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ABSTRACT Due to the huge volume of gearless ball mill direct drive permanent magnet synchronous
machine (PMSM), an unwinding modular technology is convenient for its redundant power control, man-
ufacture and maintenance. Several module units are wrapped around the ball mill roller for direct drive.
The motor frame adopts a modular structure to achieve complete decoupling between modules. And the
cooling problem of the motor is very important for its stable operation. The traditional waterway structure
design and cooling analysis methods are difficult to meet the engineering requirements of large modular
permanent magnet synchronous machine (MPMSM). A 3D equivalent thermal network method is proposed
to study the cooling problem of MPMSM. The design program of modular frame cooling structure is written
based on a 3D equivalent thermal network method. According to the temperature distribution of each node,
the cyclic check is carried out to quickly design the modular waterway. The cooling effect of the designed
waterway structure is analyzed by fluid-solid coupled temperature field simulation. An 80 kW prototype is
developed and the temperature rise experiment is carried out. The simulation and experiment results prove
the rationality of a 3D equivalent thermal network method for the MPMSM cooling structure design.

INDEX TERMS MPMSM, module decoupling, modular frame cooling structure, 3D equivalent thermal
network, fluid-solid coupled temperature field.

I. INTRODUCTION

With the large-scale development of ball mills, a direct drive
gearless ball mill appears, which eliminates the limitation of
transmission torque of large gears. However, it is difficult to
process, transport, install and maintain the gearless ball mill
because of its huge volume and coils can not be decoupled
freely. The appearance of modular technology has solved a
series of problems caused by large volume of the motor [1],
[2]. This paper presents a modular permanent magnet syn-
chronous machine (MPMSM) with wrapped type for mine

The associate editor coordinating the review of this manuscript and

approving it for publication was Wen-Sheng Zhao

ball mill. The motor is modularized by removing part of coils,
and each module can run independently. It is convenient for
redundant power control, manufacture and maintenance of
the motor. Its frame also adopts a modular structure to achieve
complete decoupling between modules. In order to ensure
the stable operation of MPMSM, it is necessary to study its
cooling problem.

Recently the analysis of cooling problems and the calcu-
lation of temperature rises have become research hotspots
in the field of motors. Fan et al. [3] proposed an advanced
cooling configuration of several water cold plates radi-
ally inserted into the core laminations of PMSM. Li and
Zhu [4] used grease buffers filled between stator cores and
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motor housings to improve the electromagnetic, thermal, and
stress-deformation performances of PMSM. Zhu et al. [5]
proposed a double-circulatory technique in conjunction with
a two-way coupling of physical parameters to determine the
motor temperature distribution. Vansompel and Sergeant [6]
introduced a thermally conductive insert piece that encloses
the stator end-windings with extensions in the stator slots
to increase the heat conduction between the stator windings
and the housing. Although the above structure has a good
cooling effect, the traditional water jacket with axial or cir-
cumferential ducts is still the most used type of liquid forced
convection because of its effectiveness and manufacturability
(71, [81, [9].

Yu et al. [10], [11] adopted the lumped-parameter thermal
model combined with the finite element method to study
the steady-state temperature distribution and transient-state
temperature rise of PMSM. The thermal network method
is short in calculation time, but its calculation accuracy
depends on the rationality of the thermal network model.
He et al. [12], [13] used the fluid-solid coupled simulation
to analyze the influence of different cooling methods, flow
rate and coolant on the thermal design of the motor. Most
motors use the finite element method to calculate the overall
temperature [14], [15], [16]. However, its solution time is
too long for large motors, which is difficult to their early
designs.

To sum up, a 3D equivalent thermal network method is
proposed to study the cooling problem of MPMSM. Accord-
ing to the temperature distribution of the radial and axial
nodes, the cyclic check is carried out to quickly design a
reasonable modular waterway structure. The cooling effect of
the designed waterway structure is analyzed by the fluid-solid
coupled temperature field simulation. An 80 kW prototype is
developed. The correctness of the designed modular water-
way structure based on a 3D equivalent thermal network
method is verified through experiments, which provides
a reference for the research on the cooling problem of
MPMSM.

