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ABSTRACT

Satisfying the given output characteristics and achieving high efficiency in different operating speed regions are
important in the optimal design of permanent magnet synchronous motors used as traction motors in urban
electric vehicles.

In this paper, a method is proposed to determine the motor parameters that satisfy the given operating points in
lower or higher speed operating region of output characteristics so that the motor performance can be kept in a
high efficiency range.

The relationships between the motor operating points including maximum torque, base speed and maximum
speed and design parameters including armature magnetic flux linkage, d-axis and g-axis inductance are
considered. And the calculated expressions of relative motor parameters satisfying the operating characteristics
such as the maximum torque in lower speed region and the maximum speed in higher speed region are derived.

This method was applied to the design of a 16 Nm interior permanent magnet synchronous motor (IPMSM) to
verify that the design parameters satisfy the given output operating characteristics.

Keywords: IPMSM, motor parameter, output characteristics, high efficiency, operating point

INTRODUCTION

Permanent magnet synchronous motor (PMSM) is one of the essential actuation elements in modern machinery,
including CNC machine tools and electric vehicles, and the accuracy of control and the quality of production
depend on how it is designed.

Particularly traction motors used in urban electric vehicles require very high efficiency in operation, and hence,
PMSM with low energy consumption is attractive. Therefore, minimizing energy losses is one of the most
important criteria in the optimal design of PMSM [1, 2].

Traction motors for transport vehicles are required to work on the variable torque, power and speed profiles.
Hence, it is necessary to evaluate the performance and the energy losses over the entire driving cycle with lower
and higher speed regions, which is composed of different working points, and to design the optimum.

Page 5397 www.rsisinternational.org


http://www.rsisinternational.org/
https://dx.doi.org/10.47772/IJRISS.2025.909000436

INTERNATIONAL JOURNAL OF RESEARCH AND INNOVATION IN SOCIAL SCIENCE (1JRISS)
ISSN No. 2454-6186 | DOI: 10.47772/1JRISS | Volume IX Issue IX September 2025

Some works designed to reduce the whole cycle into limited working points and minimize the energy
consumption of the motor at some points [3]-[6].

The torque-speed and the power-speed characteristics of an electric vehicle can be represented by several curves.
In the optimization of the design process in the literatures, the torque-speed characteristics are limited to several
working points and the performance of the motor is evaluated by considering the equivalent weight factor at
those points.

To reduce the computational time of energy loss over the whole cycle, the authors [7] proposed an analytical
expression to determine copper loss and iron loss at every working point.

Here, copper and iron losses can be approximated as polynomial functions of d-axis and g-axis stator currents,
which can be estimated from the torque-speed characteristics, reflecting the applied control algorithm. The
coefficients of these polynomial functions can be determined using finite element simulations for some specified
working points.

The above literatures proposed the methods to calculate the loss and efficiency of PMSM given in different
torque-speed characteristics, but no method has been proposed to determine the design parameters suitable for
torque-speed characteristics.

[8] presented a method for determining the pole pair number and stator diameter, design parameters of a high-
speed permanent magnet synchronous motor for electric vehicles, such that the power density was maximized
within a given driving cycle.

[9] and [11] determined the design parameters such as stator and rotor structure, air gap length, stator winding,
slot number, etc. of high power density permanent magnet synchronous motor used as traction motor. [12] and
[13] investigated the influence of diameter, length and turns per coil on the torque, power and efficiency of a
permanent magnet synchronous machine on energy consumption in different drive cycles and different vehicle

types.

However, to our knowledge, the design parameters that are important in determining the output characteristics
of PMSM for electric vehicles are magnetic flux linkage, d- and g-axis inductance.

In [10], a design assist system was used to automatically determine the motor parameters that satisfy the
demanded output characteristics as well as the required motor size. This design assist system was applied to the
design of the surface permanent magnet synchronous motors and calculated the magnetic flux linkage and
armature inductance for operating points of a given output characteristic.

