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The split ratio is a significant parameter which affects the torque and efficiency of

permanent magnet synchronous machines (PMSM). This paper proposes a split ratio optimization model
for PMSM considering winding temperature limitation. The typical thermal constraints of the split ratio
optimization are the fixed maximum copper loss and current density allowed. However, as the heat
conductivity of the machine changes with the split ratio due to the variable dimensions of the slots, teeth
and yoke, the typical thermal constraints are difficult to limit the winding temperature at the same level.
To solve this problem, the winding temperature limitation was taken as the thermal constraint directly in
this paper based on the thermal resistance network (TRN). To improve thermal analytical accuracy, the
thermal resistance classification according to the heat source type was proposed. The effectiveness of
the proposed optimization model is verified by finite element analysis (FEA) and experiment of a 5 kW
prototype machine
Keywords：Permanent magnet synchronous machines, split ratio, winding temperature limitation,
thermal resistance network, thermal resistance classification
loss optimization[10-19] .

0 Introduction

In the case of split ratio optimization, the typical

Permanent magnet synchronous machines, due to

thermal constraints usually have two forms: the copper

high torque density, high efficiency and high reliability

loss and current density. Ref.[11-16] optimized the

etc., have become the popular choice for various

split ratio under the global thermal constraint of

applications, such as electric vehicles, compressors,

maximum copper loss allowed. Ref.[17] began with the

vacuum pumps, turbine generator and wind power

introduction of current density as a local thermal

generation system

[1-5]

.

constraint. In Ref.[10,18], the overall heating of the

In the machine design, the envelop dimension is

machine is restricted by limiting the copper loss and

usually limited due to the application, the winding

the local heating of the winding is restricted by limiting

temperature must be guaranteed within the safety

the current density, then the optimization should meet

margin and the stator magnetic field should be avoided

the two thermal constraints at the same time. The

. For these fixed boundary conditions,

double thermal constraints in Ref.[10,18] are more

the preceding studies have demonstrated that the split

comprehensive than the initial single global one in

ratio which relates the rotor diameter to the total

Ref.[11-16]. However, as the heat conductivity of the

machine diameter is in connection with the torque and

machine changes with the split ratio due to the variable

saturation

[6-10]

dimensions of the slots, teeth and yoke, both aboveThis work is partially supported by National Natural Science Foundation
of China (51677041).
Received January 08, 2018; Revised June 01, 2018

mentioned thermal constraints are difficult to limit the
winding temperature accurately. To solve this problem,
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Ref.[19-24] established a connection between the

slot and 10-pole PMSM equipped with surface

copper loss and the winding temperature by building

mounted permanent magnets and non-overlapping

the stator thermal resistance network. In this paper, the

winding. The main parameters are given in Tab.1.

winding temperature is directly taken as the thermal
constraint of the split ratio optimization. To make the
thermal analysis more accurate, this paper further
refined the thermal resistance network by classifying
the thermal resistances according to external and
internal heat source.
Preceding researches have optimized the split
ratio under the maximum thermal constraint with the
goal of generating maximum torque. The high thermal
load not only contributes to the increase of torque, but
also leads to the reduction of efficiency due to the high
copper loss[25] . As the torque and efficiency of machine
show opposite trend with the variable thermal
constraint, the winding temperature should also be

Fig.1 Cross-section of prototype machine
Tab.1 The main parameters of the prototype

optimized together with the split ratio. Therefore, this

Parameter

Value

Parameter

Value

paper proposed an analytical model to determine the

Pole pair p

5

DC bus voltage U/V

270

optimal combination of the split ratio and winding

Slot N s

12

Rated speed n/(r/min)

2 000

temperature for the specific torque and efficiency

Outer diameter D so /mm

150

Active length l a /mm

67

Air-gap length l δ /mm

1

Slot fill factor K Cu (%)

45

requirements.
The objective of this paper is to analytically
optimize the split ratio for PMSM considering winding
temperature limitation. In Section 1, the existing
analytical torque density and efficiency expressions
are summarized and expanded with the influence of
split ratio and copper loss. In Section 2, the thermal
resistance network is proposed and the classification
and calculation of thermal resistance are illustrated. In
Section 3, the relationship between copper loss and
winding temperature limitation is established based on
the solution of thermal resistance network. Besides, the
split ratio is optimized together with the winding
temperature to find the optimal interval of the specific
torque and efficiency. In Section 4, to gain more
confidence in the proposed method, the FEA and
experiment are implemented to validate the analytical
results. Finally, the conclusion is given in Section 5.

