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ABSTRACT Given the problem that the drive system of the traditional mine transportation winch outputs a

large traction force through the cooperation of an induction motor and reducer to meet the needs of a large

traffic volume and heavy-load starting, this paper studies a low-speed and high-torque dual-stator permanent

magnet direct drive motor with a separated magnetic circuit. The inner motor is a torque motor, and the

outer motor is a direct drive motor, which is characterized by no magnetic circuit coupling and independent

control. The proposed motor has an excellent heavy load starting ability and operation efficiency, and it

improves the output torque without increasing the motor volume, which belongs to a special application.

According to the working characteristics of the inner and outer motors and the constraints between the

overall dimensions, the size equation is derived, and the design principles of the electromagnetic parameters,

pole-slot combination and winding structure are described. The torque characteristics and temperature rise

characteristics of the motor are simulated using the finite element method and compared with the torque

performance and electromagnetic materials cost of the single stator low-speed and high-torque permanent

magnet motor with different rotor structures. The results show that the proposed motor has a high torque

density and starting torque, and it greatly reduces the motor volume on the basis of a small cost difference.

INDEX TERMS Enhance torque, dual-stator, motor design, finite element analysis, torque characteristics.

I. INTRODUCTION

The winch is essentially mechanical and electrical equipment

in the mine track transportation. Its performance is directly

related to the production efficiency. At present, the drive

system of the mine winch generally adopts the method of

a matching induction motor and reducer to achieve a larger

torque output, which exposes the shortcomings of the existing

winch in the running state. First, the presence of the reducer

brings many disadvantages to the transmission system, such

as a reduction of efficiency, increase in equipment volume

and a daily maintenance workload, etc., and the mechanical

differential mode has a poor speed regulation performance

and cumbersome operation; second, the heavy-load starting

of a winch often occurs. The moving process from static

to motion requires that the drive motor has a large starting

torque capacity, but after the winch is running, it does not

need a high rated torque under the rated working condition.

The associate editor coordinating the review of this manuscript and

approving it for publication was Shuaihu Li .

Therefore, a large power redundancy occurs in the selection

of themotor and its controller, which is equivalent to a portion

of motor power only used in the starting process, resulting

in unnecessary waste of resources and an increase in cost.

In addition, the efficiency of the motor decreases with the

decrease in load.

Based on the above problems, this paper proposes a

low-speed and high-torque dual-stator permanent magnet

motor with inner enhanced torque. Many scholars have

performed research on the dual-stator permanent magnet

synchronous motor (DS-PMSM). In Ref. [1], a complete

performance analysis of a double-stator starter generator for

hybrid electric vehicles has been provided. Various types of

DS-PMSM have been compared with each other, and the

effects of the structural parameters on the ripple and aver-

age value of the torque have been investigated. In Ref. [2],

the author presents a DS-PMSM with diametrically magne-

tized cylindrical PMs, and the rotor structure reduced the cog-

ging torque and torque ripple without increasing the cost of

construction. To improve the overload capacity of the wheel
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motor, a dual-stator permanent magnet synchronous motor is

introduced in Ref. [3], and from the power load, the torque

characteristics of the motor are theoretically derived and sim-

ulated. A high-torque-density dual-stator permanent magnet

machine with a biased permanent magnet (PM) excitation

in the inner stator was proposed in Ref. [4]. In Ref. [5],

a 600 kW, 60 r/min double-stator PMSM with a low- speed

and high-torque is designed, including the choice of the

topology of the motor and the electromagnetic and structural

parameters. In Ref. [6], a high torque density, high power

factor, low speed direct drive double-stator axial-flow per-

manent magnet motor is proposed, and its working prin-

ciple and design method are introduced. The DS-FSPM is

studied in Refs. [7] and [8] and compared with the con-

ventional FPSM; the higher torque density of the proposed

motor is proved. In Ref. [9], the authors improved the

torque characteristics (regarding the value and cogging) of

the two dual-stator, two-phase PMSMs using a phase-group

concentrated-coil winding. In Ref. [10], a novel double-stator

axial-flux spoke-type permanent magnet Vernier machine

is proposed; it has a high torque density feature as well

as a high-power factor at low speed for direct-drive sys-

tems. In Ref. [11], several factors that affect the torque of

a double-stator motor are studied: the pole-arc width, pole

number, length of the outer and inner air gap, tooth slot

matching of the outer and inner stator and stator fission

ratio. In Ref. [12], [13], the double-stator permanent mag-

net brushless motor used in the power distribution device

of hybrid electric vehicles is studied, and the dimensional

equation of the motor and the determination method of its

main dimensions are analyzed.