In [14], a method was proposed for experimentally determining the design parameters of a model e.g., optimal
current and magnetic flux linkage for torque control of a surface-mounted permanent magnet synchronous motor
based on magnetic equivalent circuits. However, the above studies did not consider the variation of the d- and
g-axis inductances because of the surface permanent magnet synchronous motor.

[15]-[20] proposed some methods to optimize the rotor core structure of surface and interior PMSM using a
multi-objective optimization method including genetic algorithm. In particular, the d- and g-axis reluctances are
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changeable depending on the rotor core structures in IPMSM. Literatures reported the principles to estimate
design parameters mainly in binary space with respect to multi-objective functions, including current phase angle
or material optimization, but they did not intend to determine parameters with reference to output characteristics.

The genetic algorithm and other optimization methods used so far have determined the structural parameters to
maximize efficiency throughout the operation region, but the method of determining the structural parameters
on the basis of the first determination of the characteristic parameters that satisfy the operating parameters under
the conditions where the operating region where the efficiency is maximized is defined.

In this paper, we have studied the relationship between the torque-speed characteristics and the different
parameters in PMSM, and suggested a method of determining the design parameters, including the magnetic
flux linkage, the d- and g-axis inductance, to satisfy the torque-speed characteristics required for high efficiency.
The proposed method was applied to the design of a 16 Nm IPMSM to get the parameters that satisfy the required
mechanical characteristics.

This paper consists of 6 sections.

1. In Section 2, we presented the changeable range of current vectors to consider the variation of design
parameters with the control strategy in PMSM.

2. Section 3 derives the relationship between the torque-speed and power-speed characteristics and the design
parameters of PMSM.

3. Section 4 describes the method of determining the design parameters of the PMSM, expressed as relative
parameters to satisfy a given output characteristic.

4. Section 5 presents the results of the design of the 16 Nm PMSM. Section 6 concludes the paper.

Current vector change for permanent magnet synchronous motors

Generally, the current control is mostly vector control, and the optimal current vector control is applied to PMSM
to obtain the maximum output under the different control strategies.

The most common mathematical model for analysing PMSM is considered in the d-q reference frame, which is
used to analyse the steady-state and transient operating conditions of PMSM.

Fig. 1 shows the model of PMSM.

The stator voltage equation of the PMSM in stationary reference frame is written as

_uU- _IU_ _‘//U_
U, =R [+=|v,

' (D
uw Iw Vy
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These are converted into the direct voltages in the rotating reference frame with angular velocity @, and the
voltage and flux linkage equations are expressed as follows.

. d
Ug =R,y +%—a)y/q
(2)
=R j dy/q
Uq = alq +?—0)l/ld
Wy = Ly + 4 3)
Ve = Lqiq

where uq and uq are the d-q axis stator voltages, 14 and 14 are the d-q axis stator currents, R, is the armature phase
resistance, yq and yq are the d-q axis magnetic flux linkages, o is the electrical angular speed, L4 and Lq are the
d-q axis inductances, and yr is the rotor permanent magnet flux linkage.

Considering the current and voltage limitations, we can express the armature current, the induced voltage and
magnetic flux linkage as follows:

1, = iz iz <1,, “4)

V, =y f(Lalg +w P+ (L1, =V, (%)

vo=Jwitwl =Ll +w, f+ (L1, ©)

The armature current limit lam corresponds to the rated current of the motor in continuous operation and the
induced voltage limit Vom corresponds to the maximum value of the inverter output voltage.

Page 5400 www.rsisinternational.org


http://www.rsisinternational.org/

INTERNATIONAL JOURNAL OF RESEARCH AND INNOVATION IN SOCIAL SCIENCE (1JRISS)
ISSN No. 2454-6186 | DOI: 10.47772/1JRISS | Volume IX Issue IX September 2025

Maxinmun current
circle

The current is limited to the inner region of the maximum current circle, expressed in Eq. (4), and the voltage is
limited to the inner region of the maximum voltage ellipse, expressed in Eq. (5). The current vector to satisfy
both current and voltage limits is being in the inner region (dark coloured) of the maximum current circle and
the maximum voltage ellipse.