1 Analytical Expression of Torque Density
and Efficiency
1.1 Torque Density
As shown in Fig.1, the prototype machine is a 12-

Air-gap flux
density B δ /T

0.87

Maximum flux

1.75

density B m/T

Since the reluctance torque is usually negligible
in the surface-mounted PMSM, the electromagnetic
torque can be given by formula (1) when the air-gap
flux density distribution is uniform and the effect of
armature reaction is ignored [13]

Te = 3Bδla λ Dso N a K w1 I a

（ 1）

where λ is the split ratio, Na is the number of turns per
phase, Kw1 is the fundamental winding factor and I a is
the RMS phase current. It is assumed that there is no
leakage, then the tooth width can be obtained by
bt =

πDso Bδ
⋅
λ
N s Bm

（ 2）

where Bm is the maximum flux density in the stator
tooth and yoke. Because the slot number per phase is
less than 3/2, the back-iron thickness b y is half of the
tooth width as ideally predicted[14] .
Based on the expressions of the tooth and backiron, the stator slot area neglecting the tooth-tips[19]
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As =

π
π
⎡ Dso2 − ( Dso − 2by ) 2 ⎤⎦ −
( Dso2 − Dsi2 ) −
4 Ns
4 Ns ⎣
⎛ D − Dsi
⎞
bt ⎜ so
− by ⎟
2
⎝
⎠

From formula (3) and formula (6), it can be
（ 3）

of the split ratio with the fixed magnetic load, slot
number and stator outer diameter, whereas the length

can be rewritten as

of half turn wire is the linear function of the split ratio.
πDso2
( M λ 2 + N λ + 1)
4 Ns

As =

clearly seen that the slot area is the quadratic function

（ 4）

The cross-section area of the conductor can be
easily obtained by the number of turns, slot area and
slot fill factor. After the known cross-section area and

with the two factors

length, the copper loss can be obtained as
2

⎞⎛ B ⎞
B
π ⎛ π
+ 2 ⎟⎜ δ ⎟ + 2 δ − 1
M=
⎜
Ns ⎝ Ns
Bm
⎠ ⎝ Bm ⎠

（ 5）

⎛ π
⎞B
N = −2 ⎜
+ 1⎟ δ
⎝ Ns
⎠ Bm

（ 6）

where M and N have no physical meanings. They can
be taken as constant values to facilitate the following
formula deductions, because they are only determined
by the magnetic load and slot number and not affected
by the split ratio or copper loss.
Fig.2 shows the simplified equivalent length of
the end-winding[15] .

lew =

12 N a2lw
As K Cu N s

（ 11 ）

where ρ0 is the resistivity of copper at 0 ºC, α Cu is the
temperature coefficient, θCu is the temperature of the
winding. Due to the winding temperature is taken as
the thermal boundary condition of the optimization in
this paper, the resistance value should naturally
consider the temperature influence.
TD =

K Cu
2 2
Bδ K w1
π
ρ Dso

PCu λ

M λ2 + Nλ +1
（ 12）
Pλ + Q

As the outer dimension of the machine remain

π ⎡ bt Dso − 2by + λ Dso
π ⎤
sin ⎥
⎢ +
2⎣2
4
Ns ⎦

fixed, the electromagnetic torque density can be easily
（ 7）

The length of half turn wire can be calculated as
lw = la + lew

PCu = 3I a2 ρ 0 (1 + α Cuθ Cu )

πD
= so ( Pλ + Q)
8

（ 8）

formula (11) to formula (1). It should be noted that the
torque density is referred to the ratio of torque to volume
in this paper. From formula (12), it can be known that
the machine torque density is expressed as a common

with the two factors

function of split ratio and copper loss, that will contribute

⎛
π ⎞ π Bδ
π
P = ⎜ 2 − sin
⋅
+ sin
⎟
N
N
B
N
s ⎠ s
m
s
⎝
Q = sin

expressed as formula (12) by submitting formula (3)-

8l
π
+ a
N s πDso

（ 9）

（ 10 ）

where P and Q have no physical meanings and can also
be taken as constant values similarly.

to the subsequent expression of machine efficiency.
1.2 Efficiency
The iron loss pFe (W/m3) in soft ferromagnetic

materials is normally divided into the hysteresis loss,
the classical eddy current loss and the excess loss[26] .

pFe = kh fBm2 + ke f 2 Bm2 + kexc f 1.5 Bm1.5

（ 13 ）

where kh, ke and kexc are the corresponding coefficients
which can be obtained by fitting the loss curve given
by the manufacturer.
According to the simplified stator shape, the iron
loss of stator teeth and yoke can be given by

⎛ D − Dsi
⎞
− by ⎟
Pst = pFe la Ns bt ⎜ so
2
⎝
⎠

Fig.2 Illustration of end-winding

Psy =

π
pFe ρ Fela ⎡⎣ Dso2 − ( Dso − 2by ) 2 ⎤⎦
4

（ 14 ）
（ 15 ）
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Then the iron loss can be rewritten to emphasize
that it is the quadratic function of the split ratio.