Il. MPMSM STRUCTURE
The model of a direct drive MPMSM for ball mills is shown in
Fig. 1. The MPMSM is wrapped around the ball mill roller to
realize the direct drive without gears, which greatly improves
the reliability and transmission efficiency. The motor adopts
an unwinding modular technology, removing part of coils
on the stator teeth, and parting blocks in the blank teeth.
The internal structure of MPMSM is shown in Fig. 2, which
designed in this paper consists of 4 module units. A sub-
module is from one unwinding stator slot to the next one.
A module unit is composed of several sub-modules [17].
Each module unit can be regarded as a small independent
rotary motor. It is convenient for manufacture, maintenance,
fault-tolerant operation and redundant power control of large
motors.

In order to achieve complete decoupling between mod-
ules, the frame also adopts the modular structure. The
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FIGURE 3. Moduar frame and stator of MPMSM.

water-cooled frame modules and motor stator are shown in
Fig. 3. A sub-module is attached to a frame module. There is
no waterway in the contact part between the frame modules,
and the waterway accounts for 3/4 of the whole frame mod-
ule. The waterways between the frame modules are connected
in series through pipes.

Although there is no span winding between the adja-
cent sub-modules, it has an installation air gap and there
is no waterway in the upper frame module. Therefore,
the calculation of the radial temperature of MPMSM can
not be ignored. The traditional water structure design and
cooling analysis methods are difficult to meet the engineer-
ing requirements of large MPMSM. It is very important
to find a simple and fast method to calculate temperature
rise for the initial design of the MPMSM modular cooling
structure.
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IIl. 3D EQUIVALENT THERMAL NETWORK CALCULATION
A. 3D EQUIVALENT THERMAL NETWORK MODEL

The frame adopts the axial series modular waterway struc-
ture. The design program of modular frame cooling structure
is written based on the waterway thermodynamic calculation
and 3D equivalent thermal network method.

According to the temperature distribution of each node,
the cyclic check is carried out to quickly design a modular
waterway, so that MPMSM can run stably under the limiting
condition of temperature rise. The 3D equivalent thermal
network model of MPMSM is established, as shown in Fig. 4.
The waterway structure of each sub-module is symmetrical
along the circumferential direction. Therefore, the radial ther-
mal network model is simplified into a sub-module radial
thermal network model.

O No source nodes @  With source nodes

153 = 15
024

®© With source nodes
(b)

FIGURE 4. 3D Equivalent thermal network model of MPMSM: (a) axial
structure; (b) radial structure of a sub-module.

O No source nodes

Fig. 4(a) is the MPMSM axial network model, in which
the part represented by each node and the heat source dis-
tribution are the same as those in reference [18]. Fig. 4(b)
is the radial thermal network model of a sub-module at the
axial center section of the motor. o represents an ambient
temperature node; 4a-4c represent water-cooled frame nodes;
7a-Tc represent stator yoke nodes; 11a-11c represent winding
nodes; 15a-15¢ represent stator tooth nodes; 18 represent
rotor magnetic pole node; 21 represents permanent magnet
node; 24 represents rotor sleeve node.

The heat sources in a sub-module are distributed as fol-
lows. The stator core loss of a sub-module is equably
distributed over nodes 7a-7¢ and 15a-15c; the copper loss of
a sub-module is equably distributed over nodes 11a-11c¢; the
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stray loss of a sub-module is equably distributed over nodes
15a-15c¢ and 18.

B. RADIAL THERMAL NETWORK PARAMETERS

The calculation of thermal resistance in the axial structure and
rotor part in radial structure is similar to that of reference [18],
and it will not be described. The thermal resistance of the sta-
tor and frame in the radial structure of MPMSM is calculated
as follows.

1) THERMAL RESISTANCE OF FRAME MODULE

We take the water-cooled frame node 4b as an example. Heat
transfer is divided into three paths. These paths correspond to
the temperature boundary, the same layer nodes in the radial
direction and the stator yoke. A frame module parameters are
shown in Fig. 5.

FIGURE 5. Parameters of frame module: D¢-outer diameter of frame with
waterway part, Dy;-outer diameter of frame without waterway part,

D; -outer diameter of stator, D;; -internal diameter of stator, h¢-thickness
of frame with waterway part, hy;-thickness of frame without waterway
part, hc-thickness of stator core yoke, bg-width of stator tooth, bs-width
of stator slot, hs-height of stator slot, a-width of cooling channel,
b-height of cooling channel, and c-thickness of baffle plate.

