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ABSTRACT In the actual working process of the motor, there will be short-term overload conditions, which
puts forward higher requirements for maintaining the overload capacity of the motor. Due to the limitation
of the thermal limit on the overload capacity of the motor, taking a 250kW permanent magnet synchronous
motor (PMSM) as an example, this paper proposes a thermal management scheme of companion-type direct
cooling, and establishes a three-dimensional thermal network model considering the secondary circulation
factor. At the same time, in order to explore the influence of the thermal management scheme on the overload
capacity of the motor when there is an impact load, on the premise that there is a safety margin for the hottest
spot temperature of the winding under the rated state of the motor, the impact load is simulated by setting
the overload torque, the thermal network model is used to compare and analyze the temperature field of the
motor based on the companion-type direct cooling and the indirect casing cooling, and combining with
the insulation limit to quantitatively compare the overload capacity of the motor after impact load. Through
the simulation test, it is verified that the motor based on the companion-type direct cooling has efficient heat
dissipation and stronger impact-resistance overload capability. The proposal of the companion-type direct
cooling scheme has important practical significance for excavating the load potential of the motor under
actual operating conditions.

INDEX TERMS Companion-type direct cooling, secondary circulation, high-precision three-dimensional
thermal network, impact load, evaluation of overload capacity, simulation test.

I. INTRODUCTION

With the promotion of international requirements for energy
saving and environmental protection, the energy consump-
tion standards formulated by China have been continuously
improved, and higher requirements have been put forward
for motor performance indicators such as efficiency, power
density, impact-resistance overload capability and reliabil-
ity [1]. During the actual operation of the motor, there will
be intermittent sudden changes in the load. At this time, the
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motor needs to have a high torque overload capacity under the
condition of constant speed [2]. However, the increase of the
electromagnetic torque requires the drive motor to increase
the electrical load. The increase of the electrical load will
lead to an increase in the Joule loss, which further increases
the heat generation of the motor. At the same time, when the
output torque of the motor increases to a certain level, due to
the limited size of the motor, the heat is difficult to dissipate,
resulting in serious heat generation of the motor [3].

If the temperature of the motor is too high, the insulation in
the slot may be aged, and the windings may be short-circuited
between turns or phases, which will affect the service life
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and reliability of the motor. At the same time, the magnetism
of the permanent magnet will gradually decrease with the
increase of temperature. When the temperature rises to the
Curie temperature, the magnetization will disappear, result-
ing in irreversible demagnetization of the permanent magnet,
which will seriously affect the performance of the motor or
even fail to operate. It can be seen that the problem of heat
dissipation in the effective space has become a bottleneck
for the further improvement of the motor’s impact-resistance
overload capability [4], so efficient thermal management is
required to prevent the motor from exceeding the insulation
thermal level. For a given insulation limit in the stator slot,
in the face of short-term overload conditions of the motor,
efficient thermal management will allow higher current den-
sity, thereby increasing the motor output torque in an effective
space volume.

The traditional forced air cooling system uses fans to cool
down the motor, but for a high-torque motor with a large cur-
rent density, the low heat dissipation efficiency limits the out-
put torque capability of the motor [5]. Therefore, using high
thermal conductivity fluid and optimizing the design of the
thermal conduction path is an effective thermal management
method to solve the temperature rise of the motor. A common
thermal management method is to integrate a cooling tube
inside the casing or the yoke of the stator core, which has
better heat dissipation and less impact on electromagnetic
performance [6], [7], [8], [9]. However, the water pipes are
usually arranged far away from the windings and permanent
magnets, which are the main heat sources, increasing the
thermal resistance of the heat dissipation path. At the same
time, the end winding cannot transfer heat through the stator
core in a heat conduction way, resulting in the hottest point
of the motor at the end of the winding. In order to reduce
thermal resistance, motor designers even use oil-cooled heat
dissipation in which the coolant is in direct contact with the
heat source, which greatly reduces the thermal resistance
of the high-heating parts of the motor, and also solves the
problem of difficult heat dissipation at the end. However, the
viscosity of the oil is large, which increases the energy loss
when the rotor rotates. At the same time, the oil medium
needs to be strictly filtered, so as to avoid the damage to the
insulation layer of the motor caused by impurities in the oil,
and the sealing requirements of the motor are also high, which
increases the cooling system design cost [10], [11], [12], [13].
Motor designers have even placed cooling pipes in the unused
space in the stator slots to directly cool the winding heat
source, which is closer to the windings and permanent mag-
nets than the water jacket cooling method, showing excellent
cooling performance [4]. In addition to the above thermal
management solutions, the motor designers proposed the
solution of multi-turn winding twisted in cooling tube, which
further reduced the temperature rise of the windings evenly
and greatly improved the heat dissipation efficiency of the
motor. However, due to the bending of the cooling steel
pipe, it brings certain challenges to the winding of the outer
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layer of the pipe, and the maximization of the efficiency of
the cooling system and the manufacturing feasibility are not
considered [14], [15].

The existing reports have done a lot of research on various
thermal management schemes and evaluation methods of heat
dissipation capacity, but there are still the following problems
to be solved:

1) There are insulating materials such as insulating paint,
insulating paper and epoxy resin in the stator slot of the motor,
which increases the thermal resistance between the winding
heat source and the external environment. There are few
reasonable solutions to this problem in the existing thermal
management reports of the motor.

2) In the cooling performance evaluation method of ther-
mal management scheme, the finite element method is
used to analyze the thermal performance of motor in refer-
ences [6], [7], and [11]. The calculation accuracy is high,
but it affects the engineering application because it takes up
a lot of calculation resources. In references [16] and [17],
the two-dimensional thermal network model is used to pre-
dict the temperature of each part of the motor, which has
the advantage of short calculation period, but in the practi-
cal engineering application, there is a big gap between the
cooling performance of each part and the actual. Although
the existing commercial software Motor-cad can use three-
dimensional thermal network model to accurately predict the
motor temperature, it can not be calculated and analyzed
effectively for the new thermal management scheme. In ref-
erences [18], [19], and [20], the three-dimensional thermal
network model is used to evaluate the thermal performance of
the motor, and the anisotropy of different materials is consid-
ered. Compared with the two-dimensional thermal network
model, the evaluation accuracy is improved in advance with
a short calculation cycle. However, for the thermal manage-
ment scheme of spiral channel, the existing three-dimensional
thermal network model does not take into account the influ-
ence of secondary circulation on the mainstream boundary
layer. There is a certain gap between the temperature of each
part of the motor and that of the actual running state.