PFe = Pst + Psy = β (U λ 2 + V λ )

（ 16 ）

with the three factors

winding temperature mathematically.

2 Thermal Resistance Network
2.1 Thermal Resistance Classification

To obtain simple, but physically significant,

β=

B
π
pFela Dso2 δ
Bm
2

⎛
π ⎞ π Bδ
U = −1 − ⎜1 +
⋅
⎟
⎝ 2 Ns ⎠ Ns Bm

V = 1+

π
Ns

（ 17 ）

（ 18 ）

following assumptions are made:
directions are independent.
2 ） A single mean temperature defines the heat

（ 19 ）

flow both in the radial and circumferential directions.
3 ） There is no axial heat flow.
4 ） The heat generation are uniformly distributed.
5 ） The airgap is considered adiabatic.

the available electromagnetic power

2π
Pe = Te n
60

expressions for the thermal resistance network, the
1 ） The heat flow in the radial and circumferential

Based on the electromagnetic torque expression,

Based on the above assumptions, the temperature
（ 20 ）

field of the stator can be divided into several regions
neglecting the end-winding. According to the machine

can be rewritten as

structure circumferential symmetry, one slot is selected

Pe = α PCu λ

M λ 2 + Nλ +1
Pλ + Q

to illustrate the thermal network. As shown in Fig.3,
（ 21 ）

there are 8 temperature nodes containing ambient, yoke,
winding and teeth in the network. To more accurately

with the factor

α=

1889

analyze the temperature distribution, especially the
K Cu
2π
nBδla K w1 Dso1.5
ρ
60

（ 22 ）

where α, β, U and V are the constant values which are

winding as the main heat source in the low and medium
speed machine, the winding and the teeth are equally
divided into three parts radially respectively.

only decided by the basic parameters of the machine.
The rotor eddy current loss can be neglected due
to the low frequency. Therefore, the efficiency can also
be derived in terms of λ and PCu as

η=

α PCu λ M λ 2 + N λ + 1 − β (U λ + V λ 2 ) Pλ + Q
α PCu λ M λ 2 + N λ + 1 + PCu Pλ + Q
（ 23 ）

It can be obviously seen that formula (12) and

Fig.3 Stator temperature node

formula (23) are both the functions of the split ratio

According to the symmetry of the temperature node

based on the copper loss limitation. It means that the

distribution, a steady-state thermal resistance network is

permitted copper loss need to be determined first to

constructed as shown in Fig.4. Except for the ambient

find the optimal split ratio for the maximum torque or

temperature node which is the reference of the machine

efficiency. However, the fixed copper loss and current

temperature rise, other 7 nodes all have heat flow input,

density are difficult to limit the winding temperature

one is iron loss in yoke, three are iron loss in teeth and

for the reason that have been illustrated in the Section

three are copper loss in winding. It should be noted that

0 and will be further explicitly elaborated and verified

the power loss generated in the end-winding together

in Section 3. Therefore, a thermal resistance network

with the active copper loss is injected into the 3 winding

need to be built to connect the copper loss and the

nodes. For the winding and stator teeth, each node is
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equipped with the circumferential and radial thermal

Based on the foregoing assumption, the heat flow

resistance which indicating the temperature difference

schematic diagram in the stator is shown in Fig.5a. The

when heat flows through the corresponding region.

heat generated in the winding is transferred to the teeth

There are three thermal resistances in the yoke

circumferentially and simultaneously transferred to the

corresponding to the frame, teeth and winding radially

yoke radially. The teeth receive the heat from the

and no circumferential heat transfer. The thermal

winding and transfers it to the yoke together with its

resistances of the convection and frame are between the

own heat. The yoke receives heat from the winding and

ambient and the yoke. The thermal resistances in the

teeth radially, and then transfers it to the frame with its

network are illustrated in Tab.2 below.

own heat. The heat eventually flows to the ambient air
through the convection.