The cogging torque, which results in shaft vibration and

acoustic noise, especially at low speeds and direct-drive

applications, is one of the primary drawbacks of these

motors [14]. Analytical methods for minimizing the cogging

torque in PM machines have been investigated in [14]–[16].

In Ref. [17], the phase of the cogging torque under different

combinations of slot opening ratios and pole-arc ratios is

analyzed. Based on this analysis, two techniques for minimiz-

ing the cogging torque of the axial-flux permanent-magnet

machines are proposed and discussed. Ref. [18] proposes

more methods for reducing the cogging torque, such as a

relative position shift between the inner/outer magnet poles,

inner/outer slot number pairing, size pairing of the inner/outer

slot openings, and size pairing of the inner/outer pole-arc to

pole-pitch ratios.

Most of the above papers are about the research and design

of a dual-stator permanent magnet motor with a small rated

torque, whereas research on a large-scale low-speed and

high-torque permanent magnet direct drive motor is rarely

considered. Therefore, this paper presents a dual-stator per-

manent magnet direct drive motor (DS-PMDDM) for use in

a mine winch. Its characteristic is that the inner motor is a

torque motor running briefly when the winch is started or

overloaded, and the outer motor is a rated load driven by

the direct drive motor. This operation mode not only solves

the problems of heavy load starting and overload operation

of the winch but also makes DS-PMDDM work in a higher

efficiency range when it drives a normal load for a long

time. The inner and outer motors can be designed separately

according to their working characteristics, which improves

the utilization rate and design flexibility of the motor. The

proposed motor not only changes the complex driving struc-

ture of the traditional winch and saves space but also has

a good heavy load starting ability and operation efficiency,

which solves the problems of the power redundancy and

heavy load starting difficulty of the original motor, which has

great significance for the mine winch drive system.

FIGURE 1. Structure diagram of DS-PMDDM.

II. STRUCTURE AND CHARACTERISTICS OF DS-PMDDM

Fig. 1 shows the structure diagram of DS-PMDDM, which is

characterized by the full use of the inner space of the motor

and can be considered the superposition of two permanent

magnet motors. The magnetic pole adopts the surface stick

separated magnetic circuit structure, the inner and outer sta-

tors and adjacent permanent magnet layers form a separate

closed magnetic circuit, and there is no magnetic circuit

coupling between the inner and outer machines, which can

be independently controlled.

The air gap diameter of the outer motor is large and

the water cooling of the outer casing is convenient, so the

higher electric andmagnetic loads can be selected. Therefore,

the outer motor is used as the permanent magnet direct drive

motor, which directly drives the rated load of the winch; the

inner motor is used as the torque motor for short-time oper-

ation, which is used as the auxiliary motor when the winch

is started, braked or overloaded. Because the inner motor

is only used as an auxiliary motor for short-time operation,

the selection of its thermal load is higher than that of the

conventional motor in design, so its torque density is also

improved.

III. STUDY AND DESIGN OF DS-PMDDM

The radial section of the DS-PMDDM is shown in Fig. 2.

As analyzed above, the magnetic circuit structure adopted
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FIGURE 2. Radial section of the DS-PMDDM.

FIGURE 3. Load equivalent circuit diagram of the DS-PMDDM.

in this paper is a separate parallel magnetic circuit. The

inner and outer permanent magnets are on the same axis

with opposite magnetization directions, the pole and slot

number matchings of the inner and outer motors are iden-

tical, the teeth are aligned and the poles are identical. The

load equivalent circuit diagram of the DS-PMDDM is shown

in Fig. 3. It is apparent that, unlike the traditional PMSMwith

a single stator structure, the DS-PMDDM has independent

windings on the inner and outer stators. When the inner and

outer stator windings are energized, they generate the rotating

magnetomotive forces Fin and Fout and establish an armature

magnetic field, ignoring the effect of armature reaction; the

inner and outer magnetic steels of the rotor generate the

magnetomotive forces Fm_in and Fm_out and establish an

excitation magnetic field. The resultant inner and outer air

gap magnetic fields generate back EMF in the inner and outer

stator windings, respectively. Therefore, the inner and outer

stator windings of the DS-PMDDMwork together to produce

a superposition performance.