The maximum voltage ellipse decreases to approach point M (id =-w /Ly, i =O) with increasing speed

even though the voltage limit is constant. Depending on whether the point M is inside or outside the maximum
current circle, the control method or the output characteristic of the PMSM in the high-speed region will be
changed.

If the point M is inside the maximum current circle, i.e., v, <L,l,,, the current vectors are available for the

d "am °

speed to be infinite theoretically. If the point M is outside the maximum current circle, i.e., w, > L1, , on the

d "am >

contrary, the maximum current circle and the maximum voltage ellipse are separated above a certain speed and

the current vector becomes not available which is the limit of operation.

When the induced voltage due to the permanent magnets reaches the voltage limit, the angular speed is called
base speed given as follows:

Vom
WOpase = — (7)

The maximum voltage ellipse at the base speed is tangent to the origin. In order to operate at speeds above the
base speed, it is always necessary for the d-axis current to be negative even at no load.
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Torque-Speed characteristics of permanent magnet synchronous motor
Suppose that the PMSM is controlled by the maximum torque per current ratio control method.

In lower speed operation than the reference speed, the voltage does not reach the limiting value and only the
current limitation is considered.

The torque of the PMSM is expressed as (8), the first term is the torque due to the permanent magnet and the
second term is the reaction torque.

T=p(‘//dlq_l//qld)zpl‘/’f'q"'(Ld_Lq)ldqu (8)

Now consider the relationship between |, and 1, to maximize this torque.

q

If the current vector leads g-axis reference current by the angle 8, 1, =—I,sin B, 1, =1,cosp,and Eq. (8) is
transformed into

T=plgl,cosB+(L,—Ly) 1,sin B-1,cosB|= 9)

= p[wflacosﬂ+%(Lq —Ly)-12sin 2,6’:‘

Sincethe T = f(f) of Eqg. (9) is a convex function, Eq. (9) is differentiable with respect to B, and the right
side of the differential equation is set to zero to get the maximum torque value as follows:

% = w1, - (sin B+ (L, — Ly ) 12 cos28]=0 (10)

—yy i +8(L, - L f 12

The value of (3 at which the torque is maximized: S = arcsin
4L, — Ly )

(11)

a

Substituting g from Eq. (11) the d-axis current |, g-axis current 1, are expressed as follows:

V¢ l/’? 12
| = — am (12)
Al -L) \/16(|_0| —L, ) T2

Iq1:V|§m_|§1 (13)

The torque is maximum as | o= lam, and the operating point is the intersection point A of the maximum
torque/current curve and the maximum current circle as shown in Fig. 3, the d and g-axis currents are expressed
by Eq. (12) and (13), and the armature flux linkage is
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Vo= + Ll f + (L1 f (14)
As the induced voltage Vo (= a)t,//o) reaches the limited value Vom, the angular speed of rotation is

a)base =h= Vom (15)

Yo \/(V/f +Ld|d1)2+(|‘q|q1)2

The maximum voltage ellipse intersects point A at this speed, and at higher speeds, the current vector cannot be

controlled at point A. Therefore the rated operation is ranged from zero speed to reference speed ,,, while

operating at maximum torque. In this operation region, the current 1, =1, , and the voltage V <V, .

Operating above the reference speed, the voltage limitation is considered.
To maximize the torque in this region, the current vector is controlled toward the intersection point B of the

maximum current circle and the maximum voltage ellipse, at which the current |, =1_  and the voltage

a am

V, =V

om*

Considering the current and the armature flux linkage,

S -, o
RN 72 e (ar S

At the point B from Fig. 3, the d-axis current is denoted by I, and the g-axis current 1 ,, expressed as follows:

_,/,de _\/(W,Lq)2+(L§—Li){(quam)Z—[v';jz} (17)

1 d2 LZ I—i

a —

L =Alan =1 (18)
Increasing the speed continuously, the operating point gradually moves from point B to point D.
If the minimum value of d-axis flux linkage v .., =¥ —L4l,, < O, the current vector then moves on the

d " am

maximum torque / flux curve to point M as the speed increases, as shown in Fig 3 (a), while the current 1, =1,
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and the voltage V, <V, .

