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Abstract:  We propose a novel kind of compound permanent magnet synchronous machine (CPMSM), which is applicable in
low-speed and high-torque situations. We first explain the structure of the CPMSM. Based on theoretically deducing the calcula-
tion formulae of the CPMSM electromagnetic parameters, we analyze the operating characteristics of the CPMSM, and obtain the
power-angle curves and working curves. The no-load magnetic field distribution and the cogging torque are analyzed by applying
the finite element method of three-dimensional (3D) magnetic fields, to determine the no-load leakage coefficient and the wave-
form of the cogging torque. Furthermore, the optimal parameters of the permanent magnet for reducing the cogging torque are
determined. An important application target of the CPMSM is in direct-drive pumping units. We have installed and tested a direct-
drive pumping unit in an existing oil well. Test results show that the power consumption of the direct-drive pumping unit driven by
CPMSM is 61.1% of that of the beam-pumping unit, and that the floor space and weight are only 50% of those of a beam-pumping
unit. The noise output does not exceed 58 dB in a range of 1 m around the machine when the machine is 1.5 m from the ground.
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element analysis, Cogging torque, Direct-drive pumping unit
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STRUCTURE AND FORMULAE DEDUCTION
OF CPMSM

In many industrial applications, the high-speed
motion of electric machines needs to be transformed
into low-speed motion with increased output torque.
A common means of speed reduction is a reducing
mechanism such as a reduction gearbox. Due to the
low efficiency of this kind of reducing mechanism,
the efficiency of the drive system decreases and the
power consumption of the electric machine increases.
A low-speed electric machine that can output large
torque is better suited to these situations because it
can improve the efficiency of the drive system and
decrease power consumption.

Direct-drive low-speed electric machines that
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combine the structure of external-rotor electric ma-
chines and disk electric machines (compound per-
manent magnet synchronous machines, CPMSM) can
increase the output torque. The stator of a CPMSM
consists of one cylindrical stator and two disk stators;
the rotor of a CPMSM s a totally enclosed structure
that combines a cylindrical rotor with a disk rotor. The
stator is attached to the main shaft, which is fixed to
the base; the rotor can rotate around the shaft by
means of bearings. Two drums on which the steel
cables can be wrapped are fixed to the bilateral disk
type rotors (Fig.1) (Gieras and Wing, 1997; Tang,
1997; Huang et al., 2007).

The stator windings of the CPMSM are numer-
ous, and the windings of the cylindrical stator are
perpendicular to the windings of the disk stator. To
enable three sub-machines to operate synchronously
using the same electrical supply, the windings of the
three sub-machines should be connected to the elec-
trical supply in series.
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Fig.1 Structure of the compound permanent magnet
synchronous machine (CPMSM)

The rotor of the CPMSM has the structure of
surface mounted permanent magnets. Its direct-axis
reactance is almost equal to the quadrature-axis re-
actance, i.e., X¢=Xq. So the synchronous reactance X;
can replace the direct-axis reactance Xy and the
quadrature-axis reactance X,, and can be expressed as

Xi=Xm+Xs, (1)

where X, is the principal reactance and X, is the
leakage reactance.

From the phasor diagram of a permanent magnet
synchronous machine (PMSM), the following for-
mulae can be summarized:

w=arctan(l, /1), (2a)
Usind=rl, +X1,, (2b)
Ucosd =E, +rl, - X, (2c)

where U is the external phase voltage, E, is the
no-load back electromotive force, l4 and Iy are the
direct- and quadrature-axis components of stator
phase current respectively, r; is the stator direct cur-
rent resistance, 0 is the power-angle of the PMSM,
and y is the inner power factor angle. From Egs.(2a)
and (2b), the expressions of I4 and I, can be deduced
as follows:

_ruUsingd+ X, (E, -U cos9)

| 3a
d rlz_i_xtz ( )
X.Usin@-r.(E, —U cos@
I, = ! 21( °2 ). (3b)
e+ X

The expression of stator phase current is

= i @
By substituting Egs.(3a) and (3b) into Eq.(4), we have

|2_U2+E02—2UE0cos¢9
7+ X! '

