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ABSTRACT A fully submersible permanent magnet synchronous machine (PMSM) is introduced in this

paper. Underwater operation requires that the machine parts have to be resistant to corrosion, and the

electrically conducting parts need to be properly insulated from water. The machine under study consists

of a rotor-surface permanent magnet rotor, protected by a glass-fiber-reinforced plastic (GFRP) cover, and

a fully stainless stator. The novelty of the machine is found in the design and special materials used in the

manufacture. The stator core is made of ferritic stainless steel laminations, and the selected winding material

is polyvinyl chloride (PVC) insulated copper wire. An extra low-speed, stainless-core submersible PMSM

was constructed and tested. To simplify the machine construction, a tooth-coil single-layer winding was

adopted. An asymmetric stator design was selected to enhance the machine performance. The performance

of the 1.7 kW, 80 r/minmachinewas analyzed by finite element analysis (FEA) and validated by experimental

tests, where despite a very low rotational speed, 74% efficiency was reached at the target load point. The

PMSM was found to be fully functional for the application.

INDEX TERMS Asymmetrical stator, canned machine, finite element analysis, hysteresis torque, permanent

magnets, permanent magnet machines, submersible machine, tooth-coil winding.

I. INTRODUCTION

Through this article, a stainless-core submersible permanent

magnet synchronous machine (PMSM) as an alternative to a

conventional submersible machine is discussed. The electro-

magnetic performance of submersible machines [1]–[3] has

been a topic of numerous studies. In [1], a 12-slot 10-pole

canned rotor surface magnet PMSM was studied. The motor

structure has a metallic rotor can around the rotor permanent

magnets (PMs) and a metallic stator can fixed to the inner

side of the stator core. The cans are made of a Hastelloy C

material, which is characterized as nonmagnetic and has a

relatively high electrical resistivity. The fluid pumped into

the machine can flow into the air gap between the rotor cans.

The inevitable eddy currents induced in the cans increase the

machine losses and reduce the air gap flux density. However,

The associate editor coordinating the review of this manuscript and

approving it for publication was Zhuang Xu .

the higher order harmonics of the air gap flux density are

also suppressed by the can eddy currents, which leads to a

reduction in the permanent magnet losses. In [2], a flooded

permanent magnet generator was investigated. The machine

structure topology is the same as in the PMSM described

in [1]. In this research, it was stated that the electrically

conductive materials of the cans exhibit unavoidable eddy

current losses, which leads to an increase in the temperature

of the PM and the stator slots. However, when using noncon-

ductive materials (e.g., fiberglass), the inside temperature of

the PMs and the stator slots was lower than in the case with

metallic cans (e.g., Stainless steel 304L, Inconel Alloy 718,

or Titanium SP 700). In [3], a 15-slot 10-pole ferrite magnet

spoke-type submersible brushless DC motor was introduced.

The motor is characterized by a small diameter, a large axial

length, and a low cost. Contrary to the above-mentioned

motors, the brushless DC motor is insulated from water

using an austenitic stainless steel frame and flanges, which

VOLUME 9, 2021
This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 28089

https://orcid.org/0000-0002-4614-2843
https://orcid.org/0000-0002-7419-0017
https://orcid.org/0000-0001-6704-1315
https://orcid.org/0000-0001-8843-0838
https://orcid.org/0000-0002-1398-1165


A. E. Hoffer et al.: Stainless-Core Submersible PMSM

means that water cannot penetrate into the air gap at

all.

Using protective elements to enclose the active part of the

machine from direct contact with water can be considered a

common approach in submersible machines. However, these

protection elements are susceptible to failure over time as

a result of corrosion, leading to the reduced lifetime of the

machine. On the other hand, there are soft magnetic materials,

such as ferritic stainless steels, that are corrosion resistant

and have acceptable magnetic properties [4]. Hence, these

materials can, at least in some cases, be used as an alternative

in the design of electrical machines, and they make it possible

to completely avoid the use of protective covers and a casing

seal.

In this work, a stainless-core submersible PMSM with

rotor-surface magnets is proposed. The construction is pre-

ferred because of its favorable performance characteristics

in low-speed high-torque applications. The stator core is

made of ferritic stainless steel sheets. The use of this steel

type is normally limited to certain applications, such as the

automotive sector and industrial equipment. However, the use

of such this material is not common in electrical machines,

especially in themanufacture of themagnetic core. Therefore,

this study could be an important step toward the investigation

of the use of a stainless-steel core in submersible permanent

magnet machines.

To avoid early interruptions caused by a winding contact

with water, extra protection for the winding is required [5].