The thermal resistance between nodes 4b and o can be
expressed as follows:

R he/2 1 0
4bo =

® 7 ASapor  0tpSaboc
Sapor = mDypLsl48 2)
Saboc = CLf/36 3)

where Ly is the axial length of the frame; C is the wet
perimeter of the water channel, Xf is the heat conductivity
coefficient of the water-cooled frame; oy is the channel heat
dissipation coefficient; S4p,) is the radial heat conduction
area of the frame; S4p,. is the convective heat dissipation area
between the water and the frame.

The thermal resistance between nodes 4b and 4a can be
expressed as:

7Dy /24

Rapag = —— “)
‘7 XySapa

Sapsa = hgLysl3 5)

where S4p4, 1s the heat conduction area of the end and middle
part of the frame module.

The heat is transferred from node 76 to node 4b through an
assembly gap between the stator and the frame. The thermal
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resistance between nodes 4b and 7b can be expressed as:
he/2 Lapp hy /2

Rapy = AcSapive  AaSavtn  ArSanmi ©
Saprpe = 7 (D1 — he/2) L /48 @)
Sap1p = wD1L /48 3
Ly, = (3D1 +0.5) x 107 9)

where L is the axial length of the stator; A, is the radial heat
conductivity coefficient of the silicon steel sheet; A, is the
heat conductivity coefficient of air; L4p7, is the mounting
clearance between the stator and the frame; S4p75. is the
average heat dissipation area of the stator yoke; and S437p 1S
the heat dissipation area between the frame and the stator.

2) THERMAL RESISTANCE OF STATOR YOKE
We take the stator yoke node 7b as an example. Heat transfer
is divided into four paths. These paths correspond to the
frame module, the same layer nodes in the radial direction, the
winding, and the stator tooth. The thermal resistance between
nodes 7b and 7a can be expressed as:

w (D1 —he) /24

Ripjg= ——7— 10
b7 L3 (10)

The thermal resistance between nodes 7b and 115 can be
expressed as [19]:

1

R = 11
Tb11b PR (1D
S7p115 = 6bsL /3 (12)
1 _ &
ke A
1 [bs(1 —  /57) by(1 — /s7)
+—[S S 2LV
4 A Aol
Sube /57
; 13
+ D :| (13)

where S7p115 is the heat dissipation area between the stator
yoke and the winding; k; is the equivalent heat conductiv-
ity coefficient of the winding in the stator slot; §; is the
insulation thickness of the slot; A; is the heat conductivity
coefficient of the slot insulation; sy is slot full rate; Ap is the
heat conductivity of the impregnated paint; k;, is the paint
filling coefficient; A,; is the heat conductivity coefficient of
stationary oil layer; &4 is the thickness of enameled wire; A4
is the heat conductivity coefficient of the wire paint layer; d
is the outside diameter of bare copper wire.

The thermal resistance between nodes 7b and 15b can be
expressed as:

S7p156c = 7 (D1 — he) L/48 (14)
S7b156r = 6b:L/3 (15)
he/2 hg/2
Rypisp = + (16)
AcSTD150c — ASTD15H1

where S7p15p¢ 15 the heat dissipation area of the stator yoke;
S7p150¢ 1S the heat dissipation area of the stator tooth.
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3) THERMAL RESISTANCE OF WINDING
We take the winding node 115 as an example. Heat transfer is
divided into three paths. These paths correspond to the stator
yoke, the same layer nodes in the radial direction and the
stator tooth. The thermal resistance between nodes 115 and
11a can be expressed as:
7 (Di1 + hy) /32
Riipiia = AeubL )3 17

where A, is the heat conductivity coefficient of copper.

The thermal resistance between nodes 115 and 15b can be
expressed as:

1
4hgLk

Rip1sp = (18)
4) THERMAL RESISTANCE OF STATOR TOOTH

We take the stator tooth node 15b as an example. Heat transfer
is divided into four paths. These paths correspond to the wind-
ing, the stator yoke, the rotor pole and the rotor permanent
magnet. The thermal resistance between nodes 15b, 18, and
21 can be expressed as [20]:

R _ hy/2 . 1 (19)
1308 = 3 6bLj3 T agbbL/3
where a is the air gap heat dissipation coefficient between
stator and rotor.

C. HEAT BALANCE EQUATION

According to the principle of heat balance, for the 43 nodes of
the whole motor, the heat balance equations need to be listed.
The matrix form of heat balance equation can be written as:

GT =W (20)

where G is the heat conductance matrix of order 43; T is the
temperature rise matrix; W is the heat source loss matrix.

