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This paper presents the magnetic and electrical equivalent circuits of a hysteresis interior permanent magnet (IPM) motor. A
hysteresis IPM motor is a solid rotor hybrid synchronous motor combining hysteresis phenomena and permanent excitation in the
rotor. When installed in thousands of feet under the sea to drive an electric submersible pump (ESP), it can self-start the ESP without
the need of any position sensors, and can improve the efficiency, the performance and the reliability of the ESP. In this paper,
equivalent circuit models are used to predict the transient run-up responses of a 2.5kW prototype hysteresis IPM motor. Analysis
results are compared with 2-D finite element analysis (FEA) results as well as experimental results. There exists a reasonably close
agreement between analytical, FEA and experimental results which validates the accuracy of the equivalent circuit models of a

hysteresis IPM motor.

Index Terms— Equivalent circuits, permanent magnet motors, magnetic hysteresis, modeling.

I. INTRODUCTION

N electric submersible pump (ESP) is a motor/pump

configuration made up of multi-stage centrifugal pumps
driven by electric 3 phase ac submersible motors. ESPs are
widely used as downhole artificial lift devices in both offshore
and onshore oil fields for producing up to 40000 barrels of
fluid per day at various depths from 1000 to over 12000 feet
[1]. Bottomhole submersible motors are specially designed to
withstand high temperature, high mechanical and electrical
stress and high inrush current. Polyphase squirrel-cage rotor
sealed submersible induction motor (IM) drives have
traditionally been used in ESPs [1-2]. However, IM driven
ESPs suffer from poor power quality, poor thermal stability
and poor efficiency due to slip power losses in the rotor and
also due to non-sinusoidal voltage and current waveforms [2].
It also experiences frequent failure and shaft breakdowns due
to vibrations caused by extreme mechanical stress, especially
during start-up of the pump. Thus, IM driven ESPs have poor
reliability and relatively short run-life.

A hysteresis IPM motor is a hybrid synchronous motor that
starts as a hysteresis motor and becomes an IPM motor at
steady state. It has a high starting torque and moderate starting
currents similar to a standard hysteresis motor. A hysteresis
IPM motor drive does not need position sensors, has self-
starting capability, wide operating range, good efficiency and
high reliability. These are critical requirements of a
submersible motor drive for ESPs. Thus, the hysteresis IPM
motor ESP drive has the potential to replace the induction
motor driven standard ESPs.

In the analysis of hysteresis IPM motors, modeling of
hysteresis loops has been an issue of interest among the
researchers [3-7]. There are several ways to model the
hysteresis phenomenon of a magnetic material. Classical
Preisach model, Jiles-Atherton model (JAM) and Hauser
Energetic Model (HEM) are the most popular ones among
them [3]. However, development of equivalent circuits for
hysteresis IPM motors using these models is complicated.
Another way is to approximate the shape of a hysteresis loop

by using either parallelogram model or elliptical model [4-7].
Rahman and Qin have presented equivalent circuit modeling
of  hysteresis  permanent magnet motors  using
parallelogram/rectangular modeling of the hysteresis loop [6].
Elliptical modeling is a better way for approximating
hysteresis loops, and is more accurate and computationally
simpler than the parallelogram/rectangular models [7]. In this
paper, equivalent circuits of a hysteresis IPM motor are
presented using the elliptical approximation of the hysteresis
loop. Electrical and magnetic equivalent circuits in d-g axes
have been illustrated and explained in this paper. Analytical
simulations using the developed electrical equivalent circuits
and finite element analysis have been carried to obtain the
transient responses of a 3-phase 4-pole 208V, 2.5 kW
laboratory prototype hysteresis IPM motor. Simulation results
as well as experimental test results of the prototype motor are
presented and analyzed in this paper.

II. MODELING OF HYSTERESIS IPM MOTOR

A. Hpysteresis IPM Motor

A hysteresis IPM motor is a hybrid design combining the
features of conventional hysteresis motors and interior
permanent magnet motors. Figs. 1(a) and 1(b) illustrate the
rotor of a prototype hysteresis IPM motor and the conceptual
design of a hysteresis [IPM submersible motor driven ESP,
respectively. The stator of the hysteresis IPM motor has a 3-®
sinusoidally distributed double-layer winding arrangement.
The rotor has a solid ring made of 36% Cobalt-Steel alloy
which is a semi-hard composite magnetic material with high
degree of hysteresis energy per unit volume. Radially
magnetized arc-shaped rare earth Nd-B-Fe magnets are buried
inside the hysteresis ring, and the ring is supported by a non-
magnetic aluminum sleeve.

B. Modeling of Hysteresis Loops

Fig. 2 shows the major hysteresis loop of a hysteresis ring
made of 36% Cobalt-Steel alloy. Elliptical modeling is a way
to approximate the shape of the hysteresis loops of a material.
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Fig. 1. A hysteresis IPM motor: (a) laboratory prototype and (b) ESP.