3) The load sudden change will occur in the actual oper-
ation of the motor, so it is very important to make full
and rational use of the continuous load energy of the motor
under the impact load. In references [21], [22], and [23], the
short-term thermal transient of motor under overload condi-
tion is predicted by thermal model, and the impact-resistance
overload capability of motor is evaluated effectively. How-
ever, the direct relationship between thermal resistance of dif-
ferent thermal management schemes and motor torque output
capacity has not been theoretically studied, and the selection
of motor thermal management scheme under different load
sudden change conditions can not be reasonably evaluated.

In order to improve the cooling performance and torque
output ability of the motor to a greater extent, from the
perspective of reducing the thermal resistance between the
cooling medium and the heat source, excellent thermal
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FIGURE 1. Topology of the proof-of-concept PMSM motor.

management scheme and evaluation method of cooling
performance are proposed. The main contributions are
three-fold:

1) The thermal management scheme of the companion-type
direct cooling is proposed. The cooling pipe is twined in the
stator slot with the each turn winding, and the multiple outer
surfaces of each stator winding are directly and seamlessly
contacted with the cooling pipe wall. The heat generated by
the loss of the winding does not need to pass through the
insulation material in the stator slot.

2) Since the circumferential heat transfer has a great
influence on the heat dissipation of the motor, and because
of the particularity of the structure of the companion-type
direct cooling scheme, a three-dimensional thermal network
model of omnidirectional heat transfer is established based
on the traditional two-dimensional thermal network model
of radial-axial heat transfer, and the influence of secondary
circulation on the mainstream of cooling medium is consid-
ered. At the same time, the finite element method is used to
verify the effectiveness and accuracy of the three-dimensional
thermal network model considering secondary circulation.

3) The direct influence of thermal resistance on the torque
output capability of the motor under the winding limit temper-
ature constraint is theoretically deduced and analyzed, and the
impact-resistance overload capability of the motor under the
companion-type direct cooling scheme and indirect casing
cooling scheme is quantitatively studied and compared. At the
same time, a simulation prototype is designed to verify the
cooling performance and load potential of the two thermal
management schemes.

Il. PROPOSAL OF COMPANION-TYPE DIRECT COOLING
SCHEME

A. DESIGN OF PROOF-OF-CONCEPT MOTOR

This paper takes a 250kW permanent magnet synchronous
motor (PMSM) motor as the research object. The motor
adopts a rotor structure with built-in permanent magnets, and
a concentrated flat wire winding is wound in the stator slot.
The windings are arranged in the slot compactly and Neat,
reducing the gap between the windings in the same stator
slot, and reducing the heat transfer resistance between the
windings, so that the heat generated by the winding loss is
relatively easy to transfer to the casing. The topology of the
designed proof-of-concept PMSM motor is shown in Fig.1.
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TABLE 1. Key electrical and dimensional parameters of the
proof-of-concept PMSM motor.

Specifications Values
Rated power Py (kW) 250
Based speed n (r/min) 600
Rated voltage Upn (V) 542
Maximum torque Th,q, (N-m) 6000
Rated power factor cosp 0.92
Rated efficiency 1 (%) 98
Based frequency f (Hz) 50
Stator slots/PM pole-pair Z/ P 10/6
Outer diameter of outer stator Dg, (mm) 1060
Inner diameter of outer stator D; (mm) 800
Length of core L (mm) 250
Maximum operating temperature of insulation 7" (°C)) 130
Copper Loss Peq, (W) 2314
Iron loss Pre (W) 1217
Permanent Magnet Eddy Current Loss Py, (W) 186
Fits& floor Sec/o/ﬂ'd floot _, Stator core yoke

%j —» Companion-type winding

74— Flat wire winding

%\%— — Cooling duct

Fistlap __ 72

Second lap P4z (473
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T
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FIGURE 2. Schematic diagram of the companion-type direct cooling
scheme.

The stator core in the proof-of-concept PMSM motor
adopts single-tooth splicing, which is beneficial to the real-
ization and manufacture of the companion-type direct cooling
thermal management solution, as well as the improvement
of material utilization and cost reduction. The main electri-
cal properties and dimensional parameters of the proof-of-
concept PMSM motor are listed in Table 1.

B. DESIGN OF THERMAL MANAGEMENT SOLUTIONS
Based on the design of the proof-of-concept PMSM motor,
when the motor is overloaded for a short time, in order to
improve the limitation of the thermal limit on the overload
capacity of the motor, this paper proposes a thermal manage-
ment scheme of companion-type direct cooling. Companion-
type hybrid windings are arranged in the stator slots, two
cooling tubes and two copper conductors are distributed
diagonally, and four hybrid-type windings are wound on the
stator teeth in parallel. In order to increase the heat exchange
area between the cooling pipe and the copper conductor, and
make the winding of the four flat bodies more convenient in
the process, the cooling pipe and the copper conductor are
designed to be the same size. The schematic diagram of the
companion-type direct cooling scheme in Fig.2.

The parallel winding process for companion-type windings
in Fig.3. The cooling tube and the copper conductor are
wound in parallel from the bottom slot on the right side
of the stator teeth to the slot on the left side. After a lap
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FIGURE 3. Schematic diagram of parallel winding of companion-type
windings.

is completed, companion-type windings are staggered at a
certain height at the end of the stator and wound down from
the first lap to the second lap. After the winding of the first
floor is completed, the first lap of the second floor is wound
in parallel at the inclined shoulder of the stator slot. After
the first lap of the second layer is finished, the second lap
is still twisted upward at a certain height at the end of the
stator until the winding of the four companion-type windings
of the second layer is finished. Due to the limitation of the
size of the companion-type winding and the stator slot, the
companion-type winding proposed in this paper adopts a
three-floor four-lap system in practical application. As can
be seen from Fig.3, whether it is a companion-type winding
in the stator slot or at the stator end, the tubes between floors
and between laps are in contact with each other. At the same
time, multiple surfaces of the copper conductor are contacted
with the cooling tube, and the winding is as if immersed in
the coolant.

The eddy current loss on the surface of the cooling tube
only accounts for 0.02% of the output power of the proof-
of-concept PMSM motor due to the mutual suppression and
cancellation of the induced potential formed by the copper
conductor around the cooling tube on its surface. The eddy
current loss has little effect on the loss of the motor under
normal operation. In order to reduce the complexity of the
three-dimensional thermal network model proposed in this
paper, the eddy current loss of the cooling tube is ignored in
the subsequent research.