The selected winding material is polyvinyl chloride (PVC)

insulated copper wire. The rotor materials (PMs and rotor

core) are not resistant to corrosion. Therefore, a glass-fiber-

reinforced plastic (GFRP) cover is mounted on the PMs

facing the air gap, and all the empty space below the rotor

cover (e.g., gaps between the magnets or some air voids) is

filled with water-proof epoxy resin. The rotor cover material

is required in order to avoid additional losses in contrast to

metallic covers [1], [2]. The rotor ends and the shaft are made

of austenitic stainless steel.

The use of a completely encapsulated traditional stator

was avoided because of the complex structure and poor heat

transfer properties of the stator. The stator hasmore active ele-

ments, and it is surrounded by water from the outer and inner

surfaces. Instead, the rotor is a relatively simple component

and surrounded by water only from the outer surface, which

makes it easier to use a cover (with filled resin all over the

rotor body) to protect it. Furthermore, if the rotor cover fails,

the machine performance will not be affected immediately

if coated magnets are used. In contrast, if water penetrates

the stator, it will soon lead to a winding earth failure because

of the thin layer of wire insulation. Therefore, this makes

encapsulation of the stator much more challenging and less

reliable.

The fractional-slot concentrated nonoverlapping winding,

also known as the tooth-coil winding (TCW) is the wind-

ing type that has gained in interest among researchers and

is frequently used in PMSMs [6]–[10]. The interest in this

winding type is explained by its inherent advantages, such

as a short end-winding length, easiness and low cost of

manufacture, and good fault tolerance [11], [12]. Moreover,

asymmetric stator configuration features can be exploited

by adopting a TCW configuration to improve the machine

performance [13]–[15]. Despite its advantages, the TCW also

exhibits a large harmonic spectrum of the current linkage

waveform, which has a negative impact on the machine in the

form of high rotor losses. Nevertheless, there are methods to

mitigate this effect, e.g., choosing rotor materials with a high

electrical resistivity.

The main contribution of the paper is to analyze and

verify the behavior of a submersible motor. The winding

type selected in this application is the TCW because of

its considerable advantages, especially in manufacture. The

machine design process is based on qualitative observations

and the algorithm proposed in [16]. An optimization process

is carried out where the stator tooth inner width that carries a

coil is adjusted while maintaining the stator slot width.

As a continuation of the preliminary work presented

in [17], this paper develops a more comprehensive design

approach and a different application scenario (motor mode).

Even though the design process is straightforward, this paper

provides valuable information, e.g., on the performance of

a machine manufactured from nontraditional materials along

with the use of a nonsymmetrical stator structure.

The paper is organized as follows. In Section II, the design

of the PMSM is described. This section addresses the choice

of the number of slots and poles, material selection, design

guidelines, and asymmetric stator features. In Section III,

a numerical evaluation of the machine is carried out. A per-

formance comparison is made with a canned stator machine

with similar dimensions but using traditional electrical steel

to demonstrate the advantages and disadvantages of the

proposed machine. The machine is constructed according

to the requirements imposed by the application, which are

explained later in the paper. Section IV provides some details

of the machine manufacture and measurement of certain

machine characteristics to validate the functionality of the

machine when submerged in a water tank. Finally, Section V

concludes the results.

II. DESIGN OF THE STAINLESS STEEL CORE

SUBMERSIBLE PMSM

The application comprises an axial-flow impeller coupled

directly to a PMSM as presented in Fig. 1. These elements

constitute a pump system, which is operated submerged in

lake water in a vertical arrangement. The motor itself is

implemented as a fully open construction allowing lake water

to penetrate its water-lubricated bearings and the air gap, and

thereby provide efficient cooling. No vulnerable shaft seals

are needed. The function of the pump is to deliver oxygen-rich

surface water to the lake bottom to mitigate eutrophication

problems in the lake. More detailed description of the pump-

ing system is not relevant to the design aspects of the PMSM,

and it is thus beyond the scope of this paper.
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FIGURE 1. Cross-sectional view of the axial-flow pump impeller with the
integrated PMSM.

TABLE 1. Machine specifications.

FIGURE 2. Cross-sectional view of the submersible core PMSM.

The machine is a radial-flux-inner-rotor PMSM. The rotor

surface magnet configuration is preferred for its simplicity

and more accessible construction when a simple solid rotor

core is applied [18]. The stator external diameter Dse and the

stator stack length l of the machine are set to 369.9 mm and

300 mm, respectively, according to the application require-

ments. The target specifications of the machine are given

in Table 1. A cross-sectional view of the PMSM is illustrated

in Fig. 2.