Fig.4 Thermal resistance network
Tab.2 Thermal resistance description
Thermal

Heat source

Heat source

Heat flow

resistance

type

direction

direction

R 1,2(1)

External

Frame

Ambient

R 1,2(2)

External

Stator yoke

Frame

R 1,2(3)

Internal

Stator yoke

Frame

R 2,3(1)

External

Stator teeth 1

Stator yoke

R 2,3(2)

Internal

Stator teeth 1

Stator yoke

According to the relative position of the heat

R 2,4(1)

External

Winding 1

Stator yoke

source and conductor, the heat source can be divided

R 2,4(2)

Internal

Winding 1

Stator yoke

into two categories:

R 3,4(1)

Internal

Winding 1

Stator teeth 1

R 3,4(2)

External

Winding 1

Stator teeth 1

R 3,5

Internal

Stator teeth 2

Stator teeth 1

R 4,6

Internal

Winding 2

Winding 1

R 5,6(1)

Internal

Winding 2

Stator teeth 2

According to the heat source categories, the

R 5,6(2)

External

Winding 2

Stator teeth 2

thermal resistance of the conductor can also be divided

R 5,7

Internal

Stator teeth 3

Stator teeth 2

into two types:

R 6,8

Internal

Winding 3

Winding 2

1 ） Thermal resistance of internal heat source.

R 7,8(1)

Internal

Winding 3

Stator teeth 3

2 ） Thermal resistance of external heat source.

R 7,8(2)

External

Winding 3

Stator teeth 3

The thermal resistance classification in connection

Fig.5 Thermal resistance classification according to
heat source

1 ） Internal heat source: the heat is generated
inside and transferred out of the conductor.
2 ） External heat source: the heat locates outside
and transfers into the conductor.
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with the heat flow distribution is shown in Fig.5b. In

and the thermal conductivities kp, kc by the following

the winding 1, the heat generated inside is transferred

expressions[27] .

to the teeth circumferentially and yoke radially

Lp

Rpex =

simultaneously, so R2,4(2) and R3,4(1) are both the thermal
resistances of internal heat source; whereas in the

Rpin =

stator teeth 1, the heat generated in the winding 1 is
transferred inside circumferentially, so R3,4(2) is the
thermal resistances of external heat source; the heat

Rcex =

generated inside is transferred to the yoke radially, so

R2,3(2) is the thermal resistances of internal heat source.
For other winding and teeth regions, as well as the yoke
region is defined in the same way. Tab.2 illustrates the
heat source direction and heat flow direction of each
thermal resistance.
It should be noted that there are differences of
calculation method between the thermal resistance of
internal heat source and external heat source, that will
be described in the later section.
2.2 Thermal Resistance Calculation
2.2.1

stator teeth are regarded as the plate conductors, the

（ 25 ）

2kp S p

r
1
ln 2
2πkc Lc r1

（ 26 ）

⎞
⎟
⎟
⎟
⎠

（ 27 ）

The winding is assumed to be consisted of an
equivalent

insulation

and

randomly

distributed

conductors and modeled as a composite for simplicity.
Therefore, the Hashin and Shtrickman’s winding
homogenization method is used and the equivalent
thermal conductivity can be calculated as[28]
ke = kre

Conduction thermal resistance

To obtain simple, but physically significant, the

Lp

r
⎛
2r12 ln 2
r
1 ⎜
⎜1 − 2 21
=
⎜
r2 − r1
4πkc Lc ⎝

Rcin

and frame, the type of the thermal resistance in each

（ 24 ）

kp S p

(1 + K Cu )kCu + (1 − K Cu )kre
(1 − K Cu )kCu + (1 + K Cu )kre

（ 28 ）

where kre and kCu is the thermal conductivity of
insulation and copper, respectively.

frame, stator yoke and winding are all regarded as

Applying the above-mentioned equations, then

cylinder conductors. In view of these two conductors,

the thermal resistances of the network in Fig.5b can be

the internal and external heat source are shown in Fig.6.

easily derived by formula (29)-formula (36).
Dsh
Dso
=
2πk Alla
ln

R1,2(2)

1−
R1,2(3) =

⎛ Dso ⎞
ln ⎜
⎜ D − b ⎟⎟ （ 30 ）
D − ( Dso − by )
⎝ so y ⎠
4πkcorela
2( Dso − by ) 2

