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Permanent magnet flux switching machine (PMFSM) is a joint venture of
switch reluctance machine (SRM) and permanent magnet synchronous
machine (PMSM). It has become a prominent research topic for various
applications because of robust rotor structure, high torque and power
densities but few were developed for downhole applications mainly due to
harsh environmental conditions. Formerly, most of developed PMFSMs for
downhole applications were mainly concentrated on inner-rotor type design,
and difficult to find research work on outer-rotor configuration. Therefore,
this paper introduces the design and investigation of PMFSM with outer-
rotor configuration for downhole application. Primarily, the geometric
topology of proposed design is described in detail. Then, the no load and load
analysis are implemented in order to investigate the initial performance of the
proposed design.
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1. INTRODUCTION

Induction motors have been widely employed in downhole application to drive submersible pumps
because they are robust, cost effective and easy to maintain [1]. However, they are incompetent to fulfill the
requirements of higher power densities, higher efficiencies and better controllability when compared with
permanent magnet synchronous machines as shown in Table 1. [2]. In spite of these advantages, few were
designed for downhole application because of high ambient temperatures in deep reservoirs and low
temperature stability of permanent magnet materials which creates demagnetization effects in machine
operation [3].

Recent advancement in permanent magnet (PM) technologies permits operation at higher
temperatures without permanent magnetization loss [4]. Therefore, it is increasingly interesting opportunity
for oil and gas sectors to develop permanent magnet machines for downhole application.

The permanent magnet flux switching machine is an unfamiliar type of PM machines comprising a
passive and robust salient pole rotor and complex salient pole stator with armature winding and permanent
magnets. The first PMFSM was presented as a single phase alternator in 1955 shown in Figure 1(a),
employing low performance magnet material [5], while Figure 1(b) depicts a three phase brushless machine
was first presented in 1997 [6]. Contemporary, there have been renewed research interest PMFSM,
apparently due to a number of perceived benefits. Since all active parts such as permanent magnet and
armature windings are all placed on the stator, simple yet efficient machine. Thus, cooling can be easily
implemented [7]. Furthermore, additional advantages such as robust rotor structure, high torque and flux
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densities, high efficiency and better flux weakening ability are comprehensively examined and verified for
number of applications [8]-[10].

Placing the rotor on the outer surface will generate more torque, compared to the conventional inner
rotor [11]. However, research on the PMFSM has mainly focused on the electromagnetic analysis and
optimization of the inner rotor type [12]-[14], with barely paid any attention to the outer rotor PMFSM.
Recently, few outer rotor PMFSMs were developed especially for light tractions applications [15]-[16].

This paper mainly focuses on the design and investigation of outer rotor PMFSM for downhole
application. In Section 2, firstly the machine design technique is introduced. Then, the relationships between
different machine parameters are developed. In Section 3 outer rotor PMFSM is analyzed under no load
condition such as flux linkage, cogging torque, and back electromotive force (EMF). Finally, the load
analysis is carried out in Section 4.

Table 1. Performance comparision [2]

Performance Induction Motor PMSM
Power Density Neutral Very Good
Effeciency Good Very Good
Reliability Very Good Neutral
Technical Maturity Good Neutral
Controllability Neutral Good

Figure 1. (a) Single phase alternator (b) Three phase brushless machine

2. GEOMETRIC TOPOLOGY

The outer rotor PMFSM has doubly salient structure with a novel topology. The flux switching
theory for electric machine originates from variation of both amplitude and polarity of flux linkages in the
armature winding in accordance with rotor position. Figure 2(a), shows cross sectional view of outer rotor
PMFSM. Each stator slot consists of two iron teeth and a rectangular permanent magnet sandwiched between
them, and grasped by concentrated armature windings, while rotor pole is simply formed with an iron tooth.

The key design parameters of outer rotor PMFSM are bounded by geometric relationship are
construed in a magnified local structure as shown in Figure 2(b). The stator slot should be even multiple of
phase numbers. Thus, the relationship between stator slot number and N rotor pole number N, is [17].

(12+n)*Ns

Nr
6

M

Where n is an integer (positive) which should not be a multiple of three. To obtain zero resultant magnetic
force, N, is chosen to be an even number. The key design parameters such as stator tooth width arc g, rotor
pole width arc f, permanent magnet width arc B, and stator armature slot width arc S initially set as

Sy
fr=fp=fom=F2 = K @

On the other hand, additional relationship between stator inner radius R, and outer radius Rg,, stator
back length hys and rotor yoke length hy, are originally fixed as
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Rso
Rsi=—— 3
Si > 3)
hyr =1.5%hys 4

Additionally, to obtain sufficient rotor saliency, the rotor pole height hy, is set as

Rso
hpr=— 5
Pr=-3 (5)

Moreover, stator slot winding area Aslot can be determined as

2
2gin| "
Rso ( NS )
2 tan(”j
Ns

In addition, number of turns N, for one stator slot and peak injected current I, in each coil can be
calculated as

Aslot = (6)

2Aslot*
Na=—"""— 7
7Z'd2 ()
Ja* Aslot*a
= 8
Im 2Na ®)

Where, a is filling factor, d is the diameter of wire and J, is the peak injected current density. Finally, the
rotor outer radius can be derived as

9 =7
Rro=| >+ |*R 9
ro (8+2Ns) so+(Q 9)

Where, g is the air gap. Table 2, shows key geometric parameters of outer rotor PMFSM that are calculated
through above mentioned equations.