Since the alternating current frequency of proof-of-concept
PMSM motor is 50 Hz, and the stator slot winding adopts
the method of multiple strands of fine wire winding, the
skin effect has little effect on the stator winding resistance
value, which can be ignored in the subsequent research and
calculation.

lll. ESTABLISHMENT OF THREE-DIMENSIONAL
THERMAL NETWORK MODEL

In order to demonstrate the feasibility of the proposed ther-
mal management scheme, and to facilitate the subsequent
optimization and quantitative analysis of the thermal man-
agement scheme, a three-dimensional thermal network anal-
ysis model considering secondary circulation is proposed in
this section, which can quickly and accurately predict the
temperature distribution of various components of the motor.
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FIGURE 4. Axial-radial thermal network model diagram for
companion-type direct cooling scheme.

At the same time, in order to compare the efficient cooling
performance of the companion-type direct cooling scheme,
a three-dimensional thermal network model considering sec-
ondary circulation is established for the indirect casing
cooling.

A. ESTABLISHMENT OF THREE-DIMENSIONAL THERMAL
NETWORK MODEL

In order to simplify the solution process, based on the prin-
ciples of heat mass transfer and the characteristics of the
thermal network, the following basic assumptions are made
in the modeling and solution process [24], [25]:

1) The surface heat dissipation coefficient of each com-
ponent of the motor is constant, ignoring the change of
thermal conductivity and heat dissipation coefficient with
temperature;

2) The copper loss caused by the skin effect and the prox-
imity effect of the winding is ignored, and the eddy current
loss caused by the metal cooling pipe is ignored;

3) The stator and rotor iron losses and permanent mag-
net eddy current losses of the motor do not change with
temperature.

A discrete axial-radial thermal network model is
established for the thermal management scheme of
companion-type direct cooling and indirect casing cooling,
as shown in Fig.4 and Fig.5 respectively. The node O in the
figure represents the ambient temperature, and the active
nodes are: 1-3 are the nodes of the yoke of the stator core,
4-6 are the winding nodes in the stator slot, 7-9 are the nodes
of the teeth of the stator core, and 10-11 are the end winding
nodes of the stator, 25-27 are the upper nodes of the rotor
core, 28-30 are the permanent magnet nodes, and 21-33 are
the lower nodes of the rotor core. Passive nodes include: 12-
21 are cooling conduit nodes, 22-24 are air gap nodes, 34 are
shaft nodes, 35-36 are end air cavity nodes, 37-38 are end cap
nodes, and 39 is a casing node.

The thermal network in Fig.4 only considers the
radial-axial heat transfer, but the companion-type direct
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FIGURE 5. Axial-radial thermal network model diagram for indirect
casing cooling scheme.
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FIGURE 6. Radial-circumferential thermal network model diagram of
companion-type direct cooling motor.

cooling scheme established in this paper has a great influence
on the circumferential heat transfer of the winding and stator
core. At the same time, the materials of different parts of the
motor have heat transfer anisotropy, which also has a great
influence on the circumferential heat transfer. Therefore,
in order to more accurately predict the temperature rise of
each component based on the companion-type direct cooling
motor, based on the axial-radial thermal network, a thermal
network model considering circumferential heat transfer is
established in this paper, as shown in Fig.6. For clarity, only
a radial-circumferential thermal network model of the stator
slots and windings in the slots is shown [26], [27]. In this
paper, an axial-radial thermal network model based on the
indirect casing cooling scheme is also established, which is
no longer shown here.

B. CALCULATION OF THERMAL RESISTANCE

Based on the proposed thermal management scheme, in order
to obtain simple but physically meaningful results, the
stator teeth and stator windings are treated as flat conduc-
tors, and the casing and stator yoke are treated as cylindri-
cal conductors.In this section, the thermal resistance of the
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FIGURE 7. Single thermal network of stator windings and cooling tubes.

FIGURE 8. The size of the stator winding after equivalent to a single
thermal network.

companion-type direct cooling is analyzed and calculated in
detail, and the thermal resistance calculation based on the
indirect casing cooling is calculated according to the formula
of this section.

The companion-type winding has multiple turns in a sin-
gle stator slot, but due to its unique winding method, all
stator windings and cooling tubes in each slot are equiv-
alent to a single thermal network, as shown in Fig.7. The
radial-circumferential thermal resistance (R13-R16 in Fig.6)
between the stator winding node and the cooling tube node
is classified and solved: 1) The internal heat transfer resis-
tance Rw of the stator winding; 2) The heat transfer thermal
resistance Rp between the cooling tube wall and the stator
winding; 3) The heat transfer thermal resistance Rc between
the cooling tube wall and the cooling medium, so as to obtain
the precise thermal resistance parameters.

The size of stator winding equivalent to a single thermal
network is shown in Fig 8, where Sh is the height of the
stator winding, Sw is the width of the stator winding, SL is
the length of the half-turn stator winding, and r and R are
the inner radius and outer radius of the stator end winding
respectively. The thermal resistance Rw1-Rw4 is calculated
by Eq. (1), and kw is the equivalent thermal conductivity of
the stator winding [26].

Sh
R =R P —
T T 08(SL + TRk
S
Ryp =Ry = —— 2 (1)

285h(SL + Rk

Since there are insulating materials such as insulating
paint and epoxy resin in the stator slots, in order to
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simplify the calculation model, the stator winding is modeled
as a composite material composed of insulators and copper
conductors. Therefore, the stator winding homogenization
method of Hashin and Shtrickman is used, and the equivalent
thermal conductivity is calculated by Eq. (2) [28].

e — (1 + kewkeu + (1 — kewkre
" " (l - kcu)kcu + (1 + kcu)kre

where ke and k., are the thermal conductivity of the insulator
and copper conductor respectively.

The contact thermal resistance Ry1-R4 between the cool-
ing tube wall and the stator winding is calculated by
Eq. (3), and the contact area between the two is determined
by the contact factor cf between the cooling tube and the
winding [26].

@

Rt — Ry — hair
PET T Su(Se + R kairey
hair
Rp2 = Rp3 = = (3

Sh - (SL + 7R) - kair - ¢

where h,;.is the air thickness between the cooling tube and
the stator winding, and kg ;- is the thermal conductivity of
the air.

Since the cooling pipe in the companion-type direct cool-
ing scheme is spiral, the centrifugal force generated by the
cooling medium flowing in the pipe will form a secondary
circulation in the flow field, which is perpendicular to the
main flow, which increases the disturbance to the boundary
layer and is conducive to heat dissipation. In order to more
accurately analyze the convective heat transfer state between
the cooling medium and the inner wall of the pipe, this paper
considers the influence of the secondary circulation on the
main flow on the basis of the traditional calculation of the
convective heat transfer coefficient, and the convective heat
transfer coefficient of the inner surface of the cooling pipe is
calculated by Eq. (4) [29].