The flux density B and the magnetic field intensity A in an
elliptical model can be expressed as follows [5-7],

B = B,y cos(wt — 1 — 1) €
B
H= (f)cos(wt—tp—tpo +6) (2)
7,.Sin §

Yo = tan~t g —LE 3)
lgptr N
“—— 4 -Lcos§
HoTy ~ PH

where B,, is the maximum flux density of the rotor material,
4 is the permeability of the elliptic hysteresis loop, w is the
synchronous angular frequency, ¥ (Y =pf,; 6, is the
mechanical angle of the rotor and p is the number of pole
pairs) is the electrical angle coordinate in the stator frame, 1,
is the phase shift, 7 is the mean radius of the air-gap and § is
the hysteresis lag angle between B and H. More parameters are
listed in the appendix.

C. Magnetic Equivalent Circuits

Figs. 3(a) and 3(b) present the d and ¢ axis magnetic
equivalent circuits of a hysteresis IPM motor. The permanent
magnet is modeled as a mmf source F,,; in series with a
reluctance R,,,;. Hysteresis effect is included in the circuit as a
mmf source Fp,;. The d-g axis reluctances of the hysteresis
material are modelled as nonlinear reluctances Ry, andRy,,
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Fig. 2. B-H curves of 36% Cobalt-Steel alloy.
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Fig. 3. Magnetic equivalent circuit: (a) d-axis and (b) g-axis.

respectively. R,y and R,,are the d-g axis rotor leakage
reluctances. The effects of hysteresis and permanent magnet
mmfs are negligible in the g-axis, and are not included in the
g-axis equivalent circuit. The d-q axis airgap reluctances are
presented by R;zand R, respectively. The primary armature
magnetomotive forces in d-g axis are presented by F,,; and
Faq» respectively. R,y and Ry, are the d-g axis reluctances of
the stator back-iron. The d-g axis total leakage reluctance of
the stator are modelled by R4 and R4, respectively.

D. Electrical Equivalent Circuits

The d-q axis electrical equivalent circuits of a hysteresis
IPM motor are depicted in Figs. 4(a) and 4(b). The permanent
magnet is modeled as a constant current source /,. Eddy
current effect is included in the circuit by modeling it as an
equivalent resistance R,. Hysteresis effect is modeled as an
equivalent hysteresis resistance R;,, and an equivalent
hysteresis inductance ;. The analytical expression for the

Fig. 4. Electrical equivalent circuit: (a) d-axis and (b) g-axis.
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determining the hysteresis resistance R;, the hysteresis load torque is applied at 5s. The response of the motor for
inductance L, and the g-d axis airgap inductances Ly,q, Ly, sudden change in load is zoomed in the pictures. There is a

are given by [5, 7], close agreement between analytical and finite element results.
3KZN2V,u The electromagnetic torque is comprised of an average
Rpr = wp TRV 8 (4)  asynchronous torque and a pulsating torque. The average
3KZNZ Vh; asynchronous torque combines the hysteresis torque, the eddy
Ly, = 2z COoS é (5)
Limg = kgqLlm 5 Lma = kgL (6)
6lKZN2
R T ™
p*m?l,

The base angular frequency is denoted by w,, V, is the
volume of the hysteresis ring, K,, is the winding factor, N, is
the no. of series turns/phase, ks, and kgq are the form factors
due to the saliency. The form factors are defined as [8],