ig[A]

s Mazcirom torquefmurrent DLy current circle

R 72 T T L aee Set S
Mazinmam torqueifhoe s | Macamum voltage elipse 7.,

fz[A]
L :
(a) Vamin =¥ — Ldlam<0
. _ iz [A) ! ) —
NMascinoum torquelfourent | ro i current circle
O <020 : : § / :

1 N Mazimum voltage ellipse.

: : i ; d :
ia[A]

Vamin =¥ — Lg|

d"am >0

(b)

Fig. 3. Current vector trajectory with increasing speed of constant torque control
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Here the voltage limitation is only considered, and the maximum torque/flux control is applied to get the
maximum output power.

The d-axis current is denoted as lg3, and the g-axis current lqz, in this region, expressed as follows:

A
» :_‘/’ft—'/’d (19)
d
V 2 >
Mom_ —(Ay,
|q3=\/[ij( ve) (20)
where
il +\/(LQ"’*)2+8(L‘* ~w () 21)
AVa = alL, — L)

However, if the minimum value of d-axis flux linkage v .., =¥ — L,1.,>0, the maximum torque/flux control

is impossible to be applied, because the maximum torque/flux curve (maximum power/voltage curve) is being

outside the maximum current circle at the speed over @, , the speed at the point D. Here the current and the

voltage are expressed as (17) and (18) respectively.

At the speed the maximum voltage ellipse is tangent to the maximum current circle, the current vector reaches

the point C (1, =-1,,,, I, =0), as shown in Fig 3 (b), and the power is to be zero.

m?

This speed is just the power limit speed expressed as follows:

V

om

VOm (22)

i —Lilan  Wanin

Ojiy =

where Wy, =¥ —Lylan

Wqamn 1S the minimum value of d-axis flux linkage as a result of the maximum flux-reducing MMF, which is an

important parameter to determine the range of the high-speed constant power operation.

Substituting the different expressions for Iq and Iq induced above for the different operation ranges into Eqg. (8),
and considering the power as the product of torque by angular speed, we can get the torque-speed characteristics
and the power-speed characteristics as shown in Fig. 4.
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Fig. 4. Torque-Speed characteristics and Power-Speed characteristics

Trnax torgque - speed curve

! power - speed curve

T

power - speed curve

torgque - speed curve

| Moase Mgz N, e

(@) Wanin =¥ — Lyl <0 O Wanin =¥ — Lyl >0

As shown in the figure, there is a close relationship between the design parameters and characteristics of the
PMSM.

Vqain decides the possible operation range over the reference speed.

If Wiin =¥ — Lyl the minimum value of the d-axis flux linkage, is less than 0, then the maximum possible

d"am >

torque at the reference speed gets smaller, but the maximum speed gets larger, and vice versa.

Therefore, it is desirable to determine the design parameters of the PMSM to satisfy the given output
characteristics, including maximum torque and maximum speed.

Determination of design parameters of permanent magnet synchronous motor by torque-speed
characteristics

Since the torque-speed characteristics of PMSM differ from one motor to another, to generalize them, let us
consider the design parameters as relative values.
Using the armature current limit lam, the induced voltage limit Vom and the base speed @, the armature current,

induced voltage, angular speed, output power, torque, armature resistance, flux linkage and inductance can be
expressed by the relative value as follows :

|*a: Ia V*o:V—0 6!)*= @ P* = P
I am Vom wbase Vom I am (23)
T* waase R* — RI am l//* — wbasel// L* — a)baseLIam
Vom I am Vom Vom Vom
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Considering 1, =1and V., =1, we canneglect the armature resistance and generalize the relationship between

am

the design parameters and the output characteristics.