(5)

Eq.(5) is a simple quadratic equation about U.
The roots of Eq.(5) are E,cosd+[1°(r? + X7) -
E2sin?6] . Because Eo is usually less than U for

obtaining a higher power factor, and cos6<1, the
rational root of U should be

U = E,cos0++/I3(r? + X?)—EZsin?6.  (6)

The external voltage of the cylindrical stator is
U;, which is a little higher than the no-load back
electromotive force Eq; of the cylindrical stator. The
power angle of the cylindrical part should be equal to
the power angle of the disk part. After setting the
power angle, the stator current of the cylindrical part
can be worked out according to Egs.(3) and (4), which
is also equal to the stator current of the disk part. As
the power angle and the stator current of the disk part
are known, the external voltage U, of a single disk
stator can be worked out according to Eq.(6). So the
total external voltage of the CPMSM is

U=U;+2U.. @)

According to the definition of PMSM, the input
power P, can be expressed as

B =mUl cosp =m(Ul,sin® +Ul, cosd), (8)

where ¢ is the power factor angle. Furthermore, there
is the equation p=w—@. Substitution of Egs.(2b), (2c)
and (4) into Eq.(8) results in

P=m(I°r + El,). ©9)

Because the electromagnetic power Pgn is the
difference between the input power P; and the stator
winding loss pCU:mIZrl, the expression of P, can be
derived as follows while considering Eq.(3b):
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The outline dimension of the CPMSM is much
larger than that of a common PMSM. Because the
rated frequency of the CPMSM is usually less than
15 Hz, the synchronous reactance X; is correspond-
ingly small, and the ratio with the stator direct current
resistance ry is not large. So the r; in Eqg.(10) cannot
be ignored (Dou and Liu, 2004; Chen et al., 2005;
Rieder and Schroedl, 2005; Aydin et al., 2006).

OPERATING CHARACTERISTICS OF CPMSM

When the no-load leakage coefficients of the
cylindrical part and the disk part are calculated, the
magnetic circuit of the whole electric machine can be
decompounded into two independent parts, the cy-
lindrical part and the disk part. The electric circuit
parameters can also be decompounded to calculate
values such as ry and Eq. The parameters of a model of
the CPMSM for the cylindrical part and the disk part
are shown in Table 1.

Table 1 Parameters of the model machine

Parameter Cylindrical part Disk part
Air gap, J (mm) 3 3
Length of the motor, L (mm) 350 100
Thickness of the PM, hy, (mm) 10 10
EMF, Eq (V) 183.7 9.2"
Synchronous reactance, X; (€2) 3.875 0.196"
Main reactance, Xy, () 3.196 0.140°
Stator direct current resistance, 153" 0.29*

r(Q)

Parameter Whole electric machine
Rated voltage, Uy (V) 380
Rated current, Iy (A) 229
Rated torque, Ty (N-m) 8786
Rated power, Py (kW) 115
Rated frequency, f (Hz) 5
Number of poles, p 24
External diameter of the 1200

CPMSM, D, (mm)
" Single disk; * Hot condition; ™ Single disk & hot condition

The power-angle curve of the model machine
can be worked out according to Eq.(10) (Fig.2). It can
be seen that the power angle for obtaining the

18
17.58]
16 N
7
14 7 \(
o 12 \
i 10 / \
\
Q& 8 \
6/
\
A \
L7
00 —"20 40 6066 80 100 120130
0(°C)

Fig.2 Power-angle curve of the model machine

maximal electromagnetic power Pemmax IS about 66°,
which is different from the power angle of common
non-salient synchronous machines (almost 90°). The
reason can be found from the following formula:

dP. mE, .
em _ XUcosd-rUsing). (11
do r12+xf( ' ' b 4D

By setting CLP—;“‘: 0, the following result can be ob-

tained from Eq.(11):

tand =X, /r,. (12)

The rated frequency of the model machine is
5 Hz. From Table 1, the values of other parameters
can be obtained, i.e., X=3.875+2x0.196=4.267 Q,
r1=1.53+2x0.29=2.11 Q. Then, according to Eq.(12),
6=63.7°. On the whole, the results accord with the
power-angle curve.