In Fig. 3, φδ_out and φσ_out are the main flux and leakage

flux of the outer motor respectively, Rm_out is the internal

reluctance of the PM, Rδ_out is the main reluctance including

the air gap and stator teeth and yoke,Rr is the rotor reluctance,

and Rσ_out is the leakage reluctance. When in the no-load

condition, i.e., when Fin and Fout equal 0, the calculation

formula of the main flux path of the outer motor is shown in

Eq. (1). Because the inner and outer motors adopt a parallel

magnetic circuit, and the magnetic circuit is symmetrical, the

flux calculation expression of the inner motor is identical

to that of the outer motor, except that the values of the

permeance andmagnetic potential parameters of each part are

different.

(φδ_out + φσ_out )[2Rm_out + Rr + (R−1
δ_out + R−1

σ_out )
−1]

= 2Hchm−out (1)

where Hc is the coercivity of the permanent magnet, and

hm_out is the thickness of the outer motor permanent magnet.

In the permanent magnet motor, the leakage field distri-

bution is very complex, so it is difficult to calculate the

leakage permeance accurately. For a surface mounted perma-

nent magnet motor, there is a small amount of flux leakage

between each pair of PMs. The magnetic leakage resistance

is far greater than that of the main flux path, and the perme-

ability of the stator core and rotor core is far greater than that

of the air permeability. To facilitate the calculation, a part of

the magnetoresistance is ignored, and Eq. (1) can be further

simplified because the air gap flux density of the motor can

be obtained from the magnetic flux:

φδ_out =
2Hchm−out

2Rm_out + Rδ_out
(2)

Rm_out =
hm

µ0µrAm
(3)

The air gap magnetoresistance expressed by air gap param-

eters and magnetic circuit saturation is as follows:

Rδ_out =
2g1KδKs

µ0Aδ

(4)

where Am is the upper cross-sectional area of the permanent

magnet perpendicular to the magnetizing direction, µ0 is the

vacuum permeability, µr is the relative permeability of the

permanent magnet, g1 is the length of the outer air gap, Kδ is

the air gap coefficient, Ks is the saturation coefficient, and Aδ

is the effective area of each pole air gap.

A. DIMENSION EQUATION AND CONSTRAINT

OF DS-PMDDM

Because the outer motor is used as a permanent magnet direct

drive motor for normal operation, it must meet the given

winch rated operation parameters and installation dimen-

sions. As an auxiliary torque motor, the inner motor is

designed and optimized on the basis of the main dimension

parameters of the outer motor. Ignoring the influence of

winding leakage inductance and armature reaction, the rela-

tionship between the PMSM electromagnetic torque and the
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motor electromagnetic load and main dimensions is [19]:

Tem =
π

√
2

4
Bδ Lef D

2
i1 Kdp1 A (5)

where Bδ is the air gap flux density, Lef is the effective core

length, Di1 is the armature diameter, Kdp1 is the winding

factor, and A is the specific electric loading of the motor.

A =
2mNI

π Di1
(6)

where m is the number of phases, N is the number of series

turns of each phase winding, and I is the effective value of

the rated current.

For the convenience of analysis, when the inner and outer

motors are designed with the same air gap flux density,

the expression for the electromagnetic torque when the inner

and outer motors of the DS-PMDDM are working at the same

time is as follows:

Tem =
π

√
2

4
Bδ Lef Kdp1(A1 D

2
i1_out ±A2 D

2
i1_in) (7)

Eq. (7) shows that the total electromagnetic torque of

the DS-PMDDM is provided by the inner and outer motors

together, and the contribution of the inner and outer motor

electromagnetic torque is determined by its specific electric

loading and armature diameter, where the sign is determined

by the electromagnetic torque property of the inner motor.

The output power P of the motor is expressed as follows:

P = Tem � (8)

where � is the mechanical angular speed of the rotor.