In the maximum torque per ampere control region operating under the base speed, the voltage is less than the

voltage limit and the optimal current vector should be on the maximum current circle, i.e. 1, =1

a am 2

V, <V,,

.The generalized currents of the d- and g-axis currents to get the maximum torque can be written as

. A e’ 1 24)

|41 = - += 24
4% —L*) \16(L*e -5 f 2

a0 =1 an? = 10 = 41— 1%4)2 (25)

The maximum torque expressed by the relative value is

pl'//f o +(Ld —-L, )Idllqu

Vom 1 am e (26)

= p[l//*f 'I*q1+(|_*d —L*q)'l*dl'l*ql]

B . l//*f ‘//*fz l_ W*f _l
N p{v/ ! \/Z(L*d — L*q)[\/ls(l_*d - L%, )2 T2 4(L*d — L*q):| 2 "
. * 1
+(Ld—|_ q)|:4(|_* e ) \/16(L*d—|_* +2:|><
[z [ Za S S 1
2(Ls — %) V16(Lra —L*gf 2 4(L*e —L%q)| 2

T*max =

If o=, ico* =% =1 from Eq. (23), then V, =V, ie. V¥ =1 and Eq. (14) can be written as

w0 =l + Ll f + (Ll f =1 27)
Substitute Eq. (24) and (25) into Eq. (27), because it can be also satisfied with 1*g: and | *q
(l//*f + L%l *dl)z + (L*ql*ql)z = W*fz +L5° + (L*q2 - L*dz)l *q12 + 2% g =

2 2 2
wrorbeel [T i), e

2 A=) Va6l - L f 2

From Eq. (28), the three motor parameters ¥*¢, L*s and L*q can be formed a curved surface as shown in

Fig. 5.
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In the flux-weakening control region operating above the base speed, the current vector should be controlled by
the intersection of the maximum current circle and the maximum voltage ellipse. In this region, the current and

induced voltage are always |, =1,,, V, =V, and the d- and g-axis currents expressed by the relative values

can be written as

1 2
!//*fl_*d - (l//*fl—*q)2+(|_*q2_|_*d2 (L*q)z—[*j

* =
%42 = e (29)

[ *q2 =+1-1 *i42° (30)

As the speed continues to rise, the current vector enters into the maximum voltage ellipse. If v ., =v; — L4,

<0, the current vector is moved by maximum torque per voltage control to the point M in Fig. 1. In this region,

the current and voltage are 1, <I,,,, V, =V,,. Here the d- and g-axis current to obtain the maximum torque

per voltage are expressed as

* *
| *43 = — w (31)
L™
1 2
o] oy
%45 = _ (32)
L
where
— L qu ™ + \/(L*ql//*f )2 +8(L*q — L*q )2(%]
Ay™ = s (33)
a(L*q — %)
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If Wiin =¥ —L4l,,>0, the point M is outside the maximum current circle and the maximum torque per

voltage control is impossible. In this region, the current vector finally reaches the point where 1, =—I,,, 1, =0

at the maximum, and the output power is zero.
This maximum speed is the power limit speed and its relative value can be written as

V *om 1
o o = * * 1 x * * (34)
v e =Ll Tam wT e =L

Generally, the maximum torque, maximum speed, base speed, maximum current and voltage are given from the
demanded operating points on output characteristics.

From Eq. (26), (28) and (34), the simultaneous equations with the relative parameters w*¢, L*s and L*q are

written as follows:

. v wre® 1 28 _1

p{"' ! \/2(L*d - L*q)[\/le(L*d TS T2 T A — g J 2" (35)
. rw * 1

+(|—d Lq) [40_* —L*q) lG(L*a—L* ) +2}><

- vt wri® R S VA C3 | Voo @oace
2(L¥a — ") 16(L*e — L) 2 4(LFa — L 2 Vo Vam

1 — a)lTBX
wre — L% Dpase
2 2
W*f2+l//*f(5|_*d+|_*q) 2+l L BLre® —1te?)
2 4(L*d — a) 16(|_*d - |_* 2 2

Solve the above equations and three relative parameters can be calculated. Then the real motor parameters are
transformed as follows:

Vo L*
L, =—o—° (36)
a)baselam
vV L*
L, =—0—— 37)
a)basel am
Vom *f
py = L (38)
a)base

The two-dimensional curve of Fig. 5 with the coordinates of L*s and L*q is shown in Fig. 6.
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Here, the family of curves is the one with varying |, and their detailed calculations are given in Table 1.