i 4 «a T g
fa 7{ 1-a? €os 2 “ ( ) Fig. 5. Finite element analysis results: (a) flux density and (b) flux lines.
keg = - (am — sinam) (9 fgg ) ' . . )
where a is equal to the ratio of the width of the pole shoe 140 lﬂ| \ lﬂ Iﬂl lnl ‘nl
and to the pole pitch. <100 [ | AR
Hysteresis and eddy current resistances are divided into two < 60 A AAREA
components. One component reflects the hysteresis loss and uEJ 20 \ SV / AN
the eddy current loss in the rotor, modeled by R, and sR,, X :gg YERYEY [\ Y
respectively. The other component contributes to the output 3_1 00 L) U
power of the motor, combining power derived from the 140 o1 , l |/
effective eddy current resistance and the effective hysteresis -180 I U U Y ! U
reswtanpe which are. expresged as ((1-s)/s)R, and (1-s)R,, -2200 002 004 006 008 0.4
respectively, where s is the slip of the motor. At synchronous Time (sec.)
operation mode, the hysteresis effect is modeled as a current Fig. 6. Air-gap back-emf of the motor due to magnets.
source, I, and can be expressed as, 2100
Iy = Igsind (10) 1800 —
where /; is the magnitude of the supply current.
1500 R
III. SIMULATION RESULTS E // Man o
£ 1200 1800 \
A 3-phase 4-pole 208V 2.5kW hysteresis IPM motor model g / 1790 )
is studied using finite element analysis and equivalent circuit 8 900 1780 ’I
solutions. Magnetic transient solver of ANSYS Maxwell 3 177
software is used for finite element analysis of the motor. The 600 955 55 6 65 7 75
core loss for 36% cobalt steel alloy is determined using 300 —Analytical
advanced vector hysteresis modeling technique by ANSYS —FEA
[9]. Fig. 5(a) depicts the flux density inside the motor during % 2 4 6 8 10
the transient state. The flux lines are shown in Fig. 5(b). The Time (sec.)
magnetic flux lines leave the air-gap radially. Due to the Fig.7. Analytical and FEA run-up responses of the motor.
presence of the hysteresis ring, maximum flux lines bend -~ 70 10
inside the hysteresis ring and become circumferentially g 60 8
distributed. Some flux lines travel through the ring radially. As o 50 2 \w AgSretmmmmn
a result, the flux lines are more concentrated in the region g— ;g 2
where the fluxes are circumferentially distributed. This also L2 20 _0 ;
results in a higher magnitude of magnetic flux density in that -% 10 h %5 5 55 6 65 7 7.5
region. The air-gap back-emf due to the magnets at no load is S off MVA _f~
illustrated in Fig 6. g 10 |
The simulated speed and torque responses of the motor are £ 20 —Analytical!
shown in Figs. 7 and 8, respectively. The motor is run by a 3- 8 .30 —FEA
phase A-connected 208V 60Hz balanced ac supply. The motor * 40 i
0 2 4 6 8 10
starts smoothly and goes through some speed overshoots and Time (sec.)
undershoots during the synchronization process. A 5 N.m. Fig. 8. Analytical and FEA torque responses of the motor.

0018-9464 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TMAG.2016.2525007, IEEE

Transactions on Magnetics

1.5 2.0 25 3.0 3.5 40 45 5
Time (sec.)
Fig. 9. Rotor core loss in the hysteresis ring.

current torque and the magnet brake torque. The pulsating
torque assists the motor to a fast acceleration towards the
synchronous speed. The torque pulsation is higher in the
analytical result due to linearization of the state equations. Fig.
9 depicts the core loss in the hysteresis ring. The core loss is
negligible at steady state as the eddy current loss becomes
zero and the hysteresis ring behaves like magnets.

IV. EXPERIMENTAL RESULTS

A 4-pole 2.5kW laboratory prototype hysteresis IPM rotor
has been built and tested in a 3-phase 4-pole 208V Mawdsley
generalized machine. The motor is started from a fixed
frequency 3-phase 208V 60Hz balanced ac supply. The motor
was lightly loaded by a dc generator. Fig. 10 illustrates the
analytical and experimental run-up responses of the motor.
Load inertia and friction torque are included in the analytical
model to match the conditions of the experimental set-up. The
motor has a smooth start because of the high starting torque
provided jointly by the hysteresis and eddy current torque. The
motor synchronizes easily with small overshoots and
undershoots. There are little oscillations in the experimental
run-up response of the motor after synchronization due to
mechanical vibrations. The starting current was clipped in the
experimental results due to saturation effects of the current
sensors. It is due to the laboratory limitation. As a result,
comparative analysis between experimental and analytical
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Fig. 10. Experimental and analytical run-up responses of the motor.
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current transients could not be presented. The magnitude of
steady state experimental currents was found to be slightly
higher than the analytical results. Further investigations are
required to validate the proposed equivalent circuit models
that include harmonics for estimating current responses of the
motor. This will be a subject matter of another paper.

V. CONCLUSIONS

This paper presents basic equivalent circuit models that can be
used for dynamic performance analysis of a hysteresis IPM
motor drive for submersible pump loads. The proposed
analytical model can predict speed transients of the motor with
reasonably good accuracy. However, due to experimental
limitations, the proposed model is not fully validated for other
motor states such as currents, electro-magnetic torque, etc.
Further analytical and experimental studies need to be carried
out for exact modeling including harmonics of a hysteresis
IPM motor.

APPENDIX

TABLE I: DESIGN PARAMETERS OF THE HYSTERESIS IPM MOTOR

Symbol Name Value
Tin stator inner diameter 151 mm
Tout stator outer diameter 250 mm
Ny number of turns/coil 27

N, number of coils 48

L/ Ho relative permeability elliptic loop 18

7 rotor outer diameter 150 mm
! length of the rotor ring 105 mm
1, thickness of the ring 16 mm
Iy length of the airgap 0.5 mm
tw thickness of the PM 6.25 mm
w width of the PM 40 mm
y angular width PM 38 deg.
BH energy product of 36% Co-Steel 1 MGOe
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