D. MODULAR WATERWAY STRUCTURE DESIGN

The initial parameters of modular waterway structure are
determined according to the waterway thermodynamic cal-
culation. Then a 3D equivalent thermal network model is
established according to the waterway parameters. Based on
the results of 3D equivalent thermal network calculation, the
waterway structure is constantly modified to form a design
program of modular waterway structure.

The flow chart for the modular waterway design of
MPMSM is shown in Fig. 6. When the calculation result
of temperature meets the temperature rise requirement of
MPMSM, the cycle is finished. The modular waterway struc-
ture is determined.

The node temperature of an 80 kW MPMSM solved by a
3D equivalent thermal network method is shown in Table 1.
In the axial node temperature, the average temperature of
the winding is 79.6 °C, which meets the temperature rise
requirements of class F insulation. In the radial node temper-
ature of a sub-module, the temperature of the part without
waterway is lower than the part with waterway. A coil is
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FIGURE 6. Flow chart for modular waterway design.

TABLE 1. Calculated node temperature.

Components Axial node temperature/°C
Frame 3/30.2  4/30.06  5/30.2
Stator yoke 6/47.9 7/47.2 8/47.9
Winding 9/80.4  10/79.3 11/78.8 12/79.3  13/80.4
Stator tooth 14/55.8  15/55.1  16/55.8
Magnetic 17/79.5  18/792  19/79.5
pole
Magnet 20/80.9  21/80.7  22/80.9
Rotor sleeve 23/71.4  24/71.8 25/714
Front cover 26/30.7 28/45.2
Rear cover 27/30.7 29/45.2
Bearing 30/58.0 31/58.0
Chamber air 1/64.3 2/64.3
Surroundings 0/27.4
Components Radial node temperature of a sub-module/°C
Frame 4a/36.7 4b/30.1 4¢/36.7
Stator yoke 7a/47.2 7b/47.1 Tc/47.2
Winding 11a/78.5 11b/78.8 11¢/78.5
Stator tooth 15a/55.9 15b/55.3 15¢/55.9

TABLE 2. Design parameters of the modular waterway structure.

Items Value
Number of channels 72
Cooling channel height (mm) 80
Cooling channel width (mm) 60
Baftle plate thickness (mm) 10
Axial length of channel (mm) 225

removed there, and the heat generated by the copper loss of
the winding is half of the original, so its temperature is lower.
The highest temperature of the winding in the radial nodes is
78.8 °C, which does not exceed the temperature limit, and the
temperature cycle ends. Therefore, the MPMSM adopts this
axial series modular waterway structure in Table 2.

IV. FLUID-SOLID COUPLED SIMULATION
In order to reduce the calculation time, the solution domain
physical model of a module is established for the 80 kW
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MPMSM with above modular waterway structure, as shown
in Fig. 7. Since the motor is composed of four identical and
decoupled module units, the temperature field of one module
unit can be solved.

s
4 nyzmi

=l6l.:1“'\

(b)

FIGURE 7. Physical model in solution region: (a) modular waterway;
(b) one sub-module.

The initial temperature of the simulation model is set
to 300 K. Fluent software is used to simulate the fluid-solid
coupled temperature field of an 80 kW MPMSM. When the
motor operates at a rated speed of 27 r/min, the temperature
distribution of each part in the motor is shown in Fig. 8. The
cooling water velocity and waterway pressure distribution in
the frame are shown in Fig. 9.

Fig. 8 shows the highest temperature of the stator tooth is
329.8 K. The highest temperature of the lower end of the
stator winding is 351.8 K. The highest temperature of the
rotor upper surface is 351.2 K. The highest temperature of
the permanent magnet is 352.7 K. The maximum temperature
rise of the winding is 51.8 °C, which meets the tempera-
ture rise requirements of class F insulation. The modular
waterway structure has good cooling effect. In the radial
structure, the corresponding coil is removed at the module
combination, so the heat generated by the winding is lower,
and its temperature is lower. However, there is no electrical
insulation in the module combination of the stator core, and
there is the local hot spot, so the temperature of the stator
module combination is higher than that of other positions.
The rotor always rotates at the rated speed, the modular water-
way structure has no effect on the temperature distribution on
the radial circumference of the rotor.

Fig. 9 shows the maximum water velocity is 1.16 m/s.
The maximum water pressure in the waterway is 3.6 kPa,
which meets the pressure requirements. When some module
units in the MPMSM run over load, the water velocity can be
increased to reduce the temperature rise, so that the motor can
be fault-tolerant operation.
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FIGURE 8. Temperature distribution: (a) stator; (b) winding; (c) rotor
magnetic pole and sleeve; (d) permanent magnet.