NyA
dwet
where N, is the Nusselt number, A is the thermal conductivity
of water, and d,,,; is the equivalent diameter of the cooling

pipe. ¢g is the secondary circulation influence factor, which
is calculated by Eq. (5) [29].

ky

ER 4

d
cr=1+ 10.3(13)3 (3)

where R is the average radius of curvature of the cooling pipe,
and d is the diameter of the cooling pipe.

After obtaining the precise convective heat transfer coef-
ficient, the thermal resistance between the cooling tube wall
and the cooling medium can be obtained from Eq. (6) [29].

1
Ri=R4y=—
TR T 5.SL + 7Rk,

1
Ro=Rs=——— ©6)

Sn(SL + TRk,

126300

Therefore, the radial-circumferential thermal resistances
between the stator winding node and the cooling tube node
can be calculated by Eq. (7) respectively.

Rs;=Rs;=R, +R171 +R,

R13 = R14 = RW2 + R])Z + Rc2 (7)

According to the calculation formula of the thermal resis-
tance of the plate conductor and the cylindrical conductor in
the thermal resistance network, the other thermal resistances
in Fig. 6 are calculated according to the Eq. (8) - Eq. (11) [24].

AR
Ry =
2kyw(Dso — Dyi)/2 — dy)Lg
Zb,
* ®)
2kcore(Dx0 - Dsi)/2 - dy)La
4
Rig =
277kcoreLa 111 [(Dso - y)/(Dsa — 2dy)]
4
+ ©
27 kyLg In [(Dyo — 2dy)/ Dy
z
R3 =
27 keoreLa In [(Dso — dy)/(Dyo — 2dy)]
N Z(Dy, — dy — Dyi) (10,
2kcorelea
1
Rg =
27kjLa In [Dyo /(Dyo + hj/2)]
1
(11)

- 27 keoreLa In [(Dso - dy)/(Dso)]

where ko, is the thermal conductivity of the stator core, k; is
the thermal conductivity of the casing, and 4; is the thickness
of the casing.

For the stator and rotor silicon steel laminations, the ther-
mal conductivity of the insulating layer between the sheets in
the axial direction is much lower than that of the silicon steel
sheet itself, and the thickness difference is also very large,
so the equivalent model is used for the stator and rotor cores.
In order to simplify the calculation model and improve the
calculation accuracy, this paper refers to the idea of [26] and
the stator and rotor silicon steel sheets are axially layered
and equivalently calculated. The equivalent model is a heat
transfer body in which silicon steel sheets and insulating
layers between sheets are alternately arranged. According to
the principle of equal heat generation and constant heat dis-
sipation, the thermal conductivity of the equivalent thermal
conductor can be calculated according to Eq. (12). Consid-
ering that the lamination coefficient of the stator lamination
is 96%;, the ratio of the thickness of the insulating layer to the
thickness of the silicon steel sheet is 1:24.

ds+dn+"'+ds+dn

k, =
B

(12)

where k; and d; are the thermal conductivity and thickness of
the silicon steel sheet respectively, k,, and d,, are the thermal
conductivity and thickness of the insulating layer between the
sheets respectively.
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The stator core is equivalently divided into three sections
in the axial direction, then the axial thermal resistance of the
stator core is calculated according to Eq. (13) [26].

4
3k, [ D2, = (Doo = 24))]

2
+
3kebiZ (Dgo — Dyi — 2dy)

R,

(13)

IV. EFFECT OF THERMAL RESISTANCE ON TORQUE
OUTPUT CAPACITY
A. DETERMINATION OF LOSS
Since the temperature point of most concern in this paper is on
the stator winding, which is surrounded by the stator yoke and
stator teeth, the stator core loss will cause the winding tem-
perature to rise. In order to consider the influence of different
loss positions, the core loss is divided into two parts: the
stator yoke loss Py and the stator tooth loss Py,. In addition,
considering the effect of rotor losses on the temperature rise
of the stator windings, the permanent magnet eddy current
losses are also taken into account.

1) Copper loss of stator winding

Since the winding temperature is considered as the optimal
thermal boundary condition, the resistance value should nat-
urally take into account the effect of temperature. After the
cross-sectional area and length are known, the winding loss
is calculated by Eq. (14) [28], [30].

2Ny (Lg + L)
Poy = 3Ia2p0(1 + acuTcu)% (14)
s

where I, is the winding phase current, py is the copper
resistivity at 0°C, a,, is the temperature coefficient, T, is
the estimated winding temperature, Agis the winding cross-
sectional area, a is the number of parallel branches, N,, is the
number of turns in series per phase and L,is the winding end
length, L, = (R+r)/2.

2) Loss of stator core

The stator core losses include hysteresis losses, eddy cur-
rent losses and additional losses. Assuming that the magnetic
flux density waveform is sinusoidal and ignores the influence
of the armature reaction, the stator core loss can be calculated
by the Bertotti model by Eq. (15) [28].

Pre = knfBy, + kef *By, + kexcf ' B, (15)

where kp, k. and k. are the corresponding coefficients
obtained by fitting the loss curve given by the manufacturer.
Through the method of numerical analysis, calculate the
magnetic density value B, in any finite area in the core,
and substitute it into the Eq. (15) to calculate the core loss
density pr.

Simplifying the shape of the stator teeth and ignoring the
loss of the stator tooth tip, the loss of the stator teeth and yoke
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can be calculated by Eq. (16) [28].

Dy, — Dy;
Py = preLqNib; (% - bY)
T
Psy = ZpFeLa [Dgo — (Dso — 2by)2:| (16)

where b, is the width of the stator top, and b, is the thickness
of the stator yoke.

3) Eddy current loss of magnet

The eddy current loss in the magnet under load is mainly
generated by the higher harmonic cutting in the armature
magnetomotive force, which can be calculated according to
the classical eddy current loss Eq. (17) [28].

1 d
P, = ﬂowzdzBivF (Z)] (17)

where o is the conductivity of the magnetic steel, and w is the
frequency of the magnetic field, and d is the thickness of the
magnetic steel, and By, is the average magnetic density, and

A is the penetration depth, A = /2/(wpo).

B. INFLUENCE OF THERMAL RESISTANCE ON OUTPUT
TORQUE

The heat balance equation of the three-dimensional thermal
network model can be easily established according to the

Kirchhoff law. To determine the temperature at each node,
Eq. (18) can be solved [28], [31].

