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Permanent magnet synchronous motors (PMSMs) possess many good characteristics, such as high efficiency and
high torque density. In this study, a design assist system is proposed for PMSMs. This system uses motor parameters
and a magnetic equivalent circuit to design a PMSM that satisfies the demanded output characteristics. This paper
describes the outline of the design assist system. The system is applied to the design of surface permanent magnet
synchronous motors (SPMSMs) and the effectiveness of the proposed system is confirmed.
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1. Introduction

Permanent magnet synchronous motors (PMSMs) are
widely used in many applications, such as home applications
and electric vehicles. Due to their high efficiency and power
density, they contribute to energy savings V.

An optimized motor design must take into account require-
ments such as the torque-speed characteristics and motor
size, because they are different for each application ®®. The
PMSM design is complex, so engineers must have experience
that designed a lot of various motors. However, the motor de-
sign typically involves time-consuming trial and errors ®~.
Therefore, a design assist system that can automatically de-
cide the motor structure to decrease the trial and error process
of the PMSM design is in demanded.

This study proposes a design assist system for PMSM
that automatically decides motor structures based on the de-
manded operating points on output characteristics and re-
quired motor size. The proposed system is applied to
the design of surface permanent magnet synchronous mo-
tor (SPMSM), and two designed models are analyzed by the
finite element method (FEM). The effectiveness of the pro-
posed system is discussed by evaluating the results of the
analyses.

2. Design Assist System for PMSM

A flowchart for the proposed design assist system is shown
in Fig. 1. The proposed system determines the motor struc-
ture parameters from the motor parameters obtained from the
demanded operating points on output characteristics and the
restriction of motor size.

The system is divided into two processes: (1) selection
of the motor parameters and (2) calculation of the motor
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Fig.1. Flowchart for proposed design assist system

structure parameters. First, the motor parameters satisfying
the demanded operating points are selected with considera-
tion of the optimal current vector control under the current
and voltage limitations. Then, the magnetic equivalent cir-
cuit based on the permeance model is used in the calculation
of the motor structure parameters by using the motor param-
eters.
Each process is described in detail in the following.

3. Selection of Motor Parameters

The voltage equation and the torque of a surface perma-
nent magnet synchronous motor (SPMSM) modeled in the
d-q reference frame are expressed as follows:

va| _|RatpPLa  —wLa ||ia| U (1)
Vg - Q)La Ra+pLa il] wy/“

where
V4, vy d- and g-axis voltages
ig, iy d- and g-axis currents
R, armature resistance
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Fig.2. Example of torque vs. speed characteristics

L, inductance (corresponding to d- and g-axis induc-
tances Ly, L)

w electrical rotor angular velocity

p differential operator

P, number of pole pairs

Equations (1) and (2) show that the output characteristics of
the SPMSM depend on the motor parameters. Motor parame-
ters are important in the SPMSM design because they decide
the torque vs. speed characteristics like Fig.2. In the pro-
posed design assist system of the SPMSM, motor parameters
satisfying the demanded operating points on output charac-
teristics are found and used to design the SPMSM. To find
the motor parameters satisfying the demanded output charac-
teristics, this system uses the optimal current vector control
method to obtain the maximum output under the current and
voltage limitations.
The current and voltage are limited to

V, = w\/(g/a + Laid)2 + (Laiq)2 S Vpprrrevereens 3)
1, = \[i> + l’q2 e R R 4
where
V,  induced voltage
Vom induced voltage limit
1, armature current
1, armature current limit

In the following, the relationships between the motor pa-
rameters and the demanded operating points like Fig.2 are
derived under the current vector control methods.

3.1 Maximum Torque per Ampere Control Max-
imum torque per ampere (MTPA) control is applied in the
region of speed where the induced voltage V,, does not ex-
ceed the induced voltage limit V,,,. In this control region, the
armature current /, is equal to the current limit 7,,, and the
induced voltage V,, is less than the voltage limit V,,,. The d-
and g-axis currents in the control region and torque are given
as follows:

ig1 = (T PP (5)
Bt = Iy vevveeenee e ©6)
YA 7

lows:
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From (8) and the demanded maximum torque 7, in Fig. 2,
the relationship between ¥, and L, satisfying the demanded
maximum torque is obtained.