Fig. 6. Two-dimensional curve for parameter design of PMSM

La
1.4 wi=02
. wi=ga]

' wi=0E \
1 SR

.

0.8 ¥i=08 \\'

" ™
D.E//_,_. i_D.S‘\L -
0.4 L
0.2

0 0.2 0.4 0.6 0.6 1

Table 1. Some of relative parameters of PMSM

L,
Ne |y

L,=0.3 L,=0.4 L,=0.5
1 D2 1.33 1.32 1.3
2 0.4 1.23 1.23 1.215
3 0.6 1.065 1.075 1.085
4 (0.8 0.815 0.82 0.83
5 0.9 0.605 0.61 0.62

The dotted line in Fig. 6 represents the non-salient motor, and its upper left region represents the salient motor.
We can get the different torque-speed characteristics of the PMSM according to the calculated results in Table
1.

Examples
A 16Nm IPMSM was designed to satisfy the given torque-speed characteristic.

The specifications of the IPMSM are listed in Table 2, and the given torque-speed characteristic is shown in Fig
7.

Table 2. Spécifications of the [IPMSM

Item (Unit) Value

Maximum torque Tmax (Nm) 16

Armature current limit I.m (A) |28
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Induced voltage limit Vom (V) |72
Base speed Npase (min™) 1200
Power limit speed Nmax (min™) 3000

Number of poles 2p 6

Fig. 7. Given output characteristic

FNm) T
16

1200 3000 72 (r/min)

A flowchart for the proposed calculation of motor parameters to satisfy the output characteristic is shown in Fig.
8. The relative motor parameters are obtained from the demanded torque-speed characteristic, and the calculated
output characteristic can be drawn from the motor parameters as shown in Fig. 9. The calculated maximum
torque is 16.01Nm as shown in Fig. 9, with a relative error of about 0.63%.

Fig. 8. Flowchart for motor parameter calculation of PMSM

Demanded
operatmg poimts
!
Calculation of T max, & fax

i
Initialization of L', L%, w7

Calculation of %7, i, T

7o | Increazement of
: L'g L. %

Tes

Calculation of g.uJ';

Output of Lz L'y @7
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(a) 3-D parameter surface (b) Calculated output characteristic

It has taken the simulation with FEA (finite element analysis) as shown in Fig.10. The calculation results and
FEA results are shown in Table 3.

An experimental prototype PMSM has been manufactured and tested for validation. Fig. 11 shows the torque-
speed characteristics and power-speed characteristics from the measured values of the prototype motor.

Fig. 10. Flux density of PMSM design model
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1. 6287 e+REE

1. 5834 e+REE
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3, 7586e-001
Z, 5A57e-@0@a1
1. 2529e-081
6. 555858e-087

| ot
0 50 100 {mm)
Table 3. Calculation result
Parameters Relative value Actual value FEA result
d-axis inductance 0.47 0.606mH 0.597mH
g-axis inductance 0.62 0.799mH 0.813mH
armature flux linkage 0.87 0.054Wb 0.055Wb
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CONCLUSION

In this paper, we have studied the effects of the design parameters such as the d- and g-axis inductances and the
magnetic flux linkage on the output characteristics of PMSM including the maximum torque and the maximum
speed.

A design method for the parameters of the PMSM has been proposed to satisfy the desired torque-speed
characteristics. The design parameters of a 16Nm IPMSM have been determined based on the proposed method.
The mechanical characteristics calculated according to the design parameters satisfy the desired one with a
relative error of about 0.63%.

A prototype PMSM with the determined parameters has been designed, simulated with FEA and manufactured
for validation. The measured output characteristics were fully satisfied the desired one.

In future work, the effect of design parameters on the mechanical characteristics for either the maximum torque
control or the maximum power control should be further investigated.
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