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Modeling and Verification of a Six-Phase Interior
Permanent Magnet Synchronous Motor

Muluneh Lemma Woldesemayat

Abstract—In this paper, a new mathematical modeling for a six-
phase interior permanent magnet synchronous motor (IPMSM) is
presented. The proposed model utilizes two synchronous reference
frames. First, the flux model in the abcxy z frame is mapped into
the stationary dq frames and then to two synchronous rotating
frames. Then, differentiating the flux models, voltage equations
are derived in rotating frames. Through this analysis, the interac-
tion between the abc and xyz subsystems is properly described
by a coupling matrix. The torque equation is also derived using the
two reference current variables. Flux model was verified through
FEM analysis. Experiments were done using a 100 kW six-phase
IPMSM in a dynamo system. The validity of the torque equation
was checked with some experimental results under a shorted con-
dition on an xyz subsystem.

Index Terms—Coordinate transformation, interior permanent
magnet synchronous motor (IPMSM), rotor saliency, six-phase
motor, two reference frames.

1. INTRODUCTION

ULTIPHASE, higher than three, machines received a

great attention in electric drive applications recently [1].
Based on the selection of motor types, permanent magnet syn-
chronous motors (PMSMs) were generally preferred than induc-
tion motors from the point of view of efficiency, better power
factor, and higher torque density [2], [3]. Multiphase PMSMs
are preferred for their fault-tolerant nature, less torque pulsation,
and little zero sequence harmonics [1], [4].

The modeling concept of multiphase motors was first intro-
duced during the early development stage of inverter-fed ac
drives [5]. Since then, various application research works were
carried out in the areas such as ship propulsion, aircraft appli-
cation, locomotive traction, and electric vehicles [5], [6]. Zhao
and Lipo [7] demonstrated a modeling technique of six-phase
induction machine in three two-dimensional (2-D) orthogonal
subspaces and called it vector space decomposition (VSD). They
claimed that the dynamics of the electromechanical energy
conversion related machine variables were totally decoupled.

Manuscript received December 12, 2016; revised March 20, 2017 and Au-
gust 20, 2017; accepted December 4, 2017. Date of publication December 13,
2017; date of current version July 15, 2018. Recommended for publication by
Associate Editor E. Lomonova. (Corresponding author: Kwanghee Nam.)

The authors are with the Department of Electrical Engineering, Pohang Uni-
versity of Science and Technology, Pohang 790784, South Korea (e-mail:
mulunehlemma@postech.ac.kr; draco@postech.ac.kr; won@postech.ac.kr;
kwnam@postech.ac.kr).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2017.2782804

, Student Member, IEEE, Heekwang Lee
Sangchul Won, Member, IEEE, and Kwanghee Nam

, Student Member, IEEE,
, Member, IEEE

Among the topologies of six-phase machines, asymmetrical
thirty-degree phase shift winding configuration was preferred
because of its minimal harmonic and torque pulsation [8]-[10].

The same VSD approach was applied to six-phase PMSM
modeling [11]. Although the model included the coupling be-
tween the two sets of three-phase windings, it lacked analysis
of saliency in the interior PMSM (IPMSM). Other modeling
scheme [12], [13] treated the six-phase PMSM as two three-
phase independent motors. Thus, the cross-coupling effects were
ignored totally in the model. It was also reported that by increas-
ing the number of poles and number of phases, efficiency and
torque density could be improved [14].

In the control, six-phase PMSMs were regarded as two
independent three-phase motors having two isolated neutral
points [16]-[19]. The VSD was utilized often for vector control
of six-phase PMSMs [16], [17]. Although VSD was a useful
technique mostly adopted, it did not guarantee balanced cur-
rent sharing between winding sets. Karttunen et al. [16] pro-
posed a vector control scheme that offered improved dynamic
performance and showed balanced current sharing. Additional
improvement of the VSD scheme that adopted a proportional
integral and resonant (second) controller for elimination of cur-
rent unbalance in the a3 subplane was presented in [17]. In
the occurrence of open circuit, VSD became an incomplete de-
coupling mathematical model and a model predictive control
technique was applied [19].

Usage of a split-phase motor such as dual three-phase motors
lowered the back electromotive force (EMF), and as a result
required less d-axis current for a flux weakening scheme in
high-speed operation [20]. Use of additional degree of free-
dom of multiphase machines was presented in the area of grid-
connected wind energy conversion systems and stand-alone
applications [21]. Duran and Barrero [22] also presented the
merits of multiphase machines in the faulty mode of opera-
tion. Moreover, open winding multiphase surface mounted per-
manent magnet synchronous motor (SPMSM) topology em-
phasizing on wide speed range and fault-tolerant operation in
an electric vehicle propulsion system were presented in [23]
and [24], respectively. However, such applications were real-
ized at a cost of increased component counts and more expensive
control.

For healthy operating condition of six-phase machines, VSD
was preferred due to the effectiveness of modeling and con-
trol [16], [17]. However, in case of fault occurrence, VSD did
not guarantee fault-tolerant and minimum torque pulsation re-
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quirement [16], [17]. Additionally, analysis of motor saliency
was not included in the mathematical model of six-phase ma-
chine adopted in [11]-[13], [16], and [17].