2
so

2

by

R2,3(1) =

2kcorebt la N s

R2,3(2) =

R2,4(1) =

are given in terms of the dimensions of the conductors

Dsy − Dst1
4kcorebt la N s

⎛ D −b ⎞
1
ln ⎜ so y ⎟
2πkcorela (1 − p1 ) ⎜⎝ Dsy ⎟⎠

Fig.6 Thermal resistance diagram

The thermal resistances of different heat source

（ 29 ）

1−
R2,4(2) =

2
D
2 Dst1
ln sy
2
D − Dst1 Dst1
2
sy

4πkela (1 − p2 )

（ 31 ）

（ 32 ）

（ 33 ）

（ 34 ）
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π( Dsy + Dst1 )

R3,4(1)

b
− t
4 Ns
2
=
2ke ( Dsy − Dst1 )la N s

R3,4(2) =

bt
2kcore ( Dsy − Dst1 )la N s

（ 35 ）

（ 36 ）

where kcore and kAl are the thermal conductivities of
steel and aluminum respectively, whereas p 1 is the
volume ratio of the corresponding part of the yoke and
p 2 is the percentage of the teeth 1 volume respect to the
stator teeth 1 plus winding 1 volume. The calculations
of other thermal resistances are similar and they will
not be repeated here.
2.2.2

⎡θ1 ⎤ ⎡ θ air ⎤
⎢ ⎥ ⎢
⎥
⎢θ 2 ⎥ ⎢ θsy ⎥
⎢ ⎥ ⎢
⎥
⎢θ 3 ⎥ ⎢ θ st1 ⎥
⎢ ⎥ ⎢
⎥
⎢θ 4 ⎥ ⎢θ Cu1 ⎥
X = ⎢ ⎥ =⎢
⎥
⎢θ5 ⎥ ⎢ θ st 2 ⎥
⎢θ ⎥ ⎢θ ⎥
⎢ 6 ⎥ ⎢ Cu 2 ⎥
⎢θ ⎥ ⎢ θ ⎥
⎢ 7 ⎥ ⎢ st3 ⎥
⎢⎣θ8 ⎥⎦ ⎢⎣θ Cu3 ⎥⎦

⎡ P2 ⎤ ⎡ Psy ⎤
⎥
⎢ ⎥ ⎢
⎢ P3 ⎥ ⎢ Pst1 ⎥
⎥
⎢ ⎥ ⎢
⎢ P4 ⎥ ⎢ PCu1 ⎥
⎥
⎢ ⎥ ⎢
B = ⎢ P5 ⎥ = ⎢ Pst 2 ⎥
⎢P ⎥ ⎢P ⎥
⎢ 6 ⎥ ⎢ Cu 2 ⎥
⎢P ⎥ ⎢ P ⎥
⎢ 7 ⎥ ⎢ st3 ⎥
⎢P ⎥ ⎢P ⎥
⎣ 8 ⎦ ⎣ Cu3 ⎦

The matrix A is the matrix of thermal conductances
where the mth diagonal element Λ m is the sum of all
conductances connected to node m, and Λ m,n is the

Convection thermal resistance

In air-cooled condition, convective heat transfer
coefficient between frame and ambient space can be
obtained as follows[29]

conductances linking node m to node n. They can be
derived by formula(40), formula (41) based on formula
(29)-formula (36).
8

h = 14 × (1 + 0.5 ω )

3

θf
25

（ 37 ）

（ 40 ）

1
R
∑ m , n (i )

（ 41 ）

i

Λm , n =

where ω is the air flow velocity around frame, θf is the
frame temperature which needs to be determined by
iterative solution of thermal resistance network, that

1
R
n =1 ∑ m , n ( i )

Λm = ∑

i

The matrix X is the temperature matrix containing

will be described in the form of flow chart in the next

the temperature at each node, while the matrix B is the

section. Then R1,2(1) can derived as[30]

loss matrix containing the loss at each node[31-33] .
7

（ 38 ）

Δθ m = θ m − θ1 = ∑ ⎡⎣ A+ (m, n) − A+ (1, n) ⎤⎦B(n,1) （ 42 ）

where A is the frame surface area. If the frame has fins,

The temperature rise of any node m relative to

R1,2(1)

1
=
hA

n =1

the ambient can be obtained by formula (42) where

it is assumed that the fin area is included.