The dimension equation of the DS-PMDDM outer motor

can be obtained from Eq. (5) and Eq. (8):

D
2
i1_out Lef = Po1

π
√
2

4
�Bδ1 Kdp1 A1

(9)

where Po1 is the output power of the outer motor, Di1_out is

the inner diameter of the outer stator,A1 is the specific electric

loading of the outer motor, and Bδ1 is the flux density of the

outer air gap.

Similarly, the size equation of the inner motor can be

obtained:

D
2
i1_in Lef = Po2

π
√
2

4
�Bδ2 Kdp1 A2

(10)

where Po2 is the output power of the inner motor, Di1_in is

the outer diameter of the inner stator, and A2 is the specific

electric loading of the inner motor.

At the same time, the inner and outer motor armature

diameters have the following dimensional constraints:

Di1_in = Di1_out −2(hjr + hm_in + hm_out +g1 + g2) (11)

where hjr is the thickness of the rotor yoke, hm_in and hm_out
are the thickness of the inner and outer motor permanent

magnets, respectively, g1 is the length of the outer air gap,

and g2 is the length of the inner air gap.

Eqs. (10) and (11) show that, when the diameter of the outer

stator armature is determined, the rated power and output

torque of the inner motor completely depend on the design of

its magnetic circuit parameters and have greater flexibility.

Because of the different working characteristics of the

inner and outer motors, the thermal load of the motor is taken

according to its operating conditions and cooling mode. The

thermal load Q of the motor is the product of the specific

electric loading and electric density, which can be expressed

as follows:

Q1 = A1 J1 (12)

Q2 = A2 J2 (13)

where J1 and J2 are current density of outer motor and inner

motor respectively.

FIGURE 4. Design flow chart of the DS-PMDDM.

B. DESIGN PROCESS OF THE DS-PMDDM

The design flow chart of the DS-PMDDM is shown in Fig. 4.

Based on the given winch installation dimension, namely,

the outer motor stator outer diameter and the rated operation

parameters, and based on the derived dimension equation,

the key dimension parameters, such as the outer motor stator

outer diameter, inner diameter and core length, are prelimi-

narily determined. Then, according to the constraint equation

of the armature diameter of the inner and outer motors, and

the value range of the inner and outer motor thermal load

determined according to the motor working characteristics,

through a linear magnetic circuit calculation, magnetic circuit

parameters, such as the air gap length, thickness of the per-

manent magnet, number of series turns of each phase winding

and pole embrace of the permanent magnet, are designed and

optimized.

C. POLE-SLOT COMBINATION AND WINDING STRUCTURE

Because of the low operating speed of the winch, the

permanent magnet direct drive motor must be designed into
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a multipoles structure to achieve a lower speed. Because of

the numerous rotor poles, the magnetic density of the stator

yoke is relatively low compared with that of the teeth, so the

thickness of the stator yoke can be designed smaller, but the

premise is to meet the requirements of mechanical strength to

prevent the deformation of the motor stator in the process of

press mounting.

The DS-PMDDM proposed in this paper adopts a frac-

tional slot concentrated winding with near pole slot coordina-

tion. The coil pitch is 1, and the winding pitch coefficient is

high [20], [21]. For a fractional slot concentrated winding, the

number of slots per phase per pole q is expressed as follows:

q =
Z

2mp
=
N

d
(14)

where N/d is the irreducible true fraction,m is the number of

phases, Z is the number of stator slots, and p is the pole pairs.

In general, there is a greatest common divisor t between

the slots Z and pole pairs p of the fractional slot concentrated

winding motor, that is

t =
Z

p
= gcd(Z , p) (15)

If Z0 = Z/t and p0 = p/t , then q can be rewritten as follows:

q =
Z0

2mp0
(16)

Therefore, the motor with Z0 slots and p0 pole pairs is

called a unit motor, and the original motor consists of t unit

motors.

For the DS-PMDDM, the different pole-slot combinations

can be selected for the inner and outer motors. As the parallel

separated magnetic circuit structure is adopted in the motor

proposed in this paper, the poles of the inner and outer motors

are identical and coincident with the d-axis, so when the q of

the inner and outer motors are different, the pole pairs of the

DS-PMDDM is the lowest commonmultiple of the pole pairs

of the inner and outer unit motors and its integer multiple.

p = k · lcm(p01, p02) (17)

where p is the pole pairs of the DS-PMDDM, p01 and p02 are

the pole pairs of the inner and outer unit motors, respectively,

and k is a positive integer.