The purpose of this paper is to deduce a detailed and accurate
mathematical model of the six-phase IPMSM. More emphasis is
given on the proper analysis and inclusion of motor saliency in
the IPMSM that was ignored in the existing VSD-based model-
ing. Furthermore, two-reference frame based model is pursued
so that a simplified and accurate dynamic model is obtained.
This paper is structured as follows. Sections II and III present
mathematical modeling of six-phase PMSMs, FEM-based in-
ductance calculation procedure, and flux and torque model ver-
ification. Section IV presents the IPMSM dynamic equation in
a synchronous reference frame. Simulation by using FEM anal-
ysis and experimental results are shown in Section V. Finally,
the general conclusion is presented in Section VI.

II. MATHEMATICAL MODELING OF THE IPMSM

Note that IPMSMs are characterized by the rotor saliency.
It is illustrated by the flux path change caused by PM cavities
when the rotor rotates. Therefore, the inductance appears as a
function of rotor angle 6.

A. Review of a Three-Phase Machine

Before describing the whole flux linkage, we will review
briefly how the rotor saliency is modeled in a three-phase
IPMSM. First, it should be reminded that the relative perme-
ability of PM is close to 1, so that the cavities for PM are seen
as additional air gaps to the stator d-axis winding. Therefore,
the d-axis inductance is smaller than the g-axis inductance. For
mathematical treatment, the effective air gap of the IPMSM to a
fixed direction, e.g., horizontal direction, is modeled simply by a
function of the rotational angle  such that g(f) = —————

Yo —71 cos(26)
where vy and 7, are positive constants [25], [26]. For example,
the inductance of a-phase winding will change as the rotor ro-
tates. When the number of turns per phase is equal to N and the
effective gap area A, the inductance appears as

AN® _ pgAN?
L= 'u;g(e) _ Ho 5 ('YO -M COS(29)) =Ly, — L cos(26)
6]

where L,,s = /‘”‘g—w%, Ls = 'L“Jg—fw'yl, and p 1s the perme-
ability of free space. Note that L,,, ¢ is a static component, which
corresponds to the average gap length, and Ls determines the
saliency. Note again that magnetization of PM is irrelevant in
characterizing the saliency, since the PM relative permeability
close to one and the superposition law are applied.

On the other hand, the PM flux linking to abc coils is described
by (0) = 1pm[cos b, cos(d — 2), cos(f + 2F)]T since the
coils are shifted 120° from each other. Let the flux linkage
and current of the abc coil be denoted by Agpe = [Aa, Ap, Ac)l
and ipe = [iq, iy, ic]7, respectively. Then, the flux linkage of
the abe coil is described by

A'olbc [L - LéA(Q)} ial)c + 1/’(9) (2)
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where
i Lm L'm
L, + L, — ——
+ Ly B) 5
L= - Lm Lm + Lls _Ll )
2
L L
_m _m L,, + Ly,
i B 9 + Ly
_ 5 9\ ]
cos 20 cos |20 — il cos |20 + il
3 3
2 2
A(0) = |cos <29 - 37T> cos (29 + ;) cos 26
2 2
cos <20 + ;) cos(26) cos <20 - ;)

L,, + L, is the self-inductance, and L;, is the leakage induc-
tance.

Define by
1 1
1 —= _Z
2 2
2
T=:1|) V3 V3 3)
3 2 2
1
2 2 2

a transformation matrix from the abc frame into a station-
ary 50 frame. Let in0 = [ia, 13, 0]" = Tigpe and Ayj50 =
Ao, Ag, 07 = T[4, ky, Ac]? . Then, it follows from (2) that

Aogo = [TLT ' — Ly;TAO)T ' iago + Tp(0). (4

Let 2-D variables be defined by A,5 = [Aa, A5]7 and inp =

[ia, ig]" using the first two components. Rewriting (4), we
obtain
Aap = Lg (Q)iaﬁ’ + 1/1,2 (0) &)
where
Ly — §L§ cos 20 —§L5 sin 20
Lg(e) = 3 2 2 3
—§L5 sin 260 Ly + 5[/5 cos 260
3
=Lyl-— §L5G(9), (6)
[cos20  sin20
GO)=| . ; %)
| sin 20  —cos 20
, cos 6
"b? (9) = ¢pm . (8)
sin

and I is a 2 x 2 identity matrix and Ly, = 3L, + L;,. Note
that G(6) is the matrix describing the reluctance depending on
the rotor angle. Furthermore, A, transforms the synchronous

dq frame via
cosf) sinf
- sinf cosf

F(0) )
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Fig. 1.  Six-phase IPMSM: (a) coil layout and (b) direction of current vectors:
Rotor angle 6 refers to the angle between the direct axis of the rotor and the
magnetic axis of phase a.

such that

3
. Ly — §La 0 . 1
Ay, = 3 iz, + Ypm 0 (10)
0 LM + *L(s
2
where A9, = F(0)[Aa, A5]" and 15} = F(0)[ia, i5]". These
are well-established equations and appear in textbooks, for ex-
ample, in [25] and [26].

B. Flux Linkage of the Six-Phase IPMSM

The six-phase motors considered in this paper have two sets of
three-phase windings, which are separated by 7 /6 in electrical
angle. The first group is named abc and the second group is
xyz. Fig. 1 shows schematic diagram of a two-pole six-phase
IPMSM.