AX =B (18)

where A is the heat conduction matrix, X is the temperature
matrix containing the temperature at each node, and B is the
loss matrix containing the losses at each node.

k
Ab,, = z [A*(m,n) — AT (1, n)]|B(n, 1) (19)

n=1

The temperature rise of any node m relative to the envi-
ronment can be obtained by Eq. (19) [28], where A + is
the Moore-Penrose generalized inverse of A. By calculating
Eq. (18) and Eq. (19), the temperature rise result of the stator
winding can be obtained from Eq. (20) [24].

Aecu = kIPcu + kZ(Pst + Pw) + k3Psy (20)

where k1, ky and k3 are the relational expressions composed
of thermal resistance between different nodes.

It can be seen from Eq. (20) that not only the copper
loss, but also the stator core loss and the permanent magnet
eddy current loss also lead to the increase of the winding
temperature. The contribution to the temperature rise of the
windings depends on the different loss values and the thermal
resistance between the nodes of the different motor compo-
nents. In addition, Eq. (20) also provides an understanding
of the mathematical relationship between losses and thermal
resistance and the temperature rise of the stator windings.
Therefore, the maximum allowable copper loss under the
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limit of the temperature rise of the stator winding can be
calculated by Eq. (21) [24].

ABey
k1

Since the reluctance torque of PMSM motors with concen-
trated windings is usually negligible [32], when the air-gap
flux density distribution is uniform and the influence of arma-
ture reaction is ignored, its electromagnetic torque can be
calculated by Eq. (22) [24].

k k3
Py = — —(Ps + Py) — _Psy 21
ky ky

T = 2Dy LNy laBg (22)

where B, is the air gap magnetic flux density.

Itis assumed that the stator iron loss and permanent magnet
eddy current loss do not change with temperature, and the
electromagnetic load and the size of each component under
different cooling methods remain unchanged, that is, Py ,Pgy
and P,, are constants.

Therefore, when the external dimensions of the prototype
remain unchanged, Eq. (14) and Eq. (21) are substituted
into Eq. (22), and then the electromagnetic torque can be
conveniently expressed as a function of the loss and thermal
resistance based on the winding temperature constraint, such
as Eq. (23) is shown.

[Agcu —ky (Py + Py) + k3Psy] A

6Ny%)00 (I + otcubeu) (La + Le)
(23)

T = 2DmLaNWBg\/

Based on the winding temperature constraint, it can be seen
from Eq. (23) that the output torque of the motor has a direct
relationship with the thermal resistance of each component
under a specific motor size and electromagnetic load. There-
fore, the thermal management mode affects the torque output
ability of the motor.

V. VERIFICATION AND DISCUSSION OF FINITE ELEMENT
METHOD

A. VERIFICATION OF THREE-DIMENSIONAL THERMAL
NETWORK MODEL CONSIDERING SECONDARY
CIRCULATION

In order to verify the effectiveness and high accuracy of
the three-dimensional thermal network model considering
secondary circulation, Fluent software was used to solve
and analyze the cooling schemes of the prototype with
companion-type direct cooling. The motor winding models
in the companion-type direct cooling schemes is established
according to the actual distribution and winding conditions,
and equivalent slot insulation is used to replace various insu-
lating materials such as dipping varnish in the slot and inter-
turn insulation. In order to simulate the airflow inside the
motor, the interaction between the rotor and the fixed parts is
modeled using the rotating coordinate system in the software
to simulate the air convection state between the stator and
rotor air gaps and between the end of the part and the end
cover [33].
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FIGURE 9. Temperature distribution diagram of each component of the
companion-type direct cooling motor.

In the companion-type direct cooling scheme, the flow
rate and inlet temperature of the cooling medium were set
to 0.5m/s and 33°C respectively, while the ambient air tem-
perature was set to 15°C, and the temperature distribution of
each component during rated operation of the prototype was
simulated. The temperature distribution of each component
of the motor based on the companion-type direct cooling
scheme is shown in Fig. 9.

A three-dimensional thermal network model (defined as
3D-LTPN1) of the companion-type direct cooling scheme
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TABLE 2. Comparison of calculation time and relative error.

Method Calculation duration(h)  Relative error with FEA(%)
3D-LTPN1 0.12 5.06
3D-LTPN2 0.13 1.63

Finite element 1.17 /

is established in reference [19]. Under the same load and
coolant parameters, it is compared with the three-dimensional
thermal network model considering secondary circulation
(defined as 3D-LTPN2) established in this paper and the finite
element temperature field analysis results. The comparison
results are shown in Fig.10.

The comparison of 3D-LTPN1, 3D-LTPN2 and finite ele-
ment method in calculation time, computer resources and
calculation accuracy is shown in Table 2.

As can be seen from Fig. 10 and Table 2, compared
with the 3D-LTPN1 model, the relative error between
the three-dimensional thermal network model (3D-LTPN?2)
established in this paper and the finite element analysis
results is reduced by 3.4%. This is mainly because the
three-dimensional thermal network model proposed in this
paper not only takes into account the radial-circumferential-
axial heat transfer in all directions, but also takes into account
the axial lamination of silicon steel sheets and the thermal
conductivity of insulating materials in the slot. At the same
time, the secondary circulation of the medium in the spiral
cooling tube is mainly considered. Therefore, the validity and
accuracy of the three-dimensional thermal network model
established in this paper are verified, which can accurately
reflect the temperature field distribution of the companion-
type direct cooling motor in the operation process.

There is little difference between the three-dimensional
thermal network model (3D-LTPN?2) established in this paper
and the 3D-LTPN1 model in terms of computing time and
computing resource requirements. When the finite element
method is adopted, the calculation time is relatively long, and
it takes up a large amount of computing resources. Compared
with the finite element method, the three-dimensional thermal
network model established in this paper reduces the comput-
ing time and computing resources to a great extent. Therefore,
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the three-dimensional thermal network model considering the
secondary circulation established in this paper saves the cal-
culation time and resources under the condition of improving
the calculation accuracy, which is of great significance to the
follow-up optimization research of the companion-type direct
cooling scheme.

B. COMPARISON OF COOLING PERFORMANCE OF TWO
THERMAL MANAGEMENT SCHEMES

Under the same load and cooling medium parameters, the
temperature distribution of each component of the indirect
casing cooling motor during rated operation is simulated and
calculated. The temperature distribution cloud diagram of
each component of the motor is shown in Fig.11. At the
same time, the three-dimensional thermal network analysis
method established in this paper is used to analyze and solve
the temperature of each component of the motor based on
the indirect casing cooling scheme. The calculation results
of the finite element and three-dimensional thermal network
analysis methods of the two thermal management schemes
are compared as shown in Fig.12.