A. SELECTION OF THE NUMBER OF POLES AND SLOTS

As mentioned in the Section I, a single-layer TCW is adopted

to simplify themanufacture and enhance themachine reliabil-

ity as every coil remains separated from other coils. However,

for a three-phase winding, the number of combinations of the

number of slots Qs and poles 2p is limited because of the

number of slots per pole and phase in tooth-coil machines

is q ≤ 0.5. There are several quality indices to predict the per-

formance of the machine according to the selected slot–pole

combination, such as the fundamental winding pitch fac-

tor kpp, the air gap harmonic leakage factor σδ, and the

mutual coupling factor mc [7], [9], [19]. To avoid unbal-

anced magnetic pull, it should be ensured that the greatest

common divisor GCD(Qs, 2p) has a high and even value.

To reduce the cogging torque, the least common multiple

LCM(Qs, 2p) should have a high value [9]. The choice of the

winding configuration should be based mainly on the number

of poles, the air gap leakage factor, and the mutual inductance

coefficient [7].

TCW technology offers several advantages over other

winding configurations. It, however, exhibits a high content

of spatial harmonics in the current linkage waveform, which

has a significant influence on the rotor losses [20]. The

content of spatial harmonics depends on q, where a certain

trade-off between the losses generated in the rotor and extra

losses in the stator winding can be observed.

The stator slot opening is selected to achieve a simple and

safe assembly of the prefabricated coils. However, the open

slot effect reduces the amplitude of the air gap flux den-

sity fundamental [21]. Therefore, it is necessary to choose

a slot–pole combination with a high pitch factor without

neglecting the other indices. A method to compensate for

the penalties of the slot opening is to use asymmetric sta-

tor features. This may increase the pitch factor required to

maximize the flux linkage and torque [13]. The single-layer

winding is, in particular, applicable with an asymmetric stator

structure [14]. The procedure for the stator asymmetry is

explained in more detail later in this section.

Table 2 provides a comparison of feasible slot–pole com-

binations based on previous considerations. Note that when

multiple poles are used, it is possible to reduce the eddy

current rotor losses compared with a lower number of poles;

therefore, a higher pole number is chosen [22]. From the

thermal point of view, a machine with a large number of

narrow slots is preferred to improve the heat transfer [8].

As shown in Table 2, the best combination is found at

24 slots and 20 poles because of its high pitch factor, no mag-

netic coupling between the phases, and moderate air gap

harmonic flux leakage. As the selected winding configuration

does not guarantee the lowest rotor losses, it is necessary to

choose rotor materials with a high electrical resistivity if the

operating frequency is high.

B. MATERIALS SELECTION

Because of the submersible operation, the materials must be

waterproof, or if not, they should be protected from direct

contact with water, e.g., by a water protective cover. For

the rotor yoke, constructional steel S355 was selected, as it

exhibits acceptable magnetic and mechanical properties [23].

Naturally, it would be preferable to employ a laminated rotor

core to limit the eddy current losses induced by the current

linkage harmonics when a TCW is used, but because of the

low operating frequency of 131✴3 Hz and the relatively low
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TABLE 2. Possible single-layer TCW slot–pole combinations.

FIGURE 3. Magnetization curves of 430SS.

frequency caused by the slot opening permeance variations

at the rated speed (which eliminates the risk of high rotor

losses), a simple rotor core made of constructional steel tube

is advisable, as it significantly simplifies the rotor manufac-

ture.

In a rotor-surface-magnet PMSM with fixed rotor core

dimensions, the air gap diameter Ds depends on the PM

height hPM [24]. Therefore, to limit the size of the machine

and enhance the magnetic flux, the magnet material must

have a high remanent flux density. For the present case,

N45SH Neodymium Magnet was selected. N45SH has a

remanent flux density of Br = 1.35 T at an operating temper-

ature of 20 ◦C.Moreover, it has a high coercive force to avoid

a risk of irreversible demagnetization in a fault condition even

if the temperature of the magnets exceeds 100 ◦C [25].

The rotor yoke and the PM material are not resistant to

direct continuous contact with water, and therefore, a cover

installed between the PMs and the water-filled gap is

required. The material selected to cover the magnets is GFRP,

which is nonmagnetic, fully resistant to corrosion, and has an

ultralow electrical conductivity.

The stator core was made of 430 stainless steel

grade (430SS) which is a ferritic stainless steel that has

excellent intergranular corrosion resistance, acceptable mag-

netic and good mechanical properties, and a good market

availability [4]. The magnetic properties of 430SS were

measured with a hysteresigraph following the procedure

shown in [26]. The magnetization curves of 430SS are shown

in Fig. 3.