The same modeling approach is applied here as in the three-
phase case. In the following developments, we look at the wind-
ings of the six-phase IPMSM as two sets of three-phase wind-
ings. The reason is to take the advantage of similarities in the
system matrices of the abc and xyz dynamics as much as pos-
sible. Otherwise, most equations will contain 6 x 6 matrices,
thereby analysis turns out to be very difficult and lose the phys-
ical insights.

However, in the mathematical modeling, the six-phase ma-
chine is not a simple sum of two three-phase machines. There is
a flux linking between the two sets of coils. Furthermore, a big
difficulty lies on the fact that the rotor saliency is seen differently
all the time for the two coil sets due to the phase difference.

The abc coil has two flux linking other than self-induction:
one from the rotor PM and the other from the xyz coil. Let the
current of the xyz coil be denoted by i,,. = [y, iy, i.]” . Then,
the flux linkage of the abc coil is described by

. . . TN .
)"abc - Llab(: + leyz - L(iA(e)labc - L(iA (0 - *) lpyz

12
+ () (11)

where

(12)

Note that M is a static contribution to A,;. made by the xyz
coil shifted by 7/6, and that the matrices [Lg;. : M] already
appeared in six-phase SPMSMs [27], [28]. The PM contribution
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. Flux linking between a—a’ and z—z’ coils: (a) maximum when 0 =
% + {5, and (b) minimum when 6 = {5.

1(0) is also the same as that of the SPMSM. The reluctance part
of the self-inductance —LsA(#) is the same as in the case of
the three-phase IPMSM.

However, we have the other reluctance component from the
xyz coil, and it is described by —LsA(6 — {5). Fig. 2 illus-
trates two extremes: The flux linking from = — 2’ to a — d’ is
maximized when the PM center is aligned to the middle point
of a and z coils, since the PM location gives a minimum hin-
drance to the flux, as shown in Fig. 2(a). The rotor angle is
0 = % + {5, thereby A(6 — 1l2)|0:g+,”—2 = A(%). Note that
—LsA(%)n,1) = —Lscosm = Ls yields the maximum value.

The other case is shown in Fig. 2(b) in which the PM loca-
tion gives a maximum hindrance to the flux. Specifically, the
flux linking from = — 2’ to a — a’ is minimized when 0 = 5.
Then, A(0— {3)[,_. = A(0). Note that —L; A(0)11) =
—Ls cos0 = —L; yields the minimum value. Therefore, the
mutual inductance matrix between abc and zyz coils is mod-
eled by A (0 — {5) for arbitrary angle 6.

Let the flux linkage of the zyz coil denoted by A,,. =
[Az, Ay, A.]T. Following the similar reasoning, it follows that

. . TN .
A':nyz = Ll:nyz + MTla,bn - L(sA (0 - E) labe

™

LA w0 ).

5 (13)

It should be emphasized here that (13) is written with respect to
the xyz frame. The rotor is 7 /6 behind in the xyz frame when
the PM flux is aligned with the horizontal axis. Therefore, we
have (6 — %) for PM flux linkage. The reluctance part of the
self-inductance of the xyz coil appears as —Ls A(f — %) due to
the rotor shifting from the reference position. On the other hand,
the mutual flux from the abc coil is the same as the previous
case (11).

Summing all together, we obtain a six-phase [IPMSM flux

model as
R
A(9) A(a—liz) e ¥(0)
X
so-g) Al o)
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III. COORDINATE TRANSFORMATIONS

Flux linkage of six-phase of the IPMSM (14) is different from
that of the SPMSM due to the reluctance part. Dual coordinates
are also used for d—q stationary and d—q synchronous frames,
in the same way, we have used abc and zyz frames previously.
Otherwise, we ought to use two different coordinate transfor-
mations in order to map abc and xyz variables into a single d—q
coordinate frame. It makes the whole equations very complex,
breaks up symmetries and similarities among many terms, and
causes us to loose physical insights.

A. Flux Model in the Stationary Frame

Since we have two coil sets, the corresponding flux vectors
are named differently in the stationary frame: We denote the
variables with subscripts, («, 3) for the abc frame, whereas
(v, o) for the zyz frame. Here, the same transformation matrix
T is utilized for both abc and xyz variables, and let A9 =
Ay, Ay, 0T = TA,y, and i,p0 = [iy, iy, 0]7 = Ti,,.. Then,
two flux equations are obtained in the stationary frame from
(14) such that

Aaso = TLT ing0 + TMT iy 00 — Ly TA(O)T tiago

_ Ls;TA (9— %) T Yiy00 + Te(0), (15)

Ayoo = TLT i, oo+ TM? TV, 50— L; TA (9 _ %) T

X iy00 — LsTA (9—112) T Yiag0 + T (0—%) .
(16)

Here, it is assumed that iy;. and i,,, are balanced, so that
zero was put into the third component. Disregarding the zero
component, we let A, = [A,, A,]T andi,, = [i-, i,]" . Then,
(15) and (16) can be rewritten as

)Vm’i - Lg (G)laﬁ + Mg(a)i"m + 1:[)/2(9)7 (17)