It can be seen from Fig.11 and Fig.12 that the relative
error between the three-dimensional thermal network model
considering the secondary circulation factor established in
this paper (3D-LTPA2) and the finite element analysis results
is 1.71%, indicating that the 3D-LTPA2 model still has high
prediction accuracy when performing thermal analysis on
motors based on indirect casing cooling schemes. At the
same time, it can also be seen that that the temperature of
the components of the motor based on the companion-type
direct cooling is lower than that of the motor based on
the indirect casing cooling, which is mainly due to the
low thermal resistance path between the winding hot spot
and the cooling medium provided by the companion-type
direct cooling scheme, thereby improving the heat dissipation
capacity of the motor, thereby reducing the thermal poten-
tial energy absorbed by each component before the motor
reaches thermal equilibrium, and finally reducing the over-
all temperature rise level of the motor. Fig.12 also shows
the rare phenomenon that the end windings are cooler than
the in-slot windings in the companion-type direct cooling
scheme, which is mainly due to the fact that the end windings
are not in contact with the stator core, compared to the
medium in the in-slot cooling tubes, the cooling medium at
the stator end has a higher heat absorption rate.

The heat generated in the indirect casing cooling motor
passes through the stator core yoke and finally passes to
the cooling medium in the casing. The thermal convection
between the stator core yoke and the casing is limited. The
stator core yoke carries a huge heat transfer task. Most of the
heat generated in the companion-type direct motor is trans-
ferred to the cooling medium in the cooling duct. Only a small
part of the heat is transferred to the casing and distributed
to the surrounding environment through the stator core yoke.
It can be imagined that the stator core yoke carries a smaller
heat transfer task. However, there are insulating materials
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FIGURE 11. Temperature distribution of each component of indirect
casing cooling motor.

such as insulating paper and epoxy resin in the stator slot,
the thermal conductivity is small, and the heat transferred
from the stator core yoke and the stator core teeth to the
cooling medium in the slot is limited. Therefore, the stator
core temperature rise of the indirect casing cooling scheme is
slightly higher than that of the companion-type direct cooling
scheme.

Multiple surfaces of the stator slot winding of the
companion-type direct cooling motor are in direct contact
with the cooling duct, and the stator slot winding is like a
bubble in the cooling medium. The heat transfer distance
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FIGURE 13. The winding temperature distribution of the companion-type
direct cooling motor and the indirect casing cooling motor when the load
is 4500 N-m.

between the stator slot winding of the indirect casing cool-
ing motor and the cooling pipe in the casing is long, and
the thermal resistance is large. At the same time, the heat
generated by the stator slot winding needs to pass through
the slot insulation material with small thermal conductivity.
Therefore, the companion-type direct cooling scheme has
strong heat dissipation capacity, and the temperature rise of
the stator slot winding of the indirect casing cooling scheme
is significantly higher than that of the companion-type direct
cooling scheme.

VI. EVALUATION OF THE IMPACT-RESISTANCE
OVERLOAD CAPABILITY OF THE MOTOR

In industrial production, in order to ensure that the vacuum
degree in the vacuum system maintains a certain level, the
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FIGURE 14. The winding temperature distribution of the companion-type

direct cooling motor and the indirect casing cooling motor when the load
is 5000 N-m.

vacuum pump and the motor are often designed into an inte-
grated structure. As the power core of the vacuum dry pump
unit, the performance of the drive motor directly affects the
overload capacity, vibration noise, ultimate vacuum degree
and energy consumption level of the vacuum dry pump. When
the motor capacity is certain and runs in the rated state, the
temperature rise is usually certain. Therefore, the temperature
rise of the motor is closely related to the capacity and working
state of the motor. The temperature rise of the motor is very
important for the design and operation of the motor. There-
fore, it is of great significance to determine the temperature
rise limit of the motor and evaluate the load capacity of the
motor in combination with the specific conditions and the
particularity of the motor working conditions and the special
purpose of the motor.

Due to the complex operating conditions of the vacuum
pump, the leakage rate in the vacuum system may increase
instantaneously due to mechanical reasons or system failures
during the stable operation stage of the motor. When the
impact load is within the maximum torque range of the motor,
this sudden increase in the load may cause the motor to
continue to overload, and the motor will produce an overload
torque greater than the rated torque. As the current increases,
the temperature rise of the motor will also increase, which can
easily cause the motor to overheat or even damage the motor,
resulting in certain economic losses. Therefore, according to
the different requirements of the motor in requirements of the
motor, the quantitative calculation of the impact resistance
of the motor under different working conditions under the
temperature rise limit of the motor can realize the exploration
of the load potential of the motor to meet the special working

VOLUME 11, 2023

Temperature
105.7

105.2
1046
1040 @
1034 [
1029 W
1023 (i
101.7
1012
100.6

100.0
[l

(a)load of 5500 N'-m

Temperature
127.3

126.9
1265
126.0
1266 [,
1252
1248 I
1244
124.0
1236

1232
[c

(b)load of 6000 N-m

FIGURE 15. The winding temperature distribution of the companion-type
direct cooling motor when the load is 5500 N-m and 6000 N-m
respectively.

conditions of the vacuum pump motor and prevent the motor
from overheating. It has very important theoretical value and
practical engineering significance [23].

In order to explore the influence of the heat dissipation
conditions of the stator winding on the overload capacity of
the motor when the impact load occurs, the three-dimensional
thermal network model established in this paper is used
to quantitatively calculate the temperature field under the
impact load with different load rates, and the finite element
analysis is used to verify the applicability of the thermal net-
work model under complex and variable working conditions.

Based on the calculation results of the temperature field
of the indirect casing cooling and the companion-type direct
cooling motor under the rated state, it can be seen that there
is still a safety margin for the winding temperature, and
the load capacity of the motor needs to be further explored.
Therefore, based on the calculation results of the temperature
field under the rated conditions of the motor, the impact load
is simulated by setting the overload torque, and the load
torque is increased by SOON-m one by one. The calculation
result is used as the initial condition of the next simulation
calculation, and after comparing with the maximum torque of
the motor to determine that the motor has no risk of stalling,
the temperature field of the motor under each overload torque
is calculated in turn. The temperature rise of the winding
hottest point of the motor based on indirect casing cooling
and companion-type direct cooling under impact loads with
different load rates is obtained. The temperature distribution
of the winding under different load torques based on the two
thermal management schemes (finite element calculation ) is
shown in Fig.13-Fig.15.
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FIGURE 17. Temperature rise curve of winding hottest spot at load 5000N
m based on indirect casing cooling scheme.