TABLE 3. Manufacturer data of the stator core materials.

For the winding material, low-cost PVC-insulated wires

with solid conductors were selected, because they provide

high-quality insulation and are entirely water-resistant.

To present the advantages and disadvantages of the pro-

posed machine, a performance comparison with a canned

statormachinewas conducted. The canned statormachine has

a cover structure similar to the rotor of the proposed machine,

avoiding a direct contact of the active electromagnetic com-

ponents with water, while the stator core is made of electrical

steel M400-50A. The machine exhibits excellent magnetic

and electrical characteristics, and it is also widely used in

the manufacture of electrical machines. However, it is not

resistant to corrosion, which explains the cover installation

between the air gap region and the stator core. The cover

material is the same as the rotor cover, GFRP.

The manufacturer data of 430SS and M400-50A are given

in Table 3. The parameters of the electric steel M400-50A

are known [27]; however, the magnetic parameters of the

ferritic stainless steel are not provided by the manufacturer,

and therefore, they are reported based on the magnetization

measurements carried out in the present study.

C. DESIGN GUIDELINES

As it was mentioned at the beginning of this section, the main

boundary conditions are the stator outer diameter Dse and the

axial length l. The rotor yoke inner diameter Dryi is fixed to

170 mm because of the size of the steel tube available. The

electromagnetic design guidelines are as follows:
1) The rotor yoke height hyr is designed to avoid saturation

in the yoke.

2) The PM material is used efficiently because of its

high cost. Therefore, the PM height hPM is adjusted to

maximize the no-load air gap flux density before the

magnet BH load point gets too close to its remanence.

The PM width wPM is a result of the pole pitch width

and some reasonable gap distance between the magnets

to minimize the leakage between them.

3) The rotor cover thickness hRC is chosen to be 2.0 mm to

achieve the required mechanical stiffness and provide

adequate protection for the magnetic parts [2], [28].

4) The physical air gap length δphys is chosen to be

1.5 mm, resulting in a magnetic air gap of δ = 3.5 mm.

The relatively large air gap length is preferred for easier

and safer assembly if the rotor cover has not perfect

shape. Further, it helps in achieving good heat transfer

between the stator core and the water flowing in the

air gap, and in reducing the harmonic content in the
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TABLE 4. Machine parameters.

air gap flux density produced by the armature reaction.

Further, it should be noted that the cogging torque

(peak-to-peak value) can be reducedwith a long air gap.

5) The stator slot dimensions are selected together with

the stator tooth inner width bds to avoid any high flux

density in the slot. When using open slots, the slotting

effect has a significant impact on the performance of

the machine [21]. Therefore, the stator slot width bs is

chosen to be as narrow as possible to fit the preformed

coils.

6) The stator yoke depth hys is selected so that the flux

density within the stator yoke does not reach saturation,

and an appropriate mechanical rigidity and efficient use

of material are achieved.

7) The machine is designed to operate in the maximum

torque per ampere (MTPA) region.

The machine main parameters (see Table 4) are obtained by

using the design guidelines given above and the algorithm

presented in [16]. The finite element analysis (FEA) model

of the machine under study was implemented as a transient

magnetic simulation in Flux by Altair. The machine was

simulated in the 2D and skew simulation environments.

D. ASYMMETRIC STATOR FEATURES

Asymmetric features can be exploited by adopting the TCW

configuration to enhance the machine performance. The aim

of using unequal teeth widths is to increase the flux linkage.

The procedure involves increasing every second stator tooth

width and, to the same extent, reducing the adjacent stator

tooth width, as shown in Fig. 4. The advantages of this

asymmetry are given below.

One of the most critical parameters of a PMSM is

the induced no-load voltage, also known as back-EMF.

As reported in various studies [6], [8], [14], [29], it has a direct

effect on machine performance. The RMS back-EMF can be

expressed in simple terms as

Eph = 1√
2
kwωNphΦ, (1)

whereω is the electrical angular frequency,Nph is the number

of turns in series per phase, and Φ is the magnetic flux. The

coil pitch W (see Fig. 4) depends on the distance between

FIGURE 4. Adjustment procedure of the stator tooth inner width bds. The
stator slot width bs is kept constant.

the tooth that carries the coil bds and the slot width bs.