3.2 BaseSpeed  When the induced voltage V, reaches
the voltage limit V,,,, under maximum torque per ampere con-
trol, the speed is called base speed wpqse. From (3), (5) and
(6), the base speed for SPMSM is given as follows:

V[) m

V2 + (Lalam)?

From (9), the relationship between the motor parameters of
L, and ¥, is as follows:
Vom

1 2
N
am Whase

From (10) and base speed Npuse (= N,) in Fig. 2, the re-
lationship between ¥, and L, satisfying the demanded base
speed is obtained.

3.3 Flux-weakening Control for Maximizing Torque

Induced voltage increases with increasing rotor speed.
When the motor speed reaches the base speed under MTPA
control, the induced voltage becomes equal to the induced
voltage limit. Therefore, the induced voltage V,, is controlled
to the induced voltage limit V,, by flux-weakening (FW)
control above the base speed. In this control region, volt-
age and current are equal to their limiting values. The d- and
g-axis currents in this control region are given as follows:

........................ 9)

Whase =

VUW! 2
(_) - g’az - Ld2lam2
. w
B 11
a2 2L, 7, an
i = L2 =2 o ooeveee e (12)

From (2), (11) and (12), the relationship between the motor
parameters is as follows:

. P, \/A(‘Paz + B?) - 2(T? + \C - D)

—_— 13
- (13)
where
A= Pnzlam2
B=V,,/w

C = (T?* + ABY,)?

D = AT?*(B + ¥,)?

From (13) and the torque and speed at the demanded high
speed operating point, such as operating point 2 (T, and Np)
in Fig. 2, the relationship between ¥, and L, satisfying the
demanded operating point is obtained.

3.4 Maximum Torque per Voltage Control  If ¥,y
(= ¥, — L,,,) < 0, maximum torque can be obtained in
the high-speed flux-weakening region by applying maximum
torque per voltage (MTPV) control. In this control region,
induced voltage V, is equal to voltage limit V,,, and armature
current I, is less than current limit /,,. The d- and g-axis
currents in this control region are given as follows:

) LA

in = __La .................................... (14)
Vom

= 15

'3 wL, (5)
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Table 1. Operating points and electrical specification
Item (Unit) Value
Operating Speed N, (min™') 1500
point 1 Torque 7, (Nm) 10
Operating Speed N, (min™') 3000
point 2 Torque T, (Nm) 5

Armature current limit 7, (A) 20

Induced voltage limit  V,, (V) 100

Voltage limit of inverter Vi, (V) 160

From (2), (14) and (15), the relationship between motor
parameters is as follows:

P}’l VOITI W(l
L= ———
wT

From (16) and torque and speed like T} and N, in Fig.2,
the relationship between ¥, and L, satisfying the demanded
operating point is obtained.

3.5 Voltage Limit of Inverter The SPMSM is usu-
ally driven by an inverter. In the high speed region, the in-
duced voltage V, is controlled under the induced voltage limit
Vom by flux-weakening control. However, the back electro-
motive force due to the permanent magnet can no longer be
controlled when the uncontrolled generator mode occurs as
a result of inverter shutdown at high speeds. To drive the
SPMSM safely, the induced voltage under the no-load state
must not exceed the voltage limit of inverter V. The voltage
limit Vjy, corresponds to the voltage on the d-g coordinate
converted from the withstand voltage of the inverter (limit
value of the DC link voltage) which is determined by the
withstand voltage of power device and the breakdown volt-
age of the smoothing capacitor. In the proposed system, it is
considered that no-load induced voltage doesn’t exceed Vjjp,.
This condition is expressed as follows:

................................. (16)

Viim = W e e e eeeeeeeee e (17)
From (17), magnet flux-linkage ¥, is as follows:
Vim
wo= M (18)
w

From (18) and maximum operating speed like N, in Fig. 2,
the maximum value of ¥, satisfying the voltage limit of the
inverter is obtained.