Fig.3 shows the curves of per unit input power
P./Py, per unit output power P,/Py, per unit output
torque T/Ty, per unit stator current /1y, power factor
cosg, and efficiency » with variable power angle 6.
The curves of P,/Py and T/Ty are almost overlapping
and have maximal values, which are equal to multi-
ples of the pull-out torque, when the power angle is
65°. The calculated maximal output power P,nax and
maximal output torque Tnax are 16.76 kW and 12.8
kN-m, respectively. The curve of P,/Py has an almost
monotonic rise and a maximal value of Pym=44.13
kW, when the power angle is 120°. The curve of I/ly
has an approximately linear rise from 0° to 130°,
which causes the stator winding loss to increase like a
quadratic curve. The curve of # decreases gradually,
and falls to 0 when the power angle is 130°.
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Fig.3 Working curves of the model machine
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ANALYSIS OF 3D MAGNETIC FIELD AND
COGGING TORQUE

Finite element analysis of 3D magnetic fields

Because there is magnetic flux leakage between
the cylindrical part and the two disk parts of the
CPMSM, finite element analysis of the 3D magnetic
field for the CPMSM is necessary. A finite element
model of the CPMSM was built, consisting of stators
and rotors of half of a cylindrical part and a disk part
in a pair of poles range. Fig.4 shows the plot of the
magnetic flux density vector in the CPMSM when the
electric machine is no-load running. The magnetic
flux density of the junction between the cylindrical
part and the disk part in the rotor yoke is almost less
than 0.1 T. According to the results of finite element
analysis, the total magnetic flux offered by each
permanent magnet pole is 0.02303 Wh, and the main
magnetic flux in the air-gap is 0.01855 Wb in the
cylindrical part. So the no-load leakage coefficient of
the cylindrical part is about 1.24. Likewise, the total
magnetic flux offered by each permanent magnet pole
is 0.004498 Wh, and the main magnetic flux in the
air-gap is 0.003176 Wb in the single disk part. So the
no-load leakage coefficient of the single disk part is
about 1.41 (Howe and Zhu, 1992; Aydin et al., 2001;
Qu and Lipo, 2002).

Analysis of cogging torque

As a result of the influence of cogging torque on
the PMSM, the CPMSM suffers greater torque fluc-
tuation during low-speed operation, which is

B(T)

1.8500
1.5938
1.4875

Fig.4 Plot of magnetic flux density vector

disadvantageous for the stability of the driving load.
So, one of the main concerns in the design of CPMSM
is how to reduce cogging torque effectively. The ef-
fect of the pole-arc coefficient or the angle of skewed
permanent magnet on reducing cogging torque is
discussed below. The analysis of the CPMSM is di-
vided into two parts: the cylindrical electric machine
and the disk electric machine (Bianchi and Bolognani,
2002; Gieras, 2004; Lateb et al., 2006; Yang et al.,
2006).

With the 3D finite element method of transient
field analysis, the cogging torque waveform of the
cylindrical electric machine is determined in a pitch
of stator teeth range when a, is 0.667 and 0.733
(Fig.5a). At the same time, the cogging torque
waveform of the disk electric machine is also deter-
mined in a pitch of stator teeth range when oy, is 0.533,
0.600, 0.667, 0.733, 0.800, and 0.867 (Fig.5b). The
smallest cogging torque is obtained when, a is 0.667
for the cylindrical electric machine, and a;, is 0.533 or
0.800 for the disk electric machine.