Therefore, increasing the coil-carrying stator tooth width

makes it possible to increase the pitch factor kp, and thereby,

the winding factor kw. From the electromagnetic point of

view, it is possible to achieve a reduction in the RMS stator

supply current Is to reach the same electromagnetic torque by

using asymmetry, because the torque is proportional to the

product EphIs. Moreover, it can lead to significant winding

material savings, especially when the machine is large.

The use of stator asymmetry has a significant impact

on the torque response of the machine. Fig. 5 shows the

cogging torque as a function of rotor position at different

tooth widths and its spectra. The cogging torque variation

(peak-to-peak value) as a function of the stator tooth inner

width bds is shown in Fig. 6. It can be seen that the variation

of the stator tooth inner width bds affects the cogging torque.

As Fig. 5(b) shows, the 6th-order cogging torque harmonic is

the strongest harmonic component because of the asymmetric

stator structure. To eliminate this particular harmonic (6th-

order), the continuous skew angle to be applied is provided

by

θskew = 2π

LCM
(

Qs

2
, 2p

) . (2)

The factor 1✴2 that multiplies the number of slots Qs in (2) is

due to the different stator core geometry compared with the

original symmetrical stator core shape. It is worth remem-

bering that if the air gap length is reduced, the fundamental

cogging torque harmonic (Qs, 2p) could occur

(12th-order harmonic). Therefore, the use of stator asym-

metries may not be suitable for thin air gaps and open

slots. Finally, to eliminate the 6th-order harmonic along

with the potential torque ripple harmonic, a two-step

rotor skewing
(

nstep = 2
)

with a shift of three mechanical

degrees
(

θskew/nstep = 6✴2 = 3 degrees
)

between the magnet

layers was adopted.

III. NUMERICAL ANALYSIS

In this section, first, the procedure for calculating themachine

losses is outlined. Then, the performance of the submersible

core machine is verified and analyzed with the design guide-

lines, and the selection of materials is presented. Finally,
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FIGURE 5. (a) Cogging torque for different values of the stator tooth inner
width bds and (b) its spectra. 2D FEA.

FIGURE 6. Cogging torque (peak-to-peak value) variation as a function of
the stator tooth inner width bds. 2D FEA.

a comparison of the submersible coremachine and the canned

machine (having traditional electrical steel in the stator core)

is provided.

A. LOSS CALCULATION

The stator winding Joule losses are calculated by (neglecting

additional AC losses) [16], [29]

PCu = kRQsz
2
QρCu

(

l + lw

SslotkCu

)

I2s , (3)

where kR is the resistance factor, ρCu is the copper resistivity

at the operating temperature, zQ is the number of conductors

in one slot, kCu is the copper space factor, and lw is the

end winding length. It should be noted that the end-winding

length depends on the stator tooth inner width bds. The typical

procedure for calculating the low-frequency laminated core

iron losses over an electric period is applied using the follow-

ing expression (neglecting excess losses) [6]

PFe =
N

∑

n=1

kf



khB̂
2
nfsAnl +

d2

12σFe

1

T

T
∫

0

(

dBn

dt

)2

Anl dt



,

(4)

where kf is the iron space factor, kh is the hysteresis loss

coefficient, σFe is the material conductivity, d is the material

thickness, fs is the electrical frequency, An is the area of

the nth stator element, B̂n is the maximum flux density in

the nth stator element, Bn is the instantaneous flux density

in the nth stator element, and N is the number of elements

in the stator core. The first term of (4) corresponds to the

static hysteresis losses of the laminated steel and the sec-

ond term to dynamic eddy-current losses, also known as

dynamic classical losses of the laminated steel. However,

the procedure requires a loss coefficient, which depends on

the material. Another way to calculate the hysteresis losses is

to estimate the energy density of the stator elements. This can

be done by applying the Jiles–Atherton (JA) hysteresis model

discussed in [30], [31]. This model is used to calculate minor

and major hysteresis loops from the physical parameters of

the magnetic materials and it is included in the simulation

software used in this study; however, the user must provide

the tensor parameters of the material. The hysteresis energy

density for each element of the stator magnetic domain over

one electrical cycle can be expressed as

En =
∮

HxndBxn +
∮

HyndByn, (5)

where Hxn and Hyn are the x and y components of the mag-

netic field strength on the nth stator element, and Bxn and Byn
are the x and y components of flux density on the nth sta-

tor element. The flux density, magnetic field strength, and

position information of the stator nodes are extracted for

each time step. The static hysteresis torque can be calculated

as

Thyst = p

2π
kf

N
∑

n=1

EnAnl. (6)

The hysteresis torque is resistive or detent torque [32]. Fur-

thermore, being resistive torque, it is usually considered

mechanical friction torque. However, based on the analysis

presented above, this torque is caused by the hysteresis phe-

nomenon of the iron core. Moreover, the hysteresis torque

depends mainly on the magnetic properties of the material.