For example, if the pole pairs of the outer unit motor

q01 = 2/5 and the pole pairs of the inner unit motor q02 = 3/8,

then the minimum pole pairs of the DS-PMDDM is 20; if

q02 = 4/11, then the minimum pole pairs is 55, which is obvi-

ously not suitable for motors with certain size requirements.

Therefore, some pole-slot combination can be applied to the

traditional fractional slot motor but not to the proposedmotor,

which has a dual-stator.

If the inner and outer motors of the DS-PMDDM adopt

the same pole-slot combination, greater flexibility in the

selection of pole pairs is obtained. When the pitch of the coil

y1 = (1 − 1/v)τ (where v is the harmonic order and τ is

the pole distance of the motor), v can be effectively elimi-

nated. Table 1 lists the short distance coefficient, distribution

TABLE 1. The coefficients corresponding to different q values and the
harmonic reduction when the winding pitch is 1.

coefficient, stator winding factor, and harmonic order that are

weakened when y1 equals 1 but the number of slots per pole

per phase is different.

Table 1 shows that, with the decrease in q, the utiliza-

tion ratio of the winding increases, but at the same time,

the order of the harmonics weakened gradually increases.

When designing the motor, we try to weaken the influence

of low harmonics on its performance. Regardless of whether

the symmetrical three-phase winding of the motor adopts the

method of triangle connection or star connection, there will

be no integer multiple harmonics of third order in its phase

electromotive force. Therefore, considering the utilization

ratio of the winding and the ability to weaken the harmonic,

the number of slots per pole per phase q is chosen as 0.4.

In Table 1, Ky1 is the short distance coefficient, Kq1 is the

distribution coefficient, and Kdp1 is the stator winding factor.

IV. ELECTROMAGNETIC FIELD SIMULATION

ANALYSIS OF DS-PMDDM

A. MAIN PARAMETERS OF THE DS-PMDDM

Based on the above analysis, a DS-PMDDM for amine winch

with a rated power of 110 kW and a traction force of 60 kN

is designed. The main parameters are listed in Table 2.

B. ELECTROMAGNETIC PERFORMANCE

In this section, the electromagnetic field simulation analysis

of the designed DS-PMDDM is performed. Fig. 5 and Fig. 6

show that the magnetic field distribution of the designed

DS-PMDDM is reasonable, the main magnetic circuit is not

seriously saturated, and the magnetic flux leakage is small.

The inner and outer motor magnetic circuits form a circuit

independently, the waveform of the no-load back EMF is

sinusoidal, and the EMF value can reach the design value.

Fig. 7 shows the no-load air gap flux density waveform

according to the equivalent magnetic circuit method and the

finite element method. Fig. 8 shows the output torque of the

inner and outer motors, and the torque ripple of the total

output torque is 3.19%.

Fig. 7 shows that there is a slight difference between the

simplified equivalent magnetic circuit method and the finite

element method, especially at the cogging position. This

is because, in the calculation of the simplified equivalent

magnetic circuit method, the influence of the stator slot on

the air-gap flux density cannot be accurately considered, and
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TABLE 2. Main parameter of the DS-PMDDM.

part of the magnetoresistance is ignored. However, the overall

trends of the two methods are similar, and the mathematical

model derived using the equivalent magnetic circuit method

is established.

C. TORQUE-ANGLE CHARACTERISTIC

The torque-angle characteristic plays an important role in

PMSMs. The torque-angle characteristic reflects the change

in the motor output torque caused by the change in the current

vector angle (the angle between the stator current vector and

the d-axis positive direction) when the stator current of the

motor is fixed. Considering the maximum output current of

the controller, the maximum output torque of the motor can

be calculated using the torque-angle characteristic to evaluate

the operation performance of the motor better. To illustrate

the torque-angle characteristics of the DS-PMDDM, themax-

imum operating current of the motor is determined to be

twice the rated current. The torque-angle characteristics of

the motor at the rated current and twice the rated current are

calculated via the FEM, as shown in Fig. 9.