The method of skewed PM is a simple and ef-
fective way to reduce the cogging torque. For the
cylindrical and disk parts of the CPMSM, the cogging
torque waveform was determined in a pitch of stator
teeth range when the angle of skewed PM is the cen-
tral angle corresponding to 0, 0.4, 0.6, 0.8, 1.0, and
1.2 pitch(es) of teeth (Figs.6a and 6b). For both elec-
tric machines, when the angle of skewed PM is the
central angle corresponding to 1.0 pitch of teeth, the
cogging torque is minimized and is much smaller than
that of non-skewed PM.
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Fig.5 Comparison of cogging torque (Tcog) and e, in a cylindrical electric machine (a) and a disk electric
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Fig.6 Comparison of cogging torque (T.y) and angle of skewed PM in a cylindrical electric machine (a) and a

disk electric machine (b)

APPLICATION IN DIRECT-DRIVE PUMP UNITS

Direct-drive pumping units in which the core is
the CPMSM are used in oil extraction equipment.
Compared with traditional beam pumping units,
direct-drive pumping units cut out many transmission
mechanisms such as belt pulleys, reduction gearboxes,
cranks, connecting rods, and beams. Instead, they need
only a reel-pumping rod and a balance weight on both
sides of the electric machine attached using steel ca-
bles or high strength belts (Fig.7). In a direct-drive
pumping unit, when the CPMSM rotates, the pumping
rod and balance weights move up and down as well.

A direct-drive pumping unit has already been
installed and tested in an existing oil well. The pa-
rameters of the CPMSM are shown in Table 1. Table 2
shows a comparison by authoritative measurement
departments of current, efficiency and power con-
sumption between the direct-drive pumping unit and

the beam-pumping unit in the same oil well (Li et al.,
2001; Yu et al., 2005; Bai and Zhang, 2007).

The rated power of the CPMSM in direct-drive
pumping units is much lower than that of induction
electric machines in beam pumping units (Table 2).
This advantage changes the phenomenon of “a big
horse pulls a small carriage” in pumping units.
Compared with the beam-pumping unit, the direct-
drive pumping unit has lower drive current and higher
system efficiency. Furthermore, the direct-drive
pumping unit also has the advantages of higher oil
output, lighter weight, less floor area and lower noise.
According to measurement, the floor space and
weight of the direct-drive pumping unit are only 50%
of those of the beam-pumping unit. The noise output
is also much lower than that of the beam-pumping
unit and does not exceed 58 dB in a range of 1 m
around the machine when the machine is 1.5 m from
the ground.
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Fig.7 Photograph of the direct-drive pumping unit
installed in an existing oil well

Table 2 Comparison of efficiency and power consumption
for two kinds of pumping unit

Direct-drive Beam
Parameter . - - .
pumping unit pumping unit
Rated power (kW) 115 45
Average voltage (V) 238.8 238.6
Average current (A) 7.15 37.40
System efficiency (%) 61.3 40.3
Volume of production (m*/d) 16.7 15.2
Active power consumption per
1t & 100 m pumping 0.544 1.180
[kW-h/(100 m-t)]
Reactive power consumption per
1t & 100 m pumping 0.508 6.774
[kV-A-h/(100 mt)]
Active power energy-saving 53.9
ratio [(py—pPa)/pe] (%) '
Reactive power energy-saving 925

ratio [(dy—0)/db] (%)*
Synthesis energy-saving ratio

P, —Ps t 0'04(qb - qd) (%)*# 61.1
p, +0.04q,

" pe=0.544, p,=1.180; * q;=0.508, q,=6.774

CONCLUSION

A CPMSM increases output torque per unit
volume because it combines one cylindrical outer-
rotor electric machine with two disk electric machines
in 3D space. Because of its special structure, the op-
erating characteristics of the CPMSM differ from
those of a common PMSM. So the design formulae of
the CPMSM need to be specially deduced. From the
above analysis it can be seen that the output power of
the CPMSM is not large, but the output torque is large.
The CPMSM has the characteristics of low-speed and
high-torque, and is very well suited for applications
such as pumping oil in oil fields.

Direct-drive pumping units driven by the
CPMSM not only greatly simplify the structure of
beam pumping units, but also have a very prominent
effect on power saving. The advantages of simplify-
ing the structure are reducing the weights of the
pumping units and the repair and maintenance costs.
Direct-drive pumping units save energy not only by
greatly decreasing active power, but also by over-
coming the shortcomings of beam pumping units,
such as a low power factor and large reactive power.
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