A + is the Moore-Penrose generalized inverse matrix

3 Optimal Combination Model

of A . As mentioned in the thermal network, the
winding is divided into three parts, and the

3.1 Permitted Copper Loss Determination

The heat balance equation can be easily set up

temperatures of every part are different. Due to the

based on the Kirchhoff’s law. To determine the

change of split ratio, the winding temperature

temperature at each node, the following is solved

should be chosen as the maximum one of the three

AX = B

（ 39 ）

where
0
0
0
0 ⎤
⎡ − Λ2,1 Λ2 −Λ2,3 − Λ2,4
⎢ 0 −Λ
Λ3 −Λ3,4 − Λ3,5 0
0
0 ⎥⎥
3,2
⎢
⎢ 0 −Λ4,2 −Λ4,3 Λ4
0 −Λ4,6
0
0 ⎥
⎢
⎥
0 − Λ5,3
0
Λ5 − Λ5,6 −Λ5,7 0 ⎥
A=⎢ 0
⎢ 0
0
0 −Λ6,4 − Λ6,5 Λ6
0 −Λ6,8 ⎥
⎢
⎥
0
0
0 − Λ7,5
0
Λ7 − Λ7,8 ⎥
⎢ 0
⎢ 0
0
0
0
0 −Λ8,6 −Λ8,7 Λ8 ⎥⎦
⎣

parts as described in formula (43).
⎧

7

⎫

θ Cu = max ⎨∑ ⎡⎣ A+ ( m, n) − A+ (1, n) ⎤⎦B (n,1) + θ1 ⎬ （ 43 ）
m = 4,6,8
⎩ n =1

⎭

In order to analyze the effect of each stator region
on the winding temperature rise with the change of
split ratio, the influence factor of temperature rise km,n
is defined as shown in formula (44) which represents
the contribution of power loss generated in node n to
the temperature rise of node m.
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km, n = A+ (m, n) − A+ (1, n)

1893

（ 44 ）

Taking node 8 as an example, Fig.7 shows the
change of the influence factors versus split ratio. As
shown in Fig.7, the influence factors k8,7, k8,5, k8,3 are
larger than k8,6, k8,4, k8,2 generally, that indicates the
winding loss plays a dominant role in the contribution
of winding temperature rise. Moreover, the increasing
split ratio will lead to an increase of k8,7, k8,5, k8,3 and
reduction of k8,6, k8,4, k8,2, that can be attributed to the
reduced winding height and increased teeth width,
which make the heat generated in the winding more
difficult to transfer to the teeth to dissipate through the
stator yoke and the heat generated in the teeth easily
dissipated. It should be mentioned that the winding
heat dissipation through the teeth to iron back is more
effective than dissipation from winding to iron back
directly. The change of k8,1 is not obvious, as the stator
thickness reduces little with the split ratio increasing.
Under the specific winding temperature limitation, the
optimal split ratio for the maximum torque can be
obtained according to the flow chart shown in Fig.8.
There are three-level iterations in the flow chart, where
the innermost one is to determine the frame
temperature, the middle one is to maximize the
permitted copper loss, and the outermost one is to find
the optimal split ratio.

Fig.8 The optimal split ratio determination flow chart for the
maximum torque

In the innermost iteration, the temperature cannot
reach stability until the convection coefficient of the
frame is determined suitably. After solving the heat
balance equation, the frame temperature can be
calculated by formula (45). The middle iteration will
not terminate until the winding temperature reaches the
limited value when the copper loss is the maximum one
permitted. After the maximum copper loss allowed is
determined at a specific split ratio, the torque density
can be known by formula (12). In the outermost
Fig.7 Influence factors of temperature versus split ratio

iteration, the optimal split ratio can be found by
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comparing the torque densities of every split ratios. For

temperature on the torque density with different heat

determining the optimal split ratio for the maximum

dissipation condition is shown in Fig.10.

efficiency, the solution method is the same. The twolevel iterations inside is kept unchanged, and the
torque formula (12) in the outermost iteration is
replaced by efficiency formula (23).

θ f = θ air + R1,2(1) ⎡⎣ Psy − Λ2,3 (θ sy − θ st1 ) − Λ2,4 (θ sy − θ Cu1 ) ⎤⎦
（ 45 ）
The permitted current density can be determined

by formula (11) after the copper loss is reached. The
impact of split ratio on these two thermal constraints which
have been used in preceding researches is shown in Fig.9
when the winding temperature is limited to 120 ºC.