V. PROTOTYPE DEVELOPMENT

To validate the rationality of the proposed calculation method
for the modular waterway structure and temperature rise of
MPMSM, an 80 kW prototype is developed, and its main
parameters are shown in Table 3. The designed modular
waterway structure is shown in Fig. 10.

When the prototype is running under the rated condition,
we make the temperature rise experiment of the prototype
and test the cooling effect of the designed modular waterway
structure. The experiment platform is built, as shown in
Fig. 11. It is composed of a ball mill, an 80 kW prototype,
a controller of prototype, a belt conveyor, a torque sensor,
a reducer, a induction motor and its frequency converter.
The induction motor provides rated load for the ball mill
through the belt conveyor, and the prototype is powered by
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FIGURE 9. Water velocity and waterway pressure distributions in frame:
(a) water velocity; (b) pressure.

TABLE 3. Main parameters of the MPMSM.

Items Value
Rated power (kW) 80
Rated voltage (V) 380
Rated current (A) 135
Rated frequency (Hz) 18
Rated speed (r/min) 27
Rated torque (N'm) 22310
Stator outer diameter (mm) 2200
Stator inner diameter (mm) 2000
Core length (mm) 185
Rotor outer diameter (mm) 1995.6
Rotor inner diameter (mm) 1876.6
Pressure limitation of inlet and outlet (kPa) 30

Frame module ~ Pipe

Frame suspension hole modular waterway

(a) (b)

FIGURE 10. Modular frame of prototype: (a) frame; (b) cooling channel.

the controller to drive the ball mill to run. The temperature
rise experiment is carried out under the cooling water flow
of 1.5 m3/h. After 90 minutes, the temperature rise of the
MPMSM reached a stable level, as shown in Fig. 12. The
stable temperatures of the winding is 79.8 °C, which meets
the requirements of class F insulation. The frame tempera-
ture is 32.2 °C. The motor inlet temperature is 21.2 °C, the
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FIGURE 11. Prototype experiment platform.
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FIGURE 12. Temperature curves of prototype.

FIGURE 13. Prototype rotor temperature.

outlet temperature is 29.8 °C, and the temperature difference
between the two is 8.6 °C. The temperature distribution of
the rotor is shown in Fig. 13. The temperatures at the end and
middle of the rotor are 77.5 °C and 77 °C, respectively.

The temperatures of MPMSM components calculated by
the 3D equivalent thermal network method (ETNM), the
fluid-solid coupled finite element method (FCFEM), and the
experiment values and calculation errors are listed in Table 4.
The calculation results of 3D ETNM and FCFEM are basi-
cally the same as the experiment results, and the errors of
two methods are within a reasonable range of calculation
errors. The experiment results show that the modular water-
way structure based on 3D ETNM has good cooling effect and
meets the temperature rise requirements of large MPMSM.
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TABLE 4. Comparison between calculation and experiment results.

ETN FCFEM Experi- ETNM FCFEM

Components M ©C) ment error (%) error
O 0 (%)
Frame 30.2 31.2 322 6.2 3.1
Winding 79.6 77.3 79.8 0.3 3.1
Magnet 80.8 79.4 - - -
Rotor pole 79.4 77.6 77.3 2.7 0.6
Stator core 47.7 46.1 47.5 0.4 2.9

Rotor sleeve 71.7 67.8 - - -
End cover 38.0 36.9 - - -
Bearing 58.0 - - - -

VI. CONCLUSION

This paper proposes a 3D equivalent thermal network method
to study the cooling problem of MPMSM. The modular
waterway design process of the motor is discussed, and its
cooling effect is analyzed. The following conclusions are
drawn.

(1) According to the modular structure, a 3D equivalent
thermal network model is established to calculate the
temperature distributions of the axial nodes of the
whole motor and the radial nodes of a sub-module.

(2) The modular waterway structure is designed based on a
3D equivalent thermal network method. The fluid-solid
coupled temperature field is simulated for the axial
series modular waterway structure, and its cooling
effect is good.

(3) An 80 kW prototype is made, its experiment results
verifies that the designed modular waterway structure
meets the requirements of temperature rise. At the same
time, the correctness of the designed modular waterway
structure based on a 3D equivalent thermal network
method is verified, which provides a reference for the
research on the cooling problem of MPMSM.
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