_ Ty . T (9\s / T
Ao =Ly (0 6) o + MY (0)ias + 94 (9 6) (18)
where
M!](o) =
3\/iLm fgL(; cos (297%) j’)im fgL(; sin (297 %)
3L, 3 . Qo 3\/§Lm 3 ™
1 —§L0 sin <29_E) 1 —|—§L(5 cos <29_6)
3 s
- {MS—2L5G (9—12)} : (19)
3 V3 -1
M, = iLm { 1 \/3] . (20)

Note that the flux linkages are expressed neatly with two types
of functions: L, (6) states the self-inductance, whereas M, (6)
the mutual inductance between the coil groups. Note also that
L, (), G(0), and 9, (#) were already defined in (6), (7), and
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Fig. 3.  Six-phase IPMSM in two stationary and two synchronous frames.

(8), respectively. Equations (17) and (18) show a great symmetry
between the two coil sets shifted by .

B. Flux Model in Synchronous Reference Frames

The two flux vectors A, and A, have 7/6 phase difference.
We apply the same map F(#) in order to map them into the syn-
chronous reference frame. Voltage, current, and flux variables
are mapped from the stationary rectangular frames via F(6). To
distinguish two vectors, we let Ag, ; = [A5,, 15,17 = F(0)Aqs,

§q2 = [)”327 Z2]T = F(H)L,,J, 1§q1 = [231» Z&]T = F(Q)laﬁ,
and i, = [ig,, ity]" = F(0)iy,. Fig. 3 shows the two ref-
erence axes for stationary and synchronous coordinate frames.
(d1, ¢1) are the reference axes for the abc coil, whereas (da, ¢2)
are the other reference axes for the zyz coil. It follows from (17)
and (18) that
Aig1 = Lagiige + Mypigee + 95,1, (2D
A’fhﬂ = qu2i§q2 + M?lilql + ¢§q2

where 1y, = F(0)9'(0) = Ypm[L, 0], by, = F(0)9'(0 —
%) = wpm[§7 _%]T’

(22)

Ly — gL(s 0
F(O)L,(0O)F () = = Lug1,
0 Ly + S Ls
(23)
3 3V/3
T L = ZL(; T\[Ld
F(O)L, (9 - g) Fl(g)= =L,
3‘/§L Ly + 5L
5 M+ 1
(24)
3(Ly —Ls) —(Ln—L
F(0)M, (9)F ' (8) =" l‘[( ?) ?) =M,
4 (Lm +L6) \/g(Lm +L5)
(25)
F(0)M] (0)F ' (0) = M} (26)

It must be reminded that L,; = %Lm + L;,. It is also remark-
able from (19) and (25) that the similarity transformation of
M7 (6) by F(0) yields the constant matrix M. Specifically,
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Fig. 4. 2-D mesh model of an eight-pole six-phase IPMSM.

TABLE I
FLUX LINKAGES FOR A SPECIFIC POSITION 6 = &

Excitation current iqpezy - (A) A, (mWb) Aj, (mWb) AL (mWb)
[50, 0,0, 0,0, 017 6.76 —2.92 1.14
[100, 0, 0, 0, 0, 01" 13.35 —5.80 2.24
[150, 0,0, 0,0, 01" 19.86 —8.68 335
[200, 0, 0, 0, 0, 0]” 26.31 —11.60 4.45
[250, 0,0, 0,0, 01" 32.06 —14.27 5.42
[300, 0,0, 0,0, 01" 36.89 —16.73 6.21

the 0-dependence disappeared completely. Note further that
La1, Ly and Lgo, L,y are the inductances in the synchronous
reference frame. They are different, though a single rotor is
shared. The reason is that the rotor axis is seen differently by
the two coil sets. It is worthwhile to note that Ly, — Lq1 = 3Ls,
whereas Lgy — Lqgo = %L(s. In other words, Lg; < Lgo and
L,1 > Lyo. Therefore, Ly1/Lg1 > Ly2/Ly2, i.e., the saliency
is larger with respect to the abc coil than to the zyz coil.

C. Inductance Determination Through FEM Analysis

It is possible to compute the flux linkage of a coil via FEM
analysis. Fig. 4 shows a 2-D mesh model of an eight-pole six-
phase IPMSM in which magnets are arranged in a V-shape in
each pole. The outer diameter of the stator and rotor is 278 and
171 mm, respectively. The stack length is 120 mm and air gap
height is 0.8 mm.

For the purpose of obtaining the inductances, special cases
are considered when only i, flows. FEM calculations were done
for different 7, s and a specific standstill rotor position § = %.
Table I shows the computed results. Since the current to flux
relation is given by

cos 6
AL [ Xa (0 27r)
cos - —
)\,Z - )\,b - wpm 3
/
ke [ Fe cos <9 + 2—7T)
3
_Lm + Lls 0.5
= | —05L,, |i,—Ls |05, (27)
L —0.5L,, -1
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0.25 - R Lz
T - - - T e
E 020 A
3 Ly
§ 015 & * * —
© Ly
=} o o o
2 0.10 ] " v v o
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Current [A]

Fig. 5. FEM-based inductance calculations.

we can find L,,, L;s, and Ls easily from the above-mentioned
three equations. Further utilizing (23) and (24), Lq1, Lg1, La2,
and L,» were also obtained, and the results are depicted in Fig. 5.
Note that L, ’s are saturated more at high currents.