3.6 Design of Motor Parameters  The demanded op-
erating points and limiting values discussed in this paper are
shown in Table 1. In this paper, the voltage limit of inverter
Viim Was set to 160V as shown in Table 1. Generally, the in-
duced voltage limit V,,, determined by the DC link voltage
during normal operation is set lower than Vj, in considera-
tion of the safety factor, so it was set to 100 V in this paper.

In the design of the SPMSM, motor parameters satisfying
two demanded operating points under the limitations of cur-
rent and voltage are obtained from (8), (10), (13), (16), (18)
and Table 1. The motor parameters region is shown in Fig. 3.
In Fig. 3, border 1 is obtained from (8) and T, in Table 1.
The right side of border 1 shows the motor parameters sat-
isfying the maximum torque 7,. Border 2 is obtained from
(10) and N, in Table 1. The lower side of border 2 shows
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Fig.3. Motor parameters region
Table 2. Values of MPP 1 and MPP 2
Item (Unit) Value
Selected motor parameters MPP 1 MPP 2
Magnet flux-linkage %, (Wb) 0.252 0.252
Inductance L, (mH) 75 9.5

the motor parameters satisfying the base speed of N,. Bor-
der 3 is obtained from (13) and 7} and N, in Table 1. The
upper side of border 3 shows the motor parameters satisfying
T, and N,,. Border 4 is obtained from (16) and T}, and N, in
Table 1. The lower side of border 4 shows the motor param-
eters satisfying T, and N,. Finally, border 5 is obtained from
(18) and N, in Table 1. The left side of border 5 shows the
motor parameters satisfying the voltage limit of the inverter
at Np. Therefore, the motor parameters satisfying the con-
ditions listed in Table 1 exist within the region enclosed by
borders 1, 2, 3, 4 and 5, which correspond to the hatched area
in Fig. 3. This area can be theoretically obtained based on the
theory described in 3.1 to 3.5 without the experience or skill
of the designer.

In this design, motor parameter points 1 and 2 (MPP 1,
MPP 2) in Fig. 3 are selected. The values of MPP 1 and 2 are
shown in Table 2. If the motor parameters near each border
was selected, the margin for the demanded operating points
decreases. In consideration of margin, MPP 1 was selected as
the design point near the center of the hatched area in Fig. 3.
On the other hand, it is known that the decrease of torque
at high speed becomes small when the combination of mo-
tor parameters close to the line representing ¥y, = O are
selected. The motor parameter point MPP 2 was selected to
confirm that.

The torque versus speed characteristics calculated by us-
ing the motor parameters at MPP 1 and 2 are shown in Fig. 4.
Figure 4 shows that SPMSMs with motor parameters se-
lected by Fig. 3 satisfy the demanded operating points 1 and
2 shown in Table 1. Therefore, the motor parameters at MPP
1 and 2 are used for the design of SPMSMs that satisfy the
demanded specifications of Table 1. Figure 4 also shows that
the torque at high speed for MPP2 is larger.

4. Calculation of Motor Structure Parameters

The diagram of the calculation of the motor structure

IEEJ Journal IA, Vol.6, No.6, 2017
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Fig.5. Method of SPMSM design

parameters is shown in Fig. 5. In this method, motor struc-
ture parameters are obtained from motor parameters such as
¥, and L,. To obtain the motor structure parameters from
motor parameters, this system uses a simple magnetic equiv-
alent circuit based on the permeance model.

4.1 Permeance Model An example of the design
model and the motor structure parameters is shown in Fig. 6.
The model is SPMSM which is a four-pole SPMSM with dis-
tributed winding stator with 24 slots. Using the design sys-
tem, D,, Ly, Wsy, Wy, Lpy and Wpy, are calculated.