The analysis and comparison results of the hottest spots
of the windings of the two thermal management schemes
by the finite element method and the 3D-LTPA2 method
are shown in Fig.16. The temperature rise curve of the
winding hottest point under the load of 5000N-m of the
motor based on the indirect casing cooling scheme is
shown in Fig.17. The temperature rise curve of the wind-
ing hottest point under the maximum torque of the motor
based on the companion-type direct cooling scheme is shown
in Fig.18.

It can be seen from Fig.16 that the error between the
3D-LTPA2 and the finite element analysis of the hottest spot
analysis of the winding based on the two thermal manage-
ment schemes under different working conditions is very
small, which verifies the applicability and accuracy of the
three-dimensional thermal network model considering the
secondary circulation factor proposed in this paper under
the complex and variable working conditions of the motor.
At the same time, it can be seen from Fig.16-Fig.18 that
when the motor load increases to the maximum torque of
6000N-m, the steady-state temperature of the hottest spot
of the winding based on the companion-type direct cooling
scheme has not yet reached the insulation limit temperature
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of 130°C. However, when the torque increases to 5S000N-m,
the steady-state temperature of the hottest spot of the winding
based on the indirect casing cooling scheme has exceeded
the insulation limit temperature after 2.9 minutes, and the
motor continues to run there will be security risks, so it shows
that the motor based on the companion-type direct cooling
scheme has a stronger impact-resistance overload capability.
At the same time, it can be seen that the motor based on the
companion-type direct cooling is close to the insulation limit
temperature under the maximum electrical load. In the future
work, the cooling system can be optimized to ensure the safe
and stable operation of the motor under the impact load of the
maximum torque.

Time required for winding temperature rise to reach steady
state under different overload torque based on two cooling
schemes are listed in Table 3. It can be seen that under the
same electrical load, the time required for the temperature
rise of the winding to reach a steady state is shorter in the
companion-type direct cooling scheme than in the indirect
casing cooling scheme, which further illustrates the high heat
dissipation efficiency of the companion-type direct cooling
scheme.

Under the same slot filling rate and electrical load, the
stator winding cross-sectional area per turn based on the
companion-type direct cooling scheme is 1/2 times that based
on the indirect casing cooling scheme. The companion-type
direct cooling scheme has a smaller winding cross-sectional
area, resulting in higher current density. However, it can
be seen from Fig.11 that the stator winding temperature
based on the companion-type direct cooling scheme is about
1/2 times that of the indirect casing cooling scheme under
the rated operating condition of the motor. The strong heat
dissipation capacity of the companion-type direct cooling
scheme greatly reduces the temperature rise of the wind-
ing and other components. Therefore, it can be seen from
Eq. (14) that the companion-type direct cooling scheme and
the indirect casing cooling scheme have the same resistance
value of each phase winding, and the copper loss of the stator
winding of the two cooling schemes is the same under the
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TABLE 3. Time required for winding temperature rise to reach steady state under different overload torque based on two cooling schemes.

Load torque Winding current

Temperature rise stabilization time (s)

Steady state temperature of winding (°C)

(N-m) (A)

Direct Indirect Direct Indirect
4000 288 458 525 42.8 82
4500 330 452 518 65.7 114.6
5000 374 461 510 86.1 143.4
5500 421 462 — 107.4 —
6000 465 450 — 129.4 —
same current of each phase. Therefore, the companion-type Casing Dovetail groove

direct cooling scheme has little effect on motor loss and other
electrical properties.

VII. EXPERIMENT VERIFICATION OF SIMULATED
PROTOTYPE

The power loss and related thermal behavior of AC wind-
ings strongly depend on various design factors, including
the geometry of the stator slot, conductor type, conductor
material, conductor layout, and distance from the cooling
source. It is therefore not possible to provide generic and uni-
versal guidelines regarding discussed power loss and thermal
effects as these are strongly driven by a particular application.
Therefore, in order to evaluate the thermal envelope for a new
motor design, a number of tests on a prototype machine are
usually required. As the design process tends to involve a
series of iterations, this may require more than one prototype
machine to be manufactured and tested. Such an approach can
be expensive and time consuming.

In order to provide accurate temperature prediction, the
thermal behavior of different parts of the motor can be pre-
dicted by manufacturing a simulated machine during the
design process. A simulated machine is a representative
subassembly of the stator and winding, manufactured using
materials and processes commonly used in construction of
the final electrical machine prototype. At the same time, the
simulated machine subassemblies are less costly and easier
to prototype, allowing multiple batches to be produced and
compared. At the same time, the ability to predict thermal
behaviour in simulation is highly desirable, in order to reduce
the overall design cycle by producing an optimised machine
with the first prototype iteration. These have proven to be a
time- and cost-effective way to calibrate the thermal model
of the complete machine component before manufacturing
the final design. At the same time, a thermal test on a com-
plete prototype machine is an essential part of the design
process. However, for the centralized stator winding design,
a test-informed thermal analysis on a single stator tooth can
be performed prior to the manufacture of the full machine.
This approach allows for a rapid and inexpensive assessment
of the thermal performance of the complete machine and
early identification of design modifications needed. In ref-
erences [26], [34], [35], [36], [37], [38], [39], and [40],
a simulation machine representing the prototype machine was
manufactured, and the method used in the design process was
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FIGURE 19. Simulation prototype of the companion-type direct cooling
scheme.

verified by the data of the simulation test. The theoretical
results are in good agreement with the experimental results.

In order to facilitate the test and verification of the
companion-type direct cooling scheme, a simulated prototype
structure is designed in this paper, as shown in Fig.19, includ-
ing the stator core structure, companion-type windings and
casing. The designed simulation prototype is in the shape of
a cuboid, the stator slots are parallel slots, and the three stator
teeth are spliced by dovetail groove, which is convenient for
the winding of the companion-type winding. At the same
time, the companion-type winding of the prototype adopts the
same winding method as the previous one.

In order to compare and verify the companion-type direct
cooling and indirect casing cooling, nine circular groove are
axially designed in the casing part of the simulated prototype.
The windings in the stator slots are wound with four copper
conductors in parallel, and the cooling conduits are spirally
wound along the circular groove to simulate the indirect
casing cooling scheme. The designed structure is shown
in Fig.20.

In order to simulate the real operating environment of the
motor, the whole simulation motor structure is placed in the
foam box, and only the shell surface is exposed to the external
environment to simulate the approximate adiabatic environ-
ment of the companion-type hybrid coil in the stator slot.
At the same time, in order to prevent the copper conductor
and the cooling conduit from being separated from each other
when the ends are wound in dislocation, the companion-type
hybrid coil is fixed with self-locking nylon binding tapes at
intervals to ensure that the four parallel copper conductors
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FIGURE 21. Block diagram of the overall test scheme of the simulated
prototype.

and cooling pipes are distributed according to the design
scheme during the whole winding process.