Fig.10 Torque density versus split ratio and winding
temperature with different wind

It can be seen from Fig.10a and Fig.10b that the
optimal split ratio is determined to maximize the
Fig.9 Two thermal constraints versus split ratio under
winding temperature limitation

torque density at the same winding temperature. Due
to the reduce of the winding current, the torque density
decreases with the decrease of winding temperature at

It can be clearly seen that the copper loss decreases

the same split ratio. When the heat dissipation is good,

with the split ratio increasing, which is corresponding to

the thermal load of the machine can be increased under

the law of influence factors k8,7, k8,5, k8,3 variation. The

the same winding temperature, and then the torque

current density increases with the increase of split ratio,

density can also be increased at the same split ratio.

that is due to the reduce in the amount of copper with the

Similarly, the change of efficiency is shown in

stator bore diameter increasing. Therefore, the thermal

Fig.11. In Fig.11a, the trend of efficiency versus

constraints by fixing copper loss or current density fail to

winding temperature is opposite to that of torque

limit the winding temperature which may be lower or

density, while the change with split ratio is the same.

higher than the critical insulation safety temperature in

When the winding temperature is high, the copper loss

the design and optimization of the split ratio.

is significantly larger than iron loss due to the large

3.2 Split Ratio and Winding Temperature Optimization

thermal load and resistance. Therefore, the efficiency

The influence of split ratio together with winding

increases with the decrease of winding temperature.
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When the wind is reduced from 4 m/s to none,

common optimal range of the split ratio for the four

something interesting occurs that the maximum

intervals is nearly from 0.5 to 0.6.

efficiency emerged in Fig.11b. When the highest
efficiency point is reached, the iron loss is equivalent to
the copper loss here. The proportion of iron loss to total
loss begins to be significant or even beyond that of
copper loss, that results in the inflection of efficiency.

Fig.12 Optimal combination interval of split ratio and
winding temperature

4 FEA and Experiment Verification
4.1 Split Ratio Verification

To verify the analytical expressions of the torque
density and efficiency, the electromagnetic FEA using
Flux software package is employed.
The comparisons between FEA and analytical
results of torque and efficiency versus split ratio are
shown in Fig.13 when the winding temperature is
120 ºC with 4 m/s wind. The differences between the
analytical and FEA results are attributed to the neglected
leakage flux and armature reaction in the analytical
simplifications. Even so, the analytical optimal split

Fig.11 Efficiency versus split ratio and winding temperature
with different wind

A series of contour lines of the torque density and
efficiency are shown in Fig.12. From the distribution
of the two group curves, the mutual restriction
relationship can be clearly seen. To obtain high torque
density, it is necessary to increase the electrical load of
the machine, consequently, the efficiency will decrease
with the increase of winding temperature. According to
Fig.10 and Fig.11, there are four optimal combination
intervals which correspond to different specific
performance with 4 m/s wind in Fig.12. For example,
the interval 3 represents that the torque density is
within 17 kN·m/m3 and 18 kN·m/m3 and efficiency is
between 95.6% and 95.7%. It can be seen that the

Fig.13 Analytical and FEA results
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ratio still agrees with that by FEA very well for both
torque and efficiency. It should be noted that this paper
focuses on the prediction of the optimal split ratio
considering winding temperature limitation. Therefore,
the imprecisions of the torque and efficiency leaded by
the analytical simplifications do not have a significant
effect on the optimal split ratio determination.
4.2 Winding Temperature Verification

To further verify the accuracy and universality
of the proposed thermal resistance network, the
thermal FEA with ANSYS software package is
employed with “one-slot” stator model considered
for symmetry and simplicity. In the finite element
model, the loss of each part is set to uniform
distribution, that is the same as the assumption in the
thermal resistance network. For different split ratios
and temperature limits, the copper loss obtained by
the TRN is taken into the corresponding finite
element models, and the simulation results are
obtained as shown in Fig.14. It can be observed that
the temperature gradient of the teeth tends to be

Fig.14 Temperature distribution with different split ratio and
temperature limitation

smaller as the split ratio increases, that can be
explained by the decreasing thermal resistance

FEA are shown in Tab.3. It can be observed that

between the teeth and yoke. Moreover, the maximum

the nodal temperatures obtained by TRN agree well

temperature of the FEA are well constrained around

with the simulation results. The temperature error of

the limitation versus split ratio.

each node is less than 5%, that primely proves the

The comparison of nodal temperatures in TRN and

availability of the proposed thermal resistance network.