FIGURE 5. The magnetic field of the DS-PMDDM with no-load.
(a) distribution of the flux line (b) the map of the flux density distribution.

FIGURE 6. No-load back EMF of the DS-PMDDM. (a) inner motor (b) outer
motor.

The results show that the output torque increases first and

then decreases with increasing phase current angle, and the

maximum torque is output when the phase current angle

VOLUME 8, 2020 182989



J. Zhang et al.: Design and Analysis of a Low-Speed and High-Torque Dual-Stator PM Motor

FIGURE 7. No-load air-gap flux density waveform of the DS-PMDDM.

FIGURE 8. Output torque of the DS-PMDDM.

is 90◦, which is when the stator current is entirely the

q-axis current, because the d-axis reactance equals the q-axis

reactance in a surface-mounted PMSM, and the machine

has no reluctance torque and a small magnetic flux leak-

age [22]. When the current increases to twice the rated

current, the maximum output torque of the DS-PMDDM is

56.0 kN∗m, which is 1.55-fold that of the rated current. This

is because the saturation level of the DS-PMDDM magnetic

circuit increases with the current, so the increase in the output

torque presents a type of nonlinearity.

D. TEMPERATURE RISE CHARACTERISTIC

The temperature rise characteristic of a motor is one of the

important parameters of motor operation. The temperature

rise characteristic determines the maximum output power of

a motor. Exceeding the specified limit affects the life and

reliability of the motor. The insulation grade of the designed

DS-PMDDM is H-class, and the cooling mode is water cool-

ing of the outer stator shell. The permanent magnet is seg-

mented along the axial direction. Ignoring the layer insulation

and is equivalent to the slot liner and winding after painting

as a whole. Fig. 10 shows the overall structure. The loss under

the rated condition of the DS-PMDDM calculated via finite

element analysis is shown in Table 3. As the inner motor is of

a short-time working system, its heat generation rate will be

treated equivalently.

FIGURE 9. Torque-angle characteristics. (a)I=IN (b)I=2∗IN.

FIGURE 10. Water-cooling system of the proposed DS-PMDDM.

The results in Fig. 11 (a) show that the maximum temper-

ature rise of the motor occurs at the end of the stator winding

of the outer motor. For the low-speed and high-torque motor,

the copper loss of the stator accounts for the main part, but

182990 VOLUME 8, 2020
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TABLE 3. Loss calculation value under THE rated condition.

FIGURE 11. Temperature increase characteristics (a) temperature pattern
of the complete machine (b) temperature increase of the PM.

most of the heat is removed by the water cooling of the outer

stator shell, and the temperature rise meets the requirements.

The inner motor belongs to the short-time working system.

When it stops, it belongs to the cooling process, so the tem-

perature rise is limited. The results in Fig. 11 (b) show that the

temperature rise of the PM is much lower than the maximum

operating temperature of the PM (N38UH). The above results

show that the designed water-cooling system of DS-PMDDM

meets the requirements of temperature rise performance.

E. TORQUE PERFORMANCE OPTIMIZATION

Because of the complex structure of the double-stator motor,

the performance of the inner and outer motors has a

FIGURE 12. Optimized permanent magnet shape of the outer motor.

superimposed effect on the machine. The DS-PMDDM pro-

posed in this paper is used to drive the mine winch, and the

high starting torque and low-speed smooth operation are our

expectations. Therefore, the torque performance of the motor

must be optimized. DS-PMDDM adopts a surface-mounted

magnetic pole structure. The shape of the PM is easily and

conveniently optimized to make the gap magnetic field close

to the sinusoidal shape. The permanent magnet manufacturer

directly processes the required shape according to the cus-

tomer’s requirements to reduce the cogging torque and torque

ripple. Therefore, as shown in Fig. 12, the nonuniform air gap

coefficient K (K = gmax /gmin) of the outer motor is parame-

terized, and the calculation results are shown in Table 4 (rated

current IN = 62 A), and the variations in torque ripple and

cogging torque with K are shown in Fig. 13.

TABLE 4. Torque performance parameter.

FIGURE 13. Variation in the torque ripple and cogging torque with K.

We find that the cogging torque and load torque ripple

decrease first and then increase with increasing K , and both

of them is at a minimum when K = 1.2, while the average

torque decreases gradually with the increase of K value.

