Residual magnetic flux density of PMs B 127 T
Relative permeability of PMs 1.1045

4.2. Selection of the Type of HPMCs and the Number of Pole Pairs

After determining the number of modules, the size and torque performance of each
module can be obtained by an analytical method. For the study case, it can be seen from
Figure 7 that module 1, module 2, and module 3 determine the structure of type-2 HPMCs,
and the other modules determine the structure of type-1 HPMCs.

Keeping other parameters constant, when the number of the pole pairs is varied from
4 to 8 with 1 interval, the maximum transmitted torque 7, of each module with different

pole pairs is obtained by the analytical method above presented, as listed in Table 6. It can
be seen that the pole pair number has great influence on the torque performance on the
HPMCs. Increasing the number of pole pairs or using different pole pairs for different
modules may continue to improve torque performance, but it is not cost effective from the
perspective of permanent magnet processing costs. For the C-HPMC in this paper, we
choose the pole pairs number of 8.

Table 6.7, of each module with different pole pairs.

max

T Pole pairs number
(Unit: Nm) 4 5 6 7 8
ij 1 4.2652 5.1734 5.9399 6.5526 7.0108
'§ 2 4.0127 4.8436 5.5279 6.0567 6.4336
p= 3 3.7581 4.5102 5.1113 5.5567 5.8545



J. Mar. Sci. Eng. 2021, 9, 290 16 of 21
4 3.3111 4.0628 4.7069 5.2283 5.622
5 3.0888 3.7674 4.3318 4.7701 5.0818
6 2.8633 3.4663 3.9492 4.3042 4.5359
7 2.6337 3.1586 3.5586 3.8314 3.9869
8 2.3992 2.8437 3.1602 3.3532 3.4382
9 2.1589 2.5208 2.7548 2.8727 2.8949
10 1.9117 2.19 2.3445 2.3944 2.3644

Modulel

Module2

4.3. Axial Force and Operating Point of the C-HPMC

The axial displacement is set to 1 mm. A 3D-FEA model is established for each mod-
ule to calculate the total axial force of the C-HPMC. The 3D-FEA models for the calculation
of the C-HPMC are shown in Figure 11. Figure 11a shows the 3D-FEA models for 10 mod-
ules, and Figure 11b shows the mesh of the calculation model. The total axial force of the
C-HPMC is the total of the axial forces of each module. Figure 12 shows the total axial
force and transmitted torque of the C-HPMC with Imm axial displacement. According to
the rated torque of the propeller of underwater propulsion system, the operating point of
the C-HPMC can be obtained, and the corresponding axial force is about 180N. This means
that most of the axial force of the propeller can be compensated by the C-HPMC. At the
same time, determining the operating point is very important for calculating the eddy
current loss and efficiency. Compared with the axial force and transmitted torque of the
traditional cylindrical HPMCs with 1 mm axial displacement (as shown in Figure 13). The
maximum transmitted torque and maximum axial force of the C-HPMC and traditional
cylindrical HPMCs are listed in Table 7. It can be found that the C-HPMC has better torque
and axial force performance.

Outer rotor

Inner rotor air domain

air domain

Module8 Module9

Modulel0

Inner rotor
air domain

Outer rotor
air domain

Inner
rotor

Outer

rotor
Inner

rotor

(a) (b)

Figure 11. 3D-FEA models for axial force calculation of the C-HPMC (a) 3D-FEA models for 10 modules (b) mesh of cal-

culation model.
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Figure 13. Axial force and transmitted torque of the traditional cylindrical HPMC with 1 mm axial
displacement.

Table 7. Comparison between the C-HPMC and traditional cylindrical HPMC.

Type of the Design C-HPMC Cylindrical HPMC
Maximum transmitted torque (Nm) 39.2166 22.9909
Maximum axial force (N) 247.7938 24.8809

4.4. Eddy Current Loss of the C-HPMC

When the C-HPMC is working normally, the metallic isolation cover placed in the
rotating magnetic field will induce a strong and distributive eddy current. The eddy cur-
rent loss of isolation cover is the main factor affecting the efficiency of C-HPMCs. Figure
14 and Figure 15 are the flux density and eddy current distribution on the isolation cover
of module 1 at a stable zero point and operating point, respectively. The flux density and
current distribution of the isolation cover are quite different under different angular po-
sition. This means that the loss of the C-HPMC is related to the working state, so deter-
mining the operating point is a prerequisite for evaluating performance. Ignoring the in-
teraction between modules, the eddy current loss on the isolation cover of each module at
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the operating point is calculated. At the rated speed, the total eddy current loss of C-
HPMC is 0.96W.

Shaded Plot
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Figure 14. Flux density and eddy current distribution on isolation cover of module 1 at stable zero
point.
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Figure 15. Flux density and eddy current distribution on isolation cover of module 1 at operating
point.

The aim of this paper is to make full use of the tail space to meet the requirement of
non-contact torque transmission, using the axial displacement of the magnetic coupling
to compensate the axial force generated by the propeller at the same time. The flowchart
of the design method of the C-HPMC combining analytical method and FEA method is
shown in Figure 16. The analytical method is used for the initial design, design parameter
analysis, and establishment of optimization models. The FEA method is used to analyze
the performance of the optimal model of C-HPMC at the operating point.
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The design method presented in this paper lays the foundation for the application of
the C-HPMC in the underwater propulsion system. The design of the C-HPMC is a pro-
cess of continuous iteration and optimization. In engineering applications, it is hoped that
the torque generated by each unit of PMs is the largest, since permanent magnets are rel-
atively expensive. In theory, the more modules, the better, but through 3D-FEA calcula-
tions, it can be found that when the number of modules is too large, the magnetic flux
leakage at the end of each module will be severe, which will result in a significant decrease
in torque performance. Therefore, the optimal design of the C-HPMC will be a multi-ob-
jective optimization problem, which needs further research.

Design constraints
analysis

| Rated transmitted torque

Size limitation |

According to th
applications

+ Analytical method | Rated thrust and speed |

—» Initial design

| The type of HPMCs |
Analytical method

A

Select the variables and Select
optimize the initial design

| The number of modules

| The number of pole pairs

+ FEA method

| Rated thrust and speed |

Operating point analysis

NO

Whether compliant
with design goals?

Figure 16. Flowchart of the design of C-HPMCs for underwater propulsion.

5. Conclusions

A novel C-HPMC is proposed and analyzed in this paper, which combines multiple
cylindrical HPMCs with different sizes into an approximately conical structure. The C-
HPMC adopts two methods to improve the torque transmission capacity of the propul-
sion system: one is the multi-module specially shaped structure, and the other is the use
of the Halbach array PMs. In order to obtain the optimal transmitted torque, different
modules of C-HPMC need to select different types of cylindrical HPMC. Three common
HPMCs are comparatively analyzed by analytical method, and the “optimal type selection”
method for the design of C-HPMC is proposed. Then, the axial forces of three types of
HPMCs with axial displacement are calculated by the 3D-FEA method. The flowchart of
the design of the novel C-HPMC is described, and a prototype is designed. Compared
with the traditional cylindrical HPMCs, the axial force of the novel C-HPMC can compen-
sate most of the thrust generated by the propeller while transmitting torque, which is very
helpful to extend the life of the bearing and increase the reliability. Further work will focus
on the multi-level and multi-disciplinary optimization of the overall performance of C-
HPMCs. Based on the research mentioned above, the design framework of the C-HPMC
can be extended to a variety of specially shaped complex magnetic machines, so that the
performance of the magnetic machine can be well expanded.
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