Tab.3 Nodal temperatures in TRN and FEA
0.60

Split ratio
Temperature Limitation/℃
θ sy

θ st1

θ Cu1

θ st2

θ Cu2

θ st3

θ Cu3

0.45

0.50

0.55

0.65

0.70

120

120

90

120

150

120

120

120

TRN

66.73

81.25

94.93

83.68

83.01

82.33

79.54

74.81

FEA

66.63

80.00

94.75

83.37

82.75

82.13

79.47

75.70

TRN

68.05

83.19

97.51

87.41

86.04

84.79

81.02

75.49

FEA

68.33

83.34

98.04

88.00

86.71

85.46

81.28

77.08

TRN

84.20

111.08

137.31

117.03

114.95

113.22

108.12

99.63

FEA

81.87

106.81

131.58

114.41

113.37

110.60

100.11

97.34

TRN

68.62

84.04

98.64

89.37

87.56

85.95

81.60

75.67

FEA

69.43

85.00

100.27

92.13

89.41

87.46

82.58

77.89

TRN

89.12

119.38

149.04

119.39

119.01

119.27

118.74

113.53

FEA

90.17

120.76

151.27

121.54

122.34

122.23

120.08

116.83

TRN

68.92

84.49

99.25

90.33

88.33

86.55

81.92

75.77

FEA

70.20

86.17

101.83

93.82

91.21

88.89

83.48

78.35

TRN

87.51

116.52

144.90

108.82

110.58

113.40

119.15

119.29

FEA

86.11

113.56

140.87

107.70

109.69

110.79

117.94

117.65
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4.3 Experiment Verification

5 Conclusion

A 5 kW prototype machine is available to verify
the relationship between split ratio and winding
temperature rise. The split ratio of the prototype
machine is designed as 0.66 and the other parameters
are the same as the main parameters shown in Tab.1.
As shown in Fig.15, the winding temperature stabilize
at 73.2 ºC under rated load with 4 m/s winds after 1.5
hours, at that time, the ambient temperature is 25 ºC.

This paper proposes an analytical split ratio
optimization model for PMSM considering the
winding temperature limitation directly based on the
thermal resistance network. The relationship between
the copper loss and the winding temperature rise is
established by the solution of the thermal network. The
maximum permitted copper loss is then used to
determine

the

torque

and

efficiency,

and

the

corresponding optimal split ratio can be finally obtained.
To ensure that both torque density and efficiency
are considered simultaneously, an analytical model to
determine the optimal combination of the split ratio
and winding temperature is proposed. The model
clearly shows the mutual restriction relationship. The
Fig.15 Temperature rise experiment of prototype machine

common range of the split ratio for the different
optimal combination intervals is from 0.5 to 0.6.

The torque sensor shows that the rated torque of

The conventional thermal constraints of fixed

the prototype machine is 19.2 N·m. According to this

copper loss and current density fail to limit the winding

value, the copper loss can be obtained by the above-

temperature which may be lower or higher than the

mentioned analytical model. Then the static winding

insulation safety temperature with the change of split

temperature can be predicted by the thermal resistance

ratio. Therefore, the proposed model gives more

network and the copper loss is taken into the FEA

accurate torque and efficiency estimation and ensures

model for dynamic thermal simulation.

the insulation safety at the same time. The analytical

As shown in Fig.16, the winding temperatures of

results agree well with the results obtained by the FEA

the TRN and FEA are very close，both of them stabilize

and experiment, that gives more confidence in

at about 78 ºC which are nearly 7.0% higher than the

applying this method to optimize the split ratio for such

experimental result. There are two main reasons to

machines at the preliminary design stage.

explain the higher results in both TRN and FEA. Firstly,
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基于绕组温度约束的永磁同步电机裂比
优化方法
张新彤 张成明 李立毅 曹继伟 王凯思源
（哈尔滨工业大学电气学院
摘要

哈尔滨

150001）

裂比是一个影响永磁同步电机转矩和效率的重要参数。该文提出一种基于绕组温度约

束的永磁同步电机裂比优化方法。裂比优化中典型的热约束条件是电机所允许的最大铜耗或电流
密度，然而，定子的齿、轭和绕组尺寸会随着裂比的改变而改变，导致电机的导热能力发生变化，
因此典型的热约束条件难以限制绕组温度在同一水平。为此，该文通过搭建热阻网络，将绕组温
升限制直接作为裂比优化的热约束条件。为提高热网络计算精度，提出基于热源位置的热阻分类
方法。通过有限元分析和 5 kW 样机温升实验，验证了提出的裂比优化模型的有效性。
关键词：永磁同步电机

裂比

绕组温度约束

热阻网络

热阻分类

中图分类号： TM351
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