VOLUME 8, 2020 182991
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This is because with the change of K , the sinusoidal and

amplitude of the magnetic field established by PM in the

air gap also changes. The variation trend of cogging torque

in Fig. 13 shows that the waveform of no-load air-gap flux

density is closest to sine when K = 1.2, and the variation

trend of load torque ripple shows that the distortion caused

by armature reaction on air gap flux density waveform is

the least when K = 1.2, which can also be regarded as

the waveform distortion rate of load back EMF minimum.

Therefore, K = 1.2 is taken as the optimal design.

As a torque motor, the inner motor works for a short time

when it starts under a heavy load or overload, and its main

function is to enhance the torque. Therefore, the inner motor

still adopts the original design of K = 1 to make the output

torque sufficiently large.

FIGURE 14. Finite element calculation model of tangential pole structure
PMSM.

FIGURE 15. Output torque of the single stator tangential permanent
magnet motor.

V. COMPARISON OF TORQUE PERFORMANCE OF THE

DS-PMDDM AND OTHER TYPES OF PMSMs

In this section, the proposed DS-PMDDM is compared with

three types of single stator low-speed high-torque permanent

magnet motors with different rotor structures. The constraint

conditions are identical to the external dimensions of the

proposed motor. The simulation results of the different motor

rotor types are shown in Fig. 14-19. The motor performance

FIGURE 16. Torque-angle characteristics.

FIGURE 17. Torque-angle characteristics.

FIGURE 18. Finite element calculation model of the surface-mount outer
rotor of PMSM.

parameters are shown in Table 5. Some parameters of the

DS-PMDDM are shown in Table 2.

Table 5 shows that the maximum torque of the

DS-PMDDM is 56 kN∗m under the same boundary dimen-

sion constraint as those of the other motors, which has great

advantages compared with other motors because of the torque

enhancement of the internal motor.

The rated efficiencies of the four types of motors are

almost identical under the same boundary dimension con-

straint. However, when the user selects the motor, the power
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FIGURE 19. Output torque of the single stator surface-mount outer rotor
permanent magnet motor with a current angle of 90◦.

TABLE 5. Main parameters of Different rotor structures OF PMSMs.

of the motor is determined according to the extreme working

conditions of the load, and a certain margin is reserved; that

is, the motor has a certain power redundancy, especially for

the winch drive motor, which is often started with a heavy

load. On the other hand, to ensure the reliability of the motor

and increase its starting capacity and overload force, a cer-

tain margin is usually reserved based on the required power.

Therefore, more than 90%of the actual operation of themotor

power is less than 70% of the rated power, or even lower,

and the motor is not fully used. However, for the proposed

DS-PMDDM, the outer motor meets the rated load demand,

and leaving a margin in the design is unnecessary because the

inner motor works under heavy load starting and overload

as a torque motor, which makes the proposed motor work

in a higher efficiency range. The motor is fully used, and

the internal torque motor does not occupy additional space,

which also have great advantages in applications to mine

motors.

A. COMPARISON WITH THE SINGLE STATOR TANGENTIAL

PERMANENT MAGENT MOTOR

The analysis results in Figs. 15-16 show that the max-

imum output torque of the motor is at 1.65-fold the

rated current, which is larger than the torque multiple of

the DS-PMDDM. According to the comparison between

Fig. 9 and Fig. 16, although the maximum output torque

multiple of the DS-PMDDM is slightly lower than that of the

single stator tangential permanent magnet motor, compared

with the maximum output torque value, the DS-PMDDM

has a great, natural advantage brought by the double-stator

structure. Under the condition that the outer dimension of

the motor is unchanged, the inner space of the rotor of the

low-speed and high-torque motor is reasonably used, which

greatly improves the torque density and starting performance

of the motor.

B. COMPARISON WITH THE SINGLE STATOR SURFACE-

MOUNT INNER ROTOR PERMANENT

MAGENT MOTOR

According to the analysis in section IV, under the

same boundary dimension constraint of the DS-PMDDM,

the torque-angle characteristic of the single stator surface-

mount inner rotor permanent magnet motor is equivalent to

that of the DS-PMDDM when the current angle of the inner

motor is assigned a value of 0◦, and the torque characteristic

can be obtained, as shown in Figure 17.