Fig.21 shows the overall test scheme of the simulated
prototype, the cooling circuit consists of a primary circuit
through cooling conduits, a heat exchanger and a water pump,
and a secondary circuit operating as a heat exchanger. In the
simulation test, the industrial water cooler is used to cool the
water medium, which can not only achieve the same opera-
tion effect, but also accurately control the inlet temperature
and flow rate of the cooling medium. The copper conductor
in the companion-type hybrid coil is supplied with the test
current by a three-phase auto-voltage regulator and rectifier
bridge.

The experimental test device for the companion-type direct
cooling scheme and the indirect casing cooling scheme is
shown in Fig.22. Multiple pt100 sensors are embedded in
the circumferential and axial positions of the stator slot and
end winding, and the most hot spots of the stator winding
are directly determined by the temperature display. In order
to simulate and compare the heat dissipation capacity of the
two cooling schemes during the actual rated operation of
the motor, based on the volume relationship between the
simulated prototype and the actual prototype, the conductor
current supplied by the power supply equipment in the two
cooling schemes is 35A during the test. Each temperature
display was recorded every 5 minutes until the temperature
stabilized. Take the steady-state temperature indication at
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management schemes.

the hottest spot of the winding as the maximum tempera-
ture of the winding, and take the steady-state average of
the indications in the slot and end temperature indicators
as the average temperature of the slot winding and the end
winding.

In order to use the test device to verify the accuracy
of the three-dimensional thermal network model consider-
ing the secondary circulation for the thermal evaluation of
the motor, the three-dimensional thermal network model
is used to model the simulation prototype under two ther-
mal management schemes, and the thermal analysis is car-
ried out. The simulation analysis and test of the simulation
prototype under the two thermal management schemes are
carried out under the same coolant inlet temperature and
flow rate at the ambient temperature of 13.8 °C. Fig.23
shows the simulation analysis and test results of the sim-
ulation prototype based on the two thermal management
schemes.

As can be seen from Fig.23, the simulation analysis values
of the simulation prototype based on the two thermal man-
agement schemes are very close to the experimental results,
which further verifies the accuracy of the three-dimensional
thermal network model considering secondary circulation
proposed in this paper. At the same time, Fig.23 also shows
that the maximum temperature rise of windings in the
companion-type direct cooling and indirect casing cooling
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FIGURE 24. Maximum winding temperature of two cooling schemes
under different test currents.

schemes is more than 24K, which verifies the heat dissipation
advantage of the companion-type direct cooling scheme on
the windings. At the same time, it can be seen that the hottest
spot in the indirect casing cooling scheme is at the end of the
winding, and the hottest spot in the companion-type direct
cooling scheme is the winding in the slot. Therefore, the
companion-type direct cooling system can not only signifi-
cantly reduce the temperature of the winding in the slot, but
also solve the problem that the end winding is difficult to
dissipate heat.

In order to study the heat dissipation potential of the
companion-type direct cooling scheme compared with the
indirect casing cooling scheme, a current meter is connected
in series in the test circuit, and the test current in the con-
ductor is visually displayed by adjusting the three-phase self-
coupled voltage regulator, so as to predict the load potential
when the companion-type direct cooling scheme is applied
to the actual motor. The highest temperature rise of winding
in the cooling schemes of the companion-type direct cooling
scheme and the indirect casing cooling scheme under differ-
ent test currents in Fig.24.

It is worth mentioning that the main purpose of the
companion-type direct cooling scheme is to reduce the tem-
perature of the winding hottest spot to achieve higher torque
density. Based on the insulation grade design of the simulated
prototype, the upper limit of the temperature rise of the
windings in the simulated prototype is 80K. As can be seen
from Fig.24, when the test current is 50.2A, the maximum
temperature rise of the windings in the indirect casing cooling
scheme is close to the limit of 80K. However, when the
companion-type direct cooling scheme is used, the highest
steady-state temperature rise of the winding under this current
is only 46.5K, and when the test current is 66.8A, the highest
temperature of the winding is close to the upper limit of the
temperature rise.

Although the simulation test cannot verify the temperature
rise process and steady-state temperature of the winding in
the simulation analysis of the real prototype, it can effec-
tively verify the efficient heat dissipation capability of the
companion-type direct cooling scheme compared with the
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indirect casing cooling scheme. Because the output torque is
proportional to the current, the simulation test also accurately
verifies that the companion-type direct cooling scheme can
excavate the load potential of the motor to a large extent
compared with the indirect casing cooling scheme with-
out exceeding the temperature rise limit of the insulation
system.

VIIl. CONCLUSION

Based on the limitation of thermal limit on the impact-
resistance overload capability of the motor, this paper pro-
poses a thermal management scheme of companion-type
direct cooling, establishes a high-precision three-dimensional
thermal network model considering secondary circulation
to evaluate the impact-resistance overload capability of an
example motor, and compares it with the thermal manage-
ment scheme of indirect casing cooling. The following con-
clusions were drawn:

1) Through the thermal network analysis, it can be seen that
the hottest temperature of the winding in the companion-type
direct cooling scheme is 50% of that in the indirect casing
cooling under rated operating conditions, showing efficient
heat dissipation capacity, which creats a thermal safety con-
dition for improving the overload capacity of the motor under
the impact load.

2) Through the simulation comparison between thermal
network and finite element under rated working conditions,
compared with the three-dimensional thermal network model
established in reference [19], the relative error between
three-dimensional thermal network established in this paper
and finite element analysis results is reduced by 3.4%, and
the relative error is 1.63%. At the same time, the simula-
tion time of the three-dimensional thermal network is only
11.1% of that of the finite element, which greatly shortens the
calculation cycle without affecting the calculation accuracy
of the temperature field, which is beneficial to engineering
applications.

3) Through the simulation calculation of the temperature
field under the impact load condition, it can be seen that
the overload capacity of the companion-type direct cooling
scheme is increased by 20% compared with the indirect
casing cooling scheme. At the same time, the indirect casing
cooling motor can run safely for 2.9 minutes under the con-
dition of 1.25 times the load rate. For the working conditions
where the impact load is close to the maximum torque, the
companion-type direct cooling motor can still run safely for
alonger time, and it has a stronger impact-resistance overload
capability.

4) Through the simulation test of two thermal management
schemes, the validity of the simulation calculation for the
evaluation of load potential is verified. This research provides
a new idea for the exploration of the motor’s load potential
under special working conditions, and also provides a sci-
entific basis for more accurate determination of the reserved
window period of the motor overheat protection device under
extreme working conditions.
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