To prove the validity of the flux model, analytic computa-
tions are compared with the FEM data for different currents
and different rotor angles. Table II shows analytic results based
on (14), as well as the FEM results. Note that they show good
agreements at arbitrary angles although the analytic model was
developed with a simplified air gap function (1).

IV. IPMSM DYNAMIC EQUATION IN A SYNCHRONOUS
REFERENCE FRAME

It is necessary to develop a dynamic equation in the syn-
chronous frame for flux-oriented current control. The reference
frame is rotating in synchronism with § = wt. Itis assumed here
that the rotor flux is aligned with the d1-axis. Then, the d2-axis
is ¢-ahead of the d1-axis.

A. Voltage Equation

The voltage equations are derived directly by differentiating
(21) and (22):

e se d — e se
vdql = rsldql + F(H)%(F 1(0) dql) = rSldql
(0

OF1(0) ., d..
+ wF(H)T aqr T g1 (28)
€ e d — (& e
qu2 = Tsld{ﬂ + F(a)E(F l(a)xd{ﬂ) - 7ﬂSlqu
OF(0)., ¢
+ WF(Q)T dq2 + 77 Mag2 (29)

e — [,e e 1T e _
wh.ere Vg1 = (Vi1 Uq1] »Viga =
resistance per phase. Note that

(V595 UEQ]T, and 7 is the coil

0 -1
1 0

‘| EJ7 '(,b&@ql Eszql

0 e (&
= Ypm |:1:| ; and "pfl'[ﬂ = J'(pdqQ = Ypm

[\ DO =
& v
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TABLE II
VERIFICATION OF FLUX MODEL FOR DIFFERENT CURRENTS AND ANGLES

Current igpeqy. (A) 0 Method ko (mWb) Ay (mWb) A, (mWb) A, (mWb) A, (mWb) 1. (mWb)

[5.5,-10, 5, 5,—10]7 5% FEM 1.49 3.17 —431 3.04 1.49 —4.32
Analytical 1.40 2.90 —4.20 2.90 1.30 —4.20

[0,5,0,0, 5,07 e FEM —0.80 1.59 -0.24 -027 1.59 —0.89
Analytical ~ —0.82 1.50 —0.22 —0.35 1.50 -0.73

The back EMFs ¢, and wij,, are different since the rotor
PM flux angle is seen differently in the two coordinates. On the
other hand, it follows from (21) and (22) that

d.,. d. d .
dt dgy — qul %1(1,11 + Mf ald(ﬂ, 30)
d rd
dt dqz qu2 dtldl]Z + Mf dtldql (31)
Thus, (28) and (29) are rewritten as
e e d
qul = Tsl(lql + qul dtldql +wJLdlllldql +w’lpdql
d., .
+ Mf %ldlZQ + (JJJMflqu, (32)
e e d sc sc ‘e
qu2 = TSquQ + Ld(12 %lqu + w']Ld(ﬂldqQ + w¢dq2
d
+ M7} i — i, + wIMFiG, (33)
where
YT [ ~(Ln +Ls)  —V3(Ln + Ls)
=7
4 \/g(Lm - L5) _(Lm - L‘;)
TML — 3 (Lm - L6) _\/?:(Lm + L6)
P A VB - L) (L + Ls)

Note that (32) and (33) are the voltage equations on differ-
ent synchronous frames (d1°, ¢1°) and (d2°, ¢2°). The voltages
wI L4115 g and wJ Lg,2if 42 are the conventional couplings be-
tween d and ¢ axes in their own frames. However, wJ M;‘fifl g
and wJMyig , are the coupling voltages between the two coil

sets. Furthermore, there are other couplings M %ifi(ﬂ and

M? let ig,, that depend on the current derivatives. This dynamic
model is different from the past model such as VSD [16], [17],
since the mutual interaction between the coil sets is properly

introduced with reluctance.

B. Torque Model

Electromagnetic torque equation 7, is obtained by the cross
product of stator flux and stator current, i.e., in general, torque
is equal to 3 X g % 1g, [26]. The cross product can be replaced
by a complex number operation such that Im{ij, - A5; }, where
Im{-} denotes the imaginary part and * implies the complex
conjugate.

In the six-phase IPMSM, we have two current vectors in the

air gap; iy, and i ,. But the latter is § advanced from the

former. Therefore, the air gap current vector is iy ; + el 19,25
as shown in Fig. 6(a). Similarly, it is necessary to consider the
flux sum A, in the air gap [see Fig. 6(b)] as
Ay = (Lagrigy +¥a,) + ej%(qugifqu). (34
Therefore, the torque of the P-pole six-phase IPMSM is
equal to

3P . T, . e
TC = Tlm{(lgql + el 12(}2) : ((Ldlﬂlqu + wdql)

+[6/F (Lug2iye)]) } = Ter + T + Terz (35)
where
T = %Im{iqu * (Lag1igy, + ¢3q1)*}
— ﬁ (pmiGy + (Lar — Lqg1)igyis,) (36)
Ty = %Im{e 3 ig,0 (ej%quQiquz +¢§q1)*}
_ 3P (%m (ﬁ igy + %;2> + (Laz — Ly2)igaigs
3v3 e2