The magnetic equivalent circuit considered in this system
is shown in Fig. 7 and a list of reluctances is shown in Table 3.
In Fig. 7, the numbers of reluctances and motor structure pa-
rameters are set as small as possible in order to calculate the
structure parameters. In the following, relationship between
the motor structure parameters and the motor parameters is
shown using the magnetic equivalent circuit.

4.2 Magnet Flux-Linkage Magnet flux-linkage ¥,
can be calculated by magnetic flux ¢ and coil turns per phase
N, as follows:

412

(c) 3-D model
Fig.6. Structure of SPMSM

Table 3. List of reluctances

Item Symbol
Stator yoke Rgy
Teeth Ry
Air gap between teeth and magnet Ra
Permanent magnet Rpy
Air gap both sides of magnet R
Rotor yoke Rgy

Y, =

To use (19), magnetic flux ¢ and coil turns per phase N,
are as follows:

B = BoySgy «-vvvereeee e (20)
4uS 10t Nisior
N. = oS0l 21
‘ 6S wire ( )
where
Bgy  magnetic flux density of stator yoke

Ssy  area of stator yoke ( = Wsy L)
u winding space factor

S0t area of slot
S wire area of conducting wire
Ny, number of slot

Using (19), (20), (21), and stack length L;, stator yoke

IEEJ Journal IA, Vol.6, No.6, 2017
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Fig.8. Magnetic circuit from permeance model
width Wiy is calculated. Here, magnet flux-linkage ¥, given
from the selection of motor parameters is used.

4.3 Inductance From Fig. 7, the sum of d-axis reluc-
tance R, is obtained as follows:

Rs=Rsy + Rr + Rg1 + Rpmca + Rry -+ -+ -+ (22)
where
Rpuc2 = RpuRG2/(2Rpy + Ra1)
From (22), d-axis inductance L, is as follows:
3N.2
Ly = o e 23
SR, (23)

4.4 Magnetomotive Force The magnetic circuit
from permanent magnet is shown in Fig. 8. In Fig. 8, only re-
luctances of Rg1, Rg> and Rpy are considered in order to con-
stitute a simplified magnetic circuit. From Fig. 8, the equa-
tion of magnet flux ¢py, is given as follows:

¢PM:¢(L+L+L)+L
Rey  Rg1  Rg2) Rai
S IO R PP
Rpy Rg1  Reo

413

Table 4. Parameters decided by motor designer

Item (Unit) Value
Stator diameter D, (mm) 124
Air gap length Lg, (mm) 1.0
Numbers of teeth N, 24
Cross-sectional area of the conducting wire
Supe () 0.632
Space factor u 0.5
Relative permeability of electrical sheet s 1000
Magnetic flux density of stator yoke Bgy (T) 0.85
a(=D,/Ly) 1.5
b (=D, /Dy) 0.5
c(=Wrl Wgy) 0.5
Coercive force H,,(kA / m) 900

Table 5. Result of structure parameters

Item (Unit) Value
Model SPM-1 SPM-2
Selected motor parameters MPP 1 MPP 2
Stator diameter D (mm) 124
Airgap length Lg (mm) 1.0
Rotor diameter D, (mm) 62
Stack length L; (mm) 413
Stator york width Wy (mm) 12.8
Teeth width Wr (mm) 6.4
Magnet length Lp), (mm) 5.23 3.85
Magnet width Wpy, (mm) 23.96 25.63

By using (24), the magnetomotive force Fpy, is as follows:

Fpy = Rendpru

By using the magnet coercive force H.,, magnetomotive
force Fpy; is also given as follows:

Fpy =

Rpmdprm = HepLpy

From (23), (27) and Rpys = Lpp/1oWpep Ly, magnet length
Lpy and magnet width Wp,, are obtained. The calculation
of magnet length Lpy, and magnet width Wp), uses d-axis in-
ductance L, obtained from the selection of motor parameters.