When the current is 2∗IN, the maximum output torque of

the motor is 65.9% of the DS-PMDDM. Although the two

motors have identical overall dimensions, the internal space

of the single stator motor rotor is only used as the rotor

support, which is not fully used.

C. COMPARISON WITH THE SINGLE STATOR SURFACE-

MOUNT OUTER ROTOR PERMANENT

MAGENT MOTOR

The single stator surface-mount outer rotor motor is com-

pared with the DS-PMDDM, assuming the boundary dimen-

sion constraints are identical to those of the DS-PMDDM,

and Table 5 shows the main parameters of the motor. The

finite element simulation results are shown in Figs. 18-19.

The results show that the output torque of the single sta-

tor surface-mount outer rotor permanent magnet motor is

larger than those of the single stator tangential permanent

magnet motor and the single stator surface-mount inner

rotor permanent magnet motor. This is because the armature

diameter of the outer rotor motor is larger, so the power

density of the motor is larger under identical motor bound-

ary dimension constraints. However, compared with those of

the DS-PMDDM, the rated torque and the maximum output

torque are lower.
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VI. COST COMPARISON

In this section, the proposed DS-PMDDM is compared with

three types of single stator low-speed high-torque perma-

nent magnet motors with different rotor structures. Under

the condition that the maximum output torques are identical,

the amount of electromagnetic materials consumed is calcu-

lated, and their costs are further compared. The main design

parameters and electromagnetic material consumption of dif-

ferent types of motors are shown in Table 6; the maximum

outer diameter limit remains 1000 mm. The parameters of

the DS-PMDDM are shown in Table 2, and the weight of the

electromagnetic materials are shown in Fig. 20. The cost of

the electromagnetic materials for the four types of motors is

shown in Fig. 21.

TABLE 6. Costing data of different types of motors.

FIGURE 20. Electromagnetic material consumption of different types of
motors.

FIGURE 21. Electromagnetic cost comparison.

The comparison results show that, among the four types of

motors, the DS-PMDDMconsumes themost electromagnetic

materials with the highest cost, while the surface-mounted

outer rotor permanent magnet motor has the lowest electro-

magnetic cost; the tangential structure motor uses the least

amount of permanent magnet, while the silicon steel sheet

uses the most because the rotor pole material is also sili-

con steel sheet. In general, the electromagnetic cost of the

DS-PMDDM is slightly higher than those of the other types

of motors, but the difference is not substantial. In contrast

to the surface mounted outer rotor permanent magnet motor

with the lowest electromagnetic cost, the DS-PMDDM axial

core length is only 600 mm and the volume can be reduced by

32.6% because of the double-stator structure of the proposed

motor, which is more meaningful for use as a mine motor.

VII. CONCLUSION

In this paper, a double-stator permanent magnet direct drive

motor with inner enhanced torque is proposed. It is charac-

terized by a torque motor for the inner motor and a direct

drive motor for the outer motor. Compared with the tra-

ditional single stator permanent magnet motor, this motor

has a higher torque density, a higher starting torque, and a

higher utilization ratio of the electric machine. The design

principles of the size equation, electromagnetic parameters,

and pole-slot combination are illustrated and analyzed by

simulation in detail. Moreover, the distribution characteristics

of the temperature increase are summarized via a finite ele-

ment analysis. The proposedwater-cooling system effectively

reduces the temperature increase in the DS-PMDDM and

ensures the stable operation of the proposed motor. Finally,

the torque performance and electromagnetic materials cost

of the proposed motor and single stator motor with different

rotor types are compared under the condition of boundary

dimension constraint and output torque constraint. The results

show that the maximum output torque and motor volume

of the DS-PMDDM have great advantages under identical

maximum current limiting amplitudes, and the costs of the

electromagnetic materials are almost identical, which proves

that the DS-PMDDM has the advantages of a high torque
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density and strong heavy load starting ability. In addition,

the proposed motor has a higher efficiency range in actual

operation conditions, there is no large power redundancy in

the motor selection, and the control is flexible. It provides

a solution for many special industrial applications, such as

the mine winch drive system, which requires a low-speed and

high-torque direct drive operation as well as frequent heavy

load starting.
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