3P .
71/5( g2 — Zdz)) Ters = Tlm{ldql

iz . 3P jr. .
e (quQlcequ)*} + 7[II1{€J o 13(12 : (qullqu)*}

4
_ 3P
T4

+

9 e e
(Lagr — Las — 1L6)2d11d2

N | =

1
2

/3

9
Ly — Lyo + 4L5> 172

Wl

3\, .
7 (Ldl — Lq2 — 4L5) ZdIZqQ
V3 3
— <L(12 Ly L5) ig1tas

Note that T, represents a torque component by the abc coil,
and T, by the zyz coil. T,; has the normal expression of the
three-phase IPMSM. In case of 1.9, it is necessary to consider
that the PM flux is not aligned with the d2-axis. When ¢§, = 0,
T, has a reduced magnetic torque component wpm§i§2 along

. Note also that 7,5 is the

+
+

(37

with reluctance component %L(g zg%
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Fig. 6. Vector sum in the air gap of a six-phase IPMSM: (a) current sum and (b) flux sum.
TABLE III TABLE IV
FEM VERSUS ANALYTIC TORQUE COMPARISON SIX-PHASE IPMSM PARAMETERS
Cases Excitation current (A)  Flux (Wb) Torque (N-m) % Parameters Value Parameters Value
Error
e Number of poles (P) 8 Rated speed 3000 r/min
iZ . igl Zfl ) ifﬂ Ypm FEM  Analytic Max. power 100 kW Max. torque 320 N-m
Max. current (rms) 320 A rg at 100°C 11.2 mQ2
Case 0 33 0 0 0.051 1009  10.1 0.08 PM flux linkage 0.05Wb  DC-link voltage (Vac) 360V
Case II 0 0 0 66 0.051 19.3 19.33 0.1
Caselll O 132 0 132 0.051 83.83 91.04 8.6
V. EXPERIMENTAL VERIFICATION OF THE PROPOSED MODEL
)
80 Experiments were performed using a six-phase IPMSM de-
veloped with the parameters shown in Table IV. Fig. 9 shows
or the dynamometer, which governs the shaft speed and loading
T 60 —— FEM conditions, six-phase IPMSM, and two inverters.
£.50 Fig. 10(a) and (b) shows FEM results of line-to-line back
] 83.83 o FEM average . .
540 EMF at 3000 r/min. A phase difference of 30° can be checked
o . .
Fao | —-— Analytic from abc and xyz EMFs. Fig. 10(c) shows the corresponding
20 experimental result that matches well with the simulation result.
10 Fig. 11(a) and (c) shows the current responses when the cur-
o rent command was set (4;, i75) = (32.5,32.5) A at 1000 r/min.
o % 180 70 360 Currents i, and i,, are equally shared with 30° phases difference.

Position(6:Electrical)

Fig. 7. FEM versus analytic torque for case III (i‘;l =132A 7;2 = 132 A).

remaining reluctance torque components caused by the saliency
of the rotor.

Fig. 8 depicts the proposed six-phase IPMSM dynamics (32),
(33), and torque model (35). Two subdynamics of abc and zyz
are interlinked by the dotted line. During steady-state opera-
tion, the coupling terms induced by the current differentials
M; %i?qu and M:Jf(%i;ql can be ignored. In the steady state,
wJMyij , and wJ M?igql link two subsystems, which is a
characteristic feature of the six-phase IPMSM.

Table III shows torque calculation results obtained by FEM
and the above-mentioned analytic equation under various cur-
rent conditions. In calculating the analytic torque, inductance
data shown in Fig. 5 were used. A small difference in case III
seem to be caused by core saturation. Note that the two results
are quite close, showing the validity of the equation. Fig. 7
shows torque plot versus electrical angle for case III.

At this time, 20 N-m shaft torque was produced. According to
the torque equation (39), torque was calculated as 19.52 N-m.
Fig. 11(b) and (d) shows another case when producing the same
torque at 1000 r/min with (i}, 4;9) = (—58,58) A, (i35, i}5) =
0,0) A.

To verify the correctness of motor parameters, an experiment
was performed under a shorted condition on xyz coils. The abc
coils were connected to a three-phase inverter, but the xyz coils
were shorted. The shaft was run at a fixed speed 100 r/min by
the dynamometer motor. The inverter current commands were
set to zero initially, but the g-axis current command i;’i was
changed to 100 A in a step manner after 500 ms. Fig. 12(a) and
(b) shows i3, and ig,, respectively. Fig. 12(d)—(f) shows the
corresponding i , and z-phase current ¢,. Finally, Fig. 12(c)
shows the shaft torque. Since the shaft was rotating, the zy z coils
were in a generation state. It is also to be noted that the speed
was set at 100 r/min to avoid excessively large zyz currents.
Note that (i, , i, ) showed a well-regulated behavior, whereas
(ig9, g2 ) ripple currents since 2y z coils were shorted without an
verter.
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Fig. 8. Block diagram representing six-phase IPMSM dynamics.
TABLE V
INDUCTANCES DATA COMPARISON
FEM analysis (i, = 250 A) Experiments (xyz coil shorted)
: |
i Inverter 1 Ly, Ly Ls Ly, Ly L
61.6puH 927puH  52pH  595uH  95.6puH  52uH
Therefore, Ly = 146 uH and L, = 224 pH.
Now, we consider the second-phase experiment where
100 kW [PMSM ('lsl 5 i;l) == (0, 100) A. Let
Fig.9. Experimental environment: dynamometer, six-phase IPMSM, and two e ec . 30
inverters. Alqu =1g42], —1ag2],, = A.
i, =(0,100) ig,,1=(0,0) —38
A. Inductance Calculation It follows from (38) that
Inductances can be estimated experimentally from the above- ML i Il Af 0.0083 39
mentioned shorted condition on xyz coils. Since zyz coils are flagr == W T Laga | Alggr = 0.0145 | (39)