The static hysteresis losses are given by

Physt = ThystΩ, (7)

whereΩ is themechanical angular velocity. The eddy-current

losses can be computed with the second term of (4) from the
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information extracted from the calculation of the hysteresis

losses. The parameters related to the calculation of the classic

losses (lamination thickness and material conductivity) are

provided by the steel manufacturer (see Table 3). The accu-

racy of the iron loss calculation depends on the mesh quality.

The eddy current loss in the rotor can be calculated in the FEA

as

Peddy =
∫

V

J2

σ
dV , (8)

where J is the current density in the material, and σ is

the material conductivity. Equation (8) is valid for solid

materials. In the FEA software, losses can be calculated

by selecting the rotor solid tube and the magnets as solid

conductor regions with their corresponding conductivities.

Naturally, in the 2D simulation environment, the end effect is

not directly included, which usually leads to higher estimated

losses caused by the eddy currents.

The loss calculation takes into account the skewing effect.

The losses are computed following a procedure similar to that

of calculating torque ripple in skewed machines, described

in [10].

The mechanical and additional losses are estimated using

an empirical approach. The drag torque caused by water

flowing through the air gap is relatively low because of the

low rotational speed; therefore, the drag losses are neglected.

B. MACHINE PERFORMANCE

The electromagnetic torque, back-electromotive force

(EMF), and losses were computed for different operating

conditions. The calculation of the electromagnetic torque

includes the hysteresis torque and torques caused by the eddy

currents and friction.

The back-EMF at the rated mechanical speed as a function

of the stator tooth inner width bds is shown in Fig. 7(a). The

current at the rated load as a function of the stator tooth inner

width bds is depicted in Fig. 7(b). It can be concluded from

the results that it is possible to decrease the stator current by

using the approach with unequal teeth widths because of the

increase in the back-EMF, as it was predicted in the previous

section.

Themachine loss distribution at the rated load as a function

of the stator tooth inner width bds is shown in Fig. 8(a).

It can be seen that by increasing the value of bds, the rotor

losses increase even though the stator current decreases. This

is mainly due to the higher order harmonics of the air gap

flux density produced by the new stator shape and the slot

opening, as shown in Fig. 8(b). As it can be seen in Fig. 8(a),

the iron losses in the stator are very high (representing

approximately 15% of the rated power) for each value of bds,

where the origin of almost all iron losses is the hysteresis

losses. Here, the negative effect of using the stainless-steel

stator lamination material can be seen, the origin of which

will be discussed later. The PM losses are less than 0.6 W as

shown in Fig. 8(a). This is supported by the relatively high

FIGURE 7. (a) RMS back-EMF value at the rated speed and (b) RMS stator
current value at the rated load as a function of the stator tooth inner
width bds. FEA.

electrical resistivity of the magnet material, low operating

speed, and segmentation of the magnets.

The value chosen for bds is 19 mm. The criterion used to

select the value of bds was also due to the rotor core losses,

which increase with a higher bds. The rotor core losses are

of significance because of the low heat transfer through the

cover material.

The behavior of the machine with bds = 19 mm is

compared with the original stator tooth inner width

bds = bds1 = 14.67 mm. Table 5 shows the components of

the core losses for both cases. The hysteresis losses account

for a significant proportion of the losses, which is manifested

in a reduction in the actual output torque (around 30Nm). The

armature reaction has a major influence on the rotor losses

because of the high harmonic content of the current linkage.

Fig. 9 shows the total loss density distribution in the stator

core region at the rated load for bds = bds1 and bds = 19 mm.

It is observed that the area with the highest losses is found

in the teeth that carry coils. However, this area represents

only 25% of the total stator region. Therefore, iron losses

will remain high as a result of the magnetic properties of the

selected ferritic stainless steel regardless of the selected stator

yoke depth.

A schematic view of the stainless machine and the com-

pletely canned machine is shown in Fig. 10. The canned

machine consists of two covers in the air gap to protect the

parts of the machine from contact with water. The stator and
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FIGURE 8. (a) Losses at the rated load as a function of the stator tooth
inner width bds (PCu: stator winding Joule losses, PFe,st: stator iron
losses, Prot: rotor losses, PPM: PM eddy-current loss) and (b) air gap flux
density harmonics at the rated load for bds = bds1, bds = 19 mm, and
bds = 23 mm. FEA.