4.5 Design of Motor Structure Parameters The
motor parameters in this design are shown in Table 4. The
motor parameters are decided by a designer who design
SPMSM by using the design assist system and the demanded
specifications in advance. The values of the parameters in Ta-
ble 4 are used. Generally, it is considered that the following
dimensional ratios are suitable in the design of a high effi-
cient motor ®®. The ratio a (= D,/L;) is about 1.5. The ratio
b (= D,/Dy) is about 0.5 to 0.6. The ratio ¢ (= Wy /Wgsy) is
about 0.5 to 0.6. In this paper, each value was selected within
the above-mentioned suitable range.

The designed results are shown in Table 5. Two designed

IEEJ Journal IA, Vol.6, No.6, 2017
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Fig.9. Designed models

Table 6. Analysis condition

Item (Unit) Value or Grade
Armature current limit 7,,, (A) 20
Induced voltage limit 7, (V) 100

Electrical steel sheet 50H470

Magnet NMX-39EH (60°C)
Number of elements in mesh about 23000
15
1,,=20A
12 V,,=100V [__
e 9 ==—=SPM-1 |
Z
= \ = SPM-2
&
5 6 ;
= Operating
3 point 2
\
O 1 1 1 1
0 1000 2000 3000 4000 5000
Speed (min")

Fig.10. Torque vs. speed characteristics of designed
models

models are shown in Fig. 9. In the proposed design method,
¥, given by (19) is mainly used for stator design and L, given
by (23) is mainly used for rotor design. Therefore, the same
stator was designed in SPM-1 and SPM-2 because ¥, is the
same as shown in Table 2. On the other hand, the smaller the
distance between the stator inner diameter and the rotor core
outer diameter, the smaller the reluctance R, and as a result
L, increases. Therefore, it is thought that the magnet length
of SPM-2 designed based on MPP-2 with larger L, became
smaller than that of SPM-1 designed based on MPP-1 with
smaller L,,.

5. Analysis Result of Designed Model

To confirm that the designed models satisfy the demanded
output characteristics, these models are analyzed by 2-D fi-
nite element method (FEM). The analysis condition is shown
in Table 6. The torque-speed characteristics for the designed
models are shown in Fig. 10. In Fig. 10, it is shown that the
models satisfy the demanded output characteristics.

The values of magnet flux-linkage ¥, and inductance L,
of the designed motors, which were calculated by FEM, to-
gether with the selected motor parameters (the same values
in Table 2) are shown in Table 7. The parameters of the de-
signed motor are 10 to 20% larger than the selected motor
parameters. The reason for this is that the calculation of mo-

414

Table 7. Selected motor parameters and designed motor
parameters
Item (Unit) | MPP-1 | SPM-1 [ MPP-2 | SPM-2
¥, (W) 0252 | 0304 | 0252 | 0297
L, (mH) 7.5 8.92 9.5 104

tor structure parameters proposed in this paper is based on a
simple magnetic equivalent circuit, the values of u; and Bgsy
used in designing were maybe different from the values of the
designed motor. The appropriate setting of these parameters
is a future task.

The characteristics of Figs. 10 and 4 appear to be some-
what different. The reason for this is that the parameters of
the designed motor are different from the selected motor pa-
rameters as shown in Table 7. In the designed motor, the
maximum torque was increased due to the increase in ¥,
and the torque at high speeds (in the flux-weakening control
region) became lower as ¥, and L, increased.

6. Conclusions

This paper proposes and describes a design assist system
of the PMSM. This proposed system uses motor parameters
that satisfy the demanded output characteristics, and is ap-
plied to the design of SPMSM. The motor structure parame-
ters are calculated from the motor parameters and the restric-
tion of motor size by using the magnetic equivalent circuit.
The results of 2-D FEM analyses confirm that the SPMSMs
designed by the proposed system satisfy the demanded out-
put characteristics and the motor size. Therefore, the effec-
tiveness of this proposed system is shown.
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