shorted, v 2= 0. Further assuming the steady-state condition,
we obtain from (33) that

-1

i90 = [rI+weILagy | [~w. IMTiG,, —weqp;q2 ].

(38)
Substituting (24) into (38), L, and Ls can be obtained when
g
(i%.i¢1) = (0,0) A. Inserting w, = 41.9 rad/s, 7, = 11.2mQ,
(1G9 222) = (—185,-51) A, and Ypm = 0.051 Wb, we obtain

il-

-1

4
3 & N
T (welcm - \/§wezq2)

[

(weily + V3weily)

;€
—Welgo

Ly
Ls )
We iy
185

X (_rsi§q2 - wew;ieQZ) = [ 52

Since (i5;,i5;) = (0,100) A, we obtain from (39) L, =
59.5 pH. The inductance data obtained from experimental re-
sults are compared with those from FEM analysis in Table V.
Note that when xyz phases are shorted, very high current flows
in xyz phases [see Fig. 12(e)]. Therefore, 7, = 250 A is used for
FEM-based inductance calculation so that equivalent condition
could be achieved for inductance comparison.

B. Verification Via Torque Comparison

Based on the inductance estimates shown in Table V, we
obtain Lg1, Lgi, Lg2, and L2, as shown in Table VI.

With the inductances in Table VI, torque can be com-
puted componentwise: T.;, 1.9, and 7T.;5. For the anal-
ysis of torque when xyz phases are shorted, it is rea-
sonable to exclude 2 Im{ig, , - (¢! TMTig, )}, L Im{el T -
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Fig. 10.  Line-to-line back EMF of the six-phase IPMSM at 3000 r/min: (a) FEM result of abc phases, (b) FEM result of xy z phases, and (c) experimental results.
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TABLE VI
INDUCTANCE ESTIMATES

FEM analysis (i, = 250 A) Experiments (zyz coil shorted)

Lgy Ly Lo Lo L1 L1 L Lo

106.3 uH 263.8 uH 1458 uH 224.5uH 107 uH 263 uH 146 uH 224 yH

TABLE VII
COMPARISON BETWEEN ANALYTIC RESULTS AND TORQUE MEASUREMENTS

Test conditions Analytic Exp.
Shorted Regulated Teq Teo Te12 T, T,
Tyz (ig7,i37) = ONm  —591N-m ONm —59.1N-m —58 N-m

0,0) A
TYz (595 zzﬁl) = 30.6N-m —60.3N-m 84N-m —21.3N-m —21 N-m
(0, 100) A

(Mfi?qu)*}7 and %Im{icelql ’ (MfiZqQ)*} + %Im{ej%iZqQ ’
(ej%MJTcij;ql)*} terms from 7,1, 7.», and T,1, respectively.
The reason is that the specified terms, which are a function
of mutual components, establish themselves well in the sys-
tem when both abc and zyz systems are functioning under
the normal operating condition. It is obvious T,y =T.19 =0
and T, = —59.1 N-m for Lyo = 146 uH, L,» = 224 uH, and
(ig9,159) = (—185,—51) A. T.o is negative since braking
torque was developed by the zyz coil. Note that the analytic
data are quite close to the measured data (—58 N-m) of shaft
torque. The same calculation procedure was applied to the case
where (i3, ,i5,) = (0,100) A. In this case, positive torque was
developed by the abc coil, and 7,15 # 0. Also in this case, the
analytic torque is almost the same as the torque reading. Ta-
ble VII shows a comparison between analytic calculations and
the torque measurements.

VI. CONCLUSION

This work can be differentiated from the past study since it
describe properly the dynamics of the six-phase IPMSM. The
rotor saliency was taken into consideration by the abc and xyz
coils differently reflecting the angle difference. The abc and xyz
coils constitute two subsystems, but affecting each other. Two
reference frames were involved to describe the dynamics of the
six-phase IPMSM. Coupling between the two subsystems was
handled by a coupling matrix M. Also, a torque equation was
derived completely using the two reference current variables.
Three torque components were derived: one from solely by the
abc coil, the second from solely by the zyz coil, and the third
resulted from both.

Model verification was done in many steps throughout the
paper. FEM flux results were compared with the flux model cal-
culations. FEM torque and analytic torque were also compared.
Finally, the model-based calculations were compared with the
experimental data. Using the experimental data resulted from

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 10, OCTOBER 2018

a shorted condition on zyz coils, all the necessary inductances
were calculated, and they were used to predict the shaft torque.
The computed torque was compared with the actual torque mea-
surement, and it was observed that the two results agreed well
remarkably. The vector control method suggested here provides
a reference for the control of the IPMSM.