TABLE 5. No-load and rated load electromagnetic losses for bds = bds1
and bds = 19 mm. FEA.

rotor cover thickness is 2.0 mm. The magnetic air gap length

is 5.5 mm. The number of turns is set to the same value

as in the proposed machine for a fair comparison. For both

FIGURE 9. Core loss density distribution at the rated load for bds = bds1
(left) and bds = 19 mm (right). FEA.

FIGURE 10. Schematic view of (a) the proposed machine and (b) the
canned machine.

machines, skewing is considered in order to reduce cogging

torque and torque ripple.

Fig. 11 shows the performance of both machines under

a pump load profile
(

T = kΩ2
)

. The results show that the

canned stator machine has a higher efficiency than the stain-

less machine up to 120 r/min. This is explained by the materi-

als used in the stator cores and, in particular, by much smaller

hysteresis losses in well-performing electrical steel compared

with ferritic stainless steel. According to the information

provided in Table 3, the coercivity of the ferritic stainless

steel is about 14 times (700 A/m) as high as that of the

traditional electrical steel, which results in a wide hysteresis

loop. As shown in Fig. 11(a), the rated torque is achieved

at similar currents in both machines even though the stator

core materials are different, the M400-500 having a higher

flux density than the 430SS at the same field strength (see

Table 3). This can be explained by the fact that the stator

inner diameter Dsi in the machine with M400-50A (canned

machine) was increased in comparison with the machine with

a stainless steel core (proposed machine), which resulted in a

larger effective air gap.

Even though the use of stainless-steel material in the stator

core leads to a lower efficiency, its usage can be justified

by the simpler overall stator structure, where the stator does

not have to be protected from water penetration. Further,

the stator filled with water has better cooling properties,

especially at the end windings, which are directly surrounded

by the fluid.

Table 6 provides the torque density and specific torque of

both machines. The motor volumes are the same, whereas
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FIGURE 11. Load performance (pump load profile) of the proposed and
canned machine: (a) stator current, (b) input power, (c) per unit efficiency,
and (d) total losses as a function of speed. FEA.

TABLE 6. Torque densities and specific torques of the proposed and
canned machine.

the masses differ by 5.9 kg (the cover not included). The

difference in the masses of these motors is due to the density

of the stator materials. It is pointed out that the use of covers

reduces the stator core volume in the cannedmachine because

of the increase in the stator inner diameter Dsi and because

the stator outer diameter Dse is fixed by the application

requirements. The rated torque is achieved at similar current

densities as predicted above (see Fig. 11). This is explained

by the extra effective air gap resulting from the additional

stator cover in the canned machine and the somewhat reduced

positive effect of using electromagnetic steel with higher

saturation flux density in the stator core. Therefore, for the

reasons mentioned above and because the motor volumes are

identical, the torque densities are similar. In the case of the

specific torque, the canned machine provides a higher value

than the proposed machine because of the difference in mass;

however, the difference in values is small.

Based on the previous analysis, it was decided to test

this approach in a submersible motor application where the

stator needs no protection against water penetration because

of the water-tolerant materials. It is believed that alternative

water-resistant materials (e.g., PVC winding and stainless

steel core) can be successfully applied in systems that require

high reliability. In this case, some sacrifice on efficiency

should be accepted because of the relatively high hysteresis

losses in the stainless steel core. Naturally, a low-coercivity

FIGURE 12. Efficiency of the proposed machine as a function of
rotational speed at different load levels. FEA.

ferritic stainless steel would solve the problem. However,

if the machine is evaluated at speeds higher than the nominal

and at a constant torque, it is possible to observe an increased

efficiency as shown in Fig. 12. Therefore, this result shows

the potential of using an unconventional stator core material

for low- and medium-speed applications.

IV. EXPERIMENTAL VALIDATION

A. PROTOTYPE MACHINE

When building the machine, its rotor core was constructed

from a solid tube divided into two parts without significant

difficulties. Fig. 13(a) shows a schematic of the PMsmounted

on the rotor core. Each PM was divided into four segments

per pole and four sections in the axial direction for easy man-

ufacture and because of the two-step rotor skewing. Once the

PMs were in place, the preformed GFRP cover was installed

and voids were filled with epoxy resin. The assembled rotor is

shown in Fig. 13(b). The stator core sheets and the assembled

stator are shown in Fig. 14. Insulation between sheets was

provided by a layer of epoxy glue between the sheets when

the stack was formed. The open stator slots facilitated the

mounting of preformed coils. The wire used in the coils

was PVC-insulated wire with a solid conductor, an external

diameter of 3.1 mm, and a copper diameter of 2.0 mm (copper

cross-sectional area 3.14 mm2). The wire arrangement in the

stator slot is shown in Fig. 15(a). The PVC cover is not hard

and deforms easily; therefore, the use of preformed coils is

advisable to guarantee their condition before assembly in the

stator slots. A 3D printed model of part of the machine (see

Fig. 15(b)) was built to ensure that there is enough space in

the stator slot for the preformed coil.