(b)

Figure 2. (2) Key design parameteres (b) Cross sectional view
Table 2. Design specification of outer rotor PMFSM
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Parameters Abbreviation Value Units
Stator Slot Number Ns 12
Rotor Pole Number Nr 22
Rotor Outer Radius Rro 50 mm
Rotor Inner Radius Rri 40.5 mm
Stator Inner Radius Rsi 20 mm
Stator Outer Radius Rso 40 mm
Stator Back Length hys 3 mm
Rotor Yoke Length hyr 45 mm
Rotor Pole Width Br 3.49 mm
Stator Tooth Width Bs 3.49 mm
Permanent Magnet Width Bom 3.49 mm
Slot Area Aslot 50.732 mm?
Air Gap g 0.5 mm
Stack Length | 200 mm
Number of Turns Na 33
Synchronous Speed @ 1000 pm
Armature Current Density Ja 30 A/mm?
Split Ratio A 0.8

3. OPEN CIRCUIT ANALYSIS

This section includes comprehensive discussion of outer rotor PMFSM for downhole application
under no load condition such as coil test arragement, flux line and distribution, cogging torque and induced

voltages.

3.1. Operating Principle

The principle of operation for outer rotor PMFSM for downhole application is verified by coil test
arrangement. In a balanced three phase (3@) system, the three phases of 12 armature coils are determined by
inspecting the magnetic flux linkage on each of armature coil. The armature current density was set at
0A/mm? so that the total flux is generated by PM only. Therefore, by revolving the rotor at the speed of
1000r/min, the flux linkage on armature coils is shown in Table 3.

The 39 flux linkage is plotted in Figure 3, when the polarity and phase of the entire armature coil
has been diagnosed. From the figure, it can be observed that the resulting amplitude of the PM generated flux
is about 0.09Wh that is sufficient for motor operation. Apart from this it has almost sinusoidal waveform.

Table 3. Phase representation of armature coil

Phase Armature Coil
U Al, A2, A3, Ad
\Y B1, B2, B3, B4
w C1,C2,C3,C4
Flux [Wb] — ) c—/ w
0.1 r
0.075 -~ P P a
0.05 - 2
0.025 \ / : /|
2 8E-16 \ / / \E lectric Cyclé [°]
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150, 15550 /{
vd

240 278, 300/330 360

-0.05
-0.075 N

N

-0.1

‘\

Figure 3. Three phase flux linkage
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3.2. Cogging Torque

It is also called as detent or 'no-current' torque that creates noise and vibration in machine operation.
The PM generated cogging torque analysis for one electrical cycle is shown in Figure 4. The cogging torque
waveform has 6 numbers of cycles that are calculated as [18].

Nr

N =
P~ HCFN, Ns (10)
NpN
Ne= [Z °
' (11)

Where, HCF is the highest common factor, N, is the constant and N is the number of cogging torque cycles.
Moreover, it is observed from the graph that the peak to peak cogging torque is about 3.2Nm. This simulated
design has low cogging torque which is desirable for machine operation.
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Figure 4. Cogging torque waveform

3.3. Flux Lines and Distribution

The purpose of flux lines is to monitor the flow of flux, while flux distribution reflects the effect of
flux saturation in the machine. Figure 5(a) depicts that, the flux lines travel from stator teeth to rotor pole and
rebound back from nearest rotor pole, in order to make full cycles. Apparently, the initial design has more
flux leakage, which distorts the flux flow from stator core to rotor and vice versa. Furthermore, the maximum
flux density of 2.36T value measured in Figure 5(b).

Maghiatic Fluz Denzity

1.250

I ekl

(b)

Figure 5. (a) Flux Lines (b) Flux Distribution
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3.4. Induced Voltages

Further examination of the propective design on back EMF in no load condition is carried out at the
speed of 1000 r/m. The results obtained for back-emf are plotted in Figure 6. Initially, line and phase voltages
of the proposed design are approximately 355.4V and 205.2V respectively. The high values of back EMF can
be further reduced using design rectification methods. Howerver, it has favorable sinusoidal waveform due
less harmonic distortion.
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Figure 6. Induced voltages of 12s-22p

4. CLOSED CIRCUIT ANALYSIS
This section covers load investigation of outer rotor PMFSM for downhole application which
includes torques at various armature current densties, torque and power versus speed.

4.1. Average Output Torque versus Armature Current Densities
The average electromagnetic torque of proposed design can be calculated as

T
Tavg -3 NrKgBgJaAsiotRsol (12)

Where By air gap flux density at no load contdition, K is leakage factor which is taken as 0.75. The
obtained results from calculation and simulation are plotted in Figure 7, in which armature current density is
varied from 0A/mm? to 30A/mm?. The maximum simulated and calculatd torque of 75.30Nm and 93.09Nm
respectively are obtained at 30A/mm?, for downhole application the armature current density is kept at
5A/mm® and average output torque through simulation and calculation are found to be 16.39Nm and
15.51Nm respectively.
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Figure 7. Average torque at various armature current densities
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4.2.

Torque and Power versus Speed Characteristics
For proposed outer rotor PMFSM, the torque and power versus speed curve is ploted in Figure 8.

The solid blue line indicates the torque-speed curve, while red line represents the power curve. For proposed
design, at base speed 1108.1rpm, the torque obtained is 75.03Nm while corresponding maximum power
obtained from preliminary design is 8.73kW.

5.
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Figure 8. Torque — power against speed curve

CONCLUSION
In this research paper, design and analysis of outer rotor PMFSM for downhole application has been

introduced. Firstly, design procedure for proposed machine has been described comprehensively. Then, the
no load and load tests were executed in order to observe the initial performance of the machine. From the
results that have been obtained, it can be concluded that the initial performance of the machine can further be
improved through design refinement and optimization process.
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