REFERENCES

[1] E. Levi, F. Barrero, and M. J. Duran, “Multiphase machines and drives-
revisited,” IEEE Trans. Ind. Electron., vol. 63, no. 1, pp. 429-432,
Jan. 2016.

[2] F. Demmelmayr, M. Troyer, and M. Schroedl, “Advantages of PM-

machines compared to induction machines in terms of efficiency and

sensorless control in traction applications,” in Proc. 37th Annu. Conf.

IEEE Ind. Electron. Soc., Nov. 2011, pp. 2762-2768.

J. Huang, M. Kang, J.-Q. Yang, H.-B. Jiang, and D. Liu, “Multiphase

machine theory and its applications,” in Proc. 2008 Int. Conf. Electr.

Mach. Syst., Oct. 2008, pp. 1-7.

E. Levi, “Multiphase electric machines for variable-speed applications,”

IEEE Trans. Ind. Electron., vol. 55, no. 5, pp. 1893-1909, May 2008.

E. Levi, R. Bojoi, F. Profumo, H. A. Toliyat, and S. Williamson, “Multi-

phase induction motor drives—A technology status review,” IEEE Trans.

Ind. Electron., vol. 1, no. 4, pp. 489-516, Dec. 2007.

R. Bojoi, A. Tenconi, G. Griva, and F. Profumo, “Vector control of

dual-three-phase induction-motor drives using two current sensors,” I[EEE

Trans. Ind. Appl., vol. 42, no. 5, pp. 1284-1292, Sep./Oct. 2006.

[7]1 Y. Zhao and T. A. Lipo, “Space vector PWM control of dual three-phase
induction machine using vector space decomposition,” IEEE Trans. Ind.
Appl., vol. 31, no. 5, pp. 1100-1109, Sep./Oct. 1995.

[8] K. B. Yadav, A. K. Mohanty, and P. Kumar, “Recent research trend on
multi-phase induction machines,” in Proc. Int. Conf. Control, Commun.
Power Eng., 2014, pp. 580-586.

[9] H.S. Che, E. Levi, M. Jones, W.-P. Hew, and N. Abd . Rahim, “Current
control methods for an asymmetrical six-phase induction motor drive,”
IEEE Trans. Power Electron., vol. 29, no. 1, pp. 407-417, Jan. 2014.

[10] P. Zheng, F. Wu, Y. Sui, P. Wang, Y. Lei, and H. Wang, “Harmonic anal-
ysis and fault-tolerant capability of a semi-12-phase permanent-magnet
synchronous machine used for EVs,” Energies, vol. 5, pp. 3586-3607,
Sept. 2012.

[11] H. Kim, K. Shin, S. Englebretson, N. Frank, and W. Arshad, “Analytical
model of multiphase permanent magnet synchronous machines for energy
and transportation applications,” in Proc. 2013 Int. Electr. Mach. Drives
Conf., Jan. 2013, pp. 172-179.

[12] A. S. Tomer and S. P. Dubey, “Performance analysis of two inverter fed

six phase PMSM drive,” in Proc. 2013 Nirma Univ. Int. Conf. Eng., Nov.

2013, pp. 1-5.

Y. Demir and M. Aydin, “A novel dual three-phase permanent magnet

synchronous motor with asymmetric stator winding,” IEEE Trans. Magn.,

vol. 52, no. 7, Jul. 2016, Art. no. 8105005.

[14] F. Barrero and M. J. Duran, “Recent advances in the design, modeling,

and control of multiphase machines-Part 1,” IEEE Trans. Ind. Electron.,

vol. 63, no. 1, pp. 449-458, Jan. 2016.

S. Kallio, M. Andriollo, A. Tortella, and J. Karttunen, “Decoupled d-q

model of double-star interior permanent magnet synchronous machines,”

IEEE Trans. Ind. Electron., vol. 60, no. 6, pp. 2486-2494, Jun. 2013.

[16] J. Karttunen, S. Kallio, P. Peltoniemi, P. Silventoinen, and O. Pyrhonen,
“Decoupled vector control scheme for dual three-phase permanent mag-
net synchronous machines,” IEEE Trans. Ind. Electron., vol. 61, no. 5,
pp. 2185-2196, May 2014.

[17] Y. Hu, Z.-Q. Zhu, and K. Liu, “Current control for dual three-phase
permanent magnet synchronous motors accounting for current unbalance
and harmonics,” [EEE J. Emerging Sel. Topics Power Electron., vol. 2,
no. 2, pp. 272-284, Jun. 2014.

3

—

[4

—_

[5

—_

[6

—_

[13]

[15]

[18] Y. He, Y. Wang, J. Wu, Y. Y. Feng, and J. Liu, “A simple current shar-
ing scheme for dual three-phase permanent-magnet synchronous motor
drives,” in Proc. 2010 25th Annu. IEEE Appl. Power Electron. Conf.
Expo., Feb. 2010, pp. 1093-1096.

[19] J. Su, J. Liu, and G. Yang, “Current control strategy for six-phase PMSM
based on MPC under open-circuit fault condition,” in Proc. 2014 17th Int