B. DESCRIPTION OF THE TEST BENCH

The schematic and a photograph of the test bench are

shown in Fig. 16. The prototype is coupled to an induction

machine (IM), which acts as a dynamometer. The proto-

type and the IM dynamometer are supplied by a frequency

converter (ACS355 and ACS611, respectively). The proto-

type was driven with the id = 0 control. The layout of the

test bench is vertical according to the requirements of the

application. The prototype was immersed in a container with
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FIGURE 13. (a) View of stepped skewing (two steps) of the permanent
magnet layers in the rotor and (b) canned rotor.

FIGURE 14. (a) Stator core sheets and (b) assembled stator.

FIGURE 15. (a) Wire positions of one complete coil in the stator slots and
(b) 3D printed model of a part of the stator core with a coil inserted.

water at room temperature to observe the behavior of the

machine in water. A torque and speed transducer was coupled

between the two machines. The voltage and current mea-

surements in the prototype were performed with a Yokogawa

PZ4000 Power Analyzer.

C. MEASUREMENTS

Fig. 17 depicts the simulated and measured waveforms of the

back-EMF at the rated speed. The results show that the error

(peak-to-peak voltage) between the FEA and the experimen-

tal test is around 4%, which is tolerable.

A constant resistive torque was measured at different

speeds (no-load condition). The value obtained was approxi-

mately 30 Nm corresponding to the sum of hysteresis torque

FIGURE 16. (a) Schematic and (b) a photograph of the experimental
setup.

FIGURE 17. Comparison of the simulated and measured back-EMF
waveforms at the rated speed.

TABLE 7. Machine losses at the rated point.

and friction. From the analysis presented in the previous

section, it is possible to conclude that the hysteresis torque

predicted by the FEA has a good agreement with the mea-

sured hysteresis torque.

The efficiency maps obtained by the FEA and measure-

ments are shown in Fig. 18. The efficiency behavior is similar

for the estimated and measured maps. Furthermore, the max-

imum value of efficiency is reached when the machine oper-

ates in its rated condition. Table 7 shows the distribution of

machine losses in the rated operation. The efficiency can be

considered somewhat low, which is a result of the very low

operating speed and the stainless steel stator core, the hys-

teresis losses of which comprise a significant proportion of

the total losses.
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FIGURE 18. (a) Simulated and (b) measured efficiency maps.

FIGURE 19. Simulated and measured mechanical torque at the rated
speed as a function of RMS stator current.

Fig. 19 compares the calculated and measured mechanical

torques at the rated speed for different RMS stator currents.

As can be seen, there is a good agreement between the

experiment and the simulation results.

During the measurements of the machine in operation,

the water was flowing in the tank and its temperature was

kept constant at about room temperature. Additionally, it was

verified that during the testing, the machine operated with-

out problems. Considering the relatively low losses of the

machine size in question and the fact that the windings were

submerged, it is unlikely that there was a significant differ-

ence between the winding and water temperatures. Unfortu-

nately, it was not possible to arrange accurate temperature

distribution measurements with the machine in operation.

Nevertheless, according to the measurement results during

the long-running operation, the supply voltage and current

values did not change. Therefore, it was assumed that the

resistance of the winding remained at the same level, which

verified that the temperatures of the winding and the perma-

nent magnets did not rise significantly when the motor was

running for several hours.

V. CONCLUSION

This paper presented a stainless submersible permanent mag-

net synchronous machine. The proposed machine was evalu-

ated by the FEA and compared with a stator canned machine.

The submersible machine with ferritic stainless steel was

shown to be functional and can be considered an alternative

to traditional electrical steels in a special application. Fer-

ritic stainless steels have acceptable magnetic properties and

are readily available in the market. However, because of its

high coercivity, the material generates significant hysteresis

torque. Therefore, should there be a ferritic stainless steel

with acceptably low coercivity, it would solve the problem of

high hysteresis losses and make this material very attractive

for electrical machines operated in harsh environments. In the

case of a completely canned machine, it is possible to protect

traditional electric steel from contact withwater with a special

cover, but with the penalty of a less reliable overall stator

structure and the risk of the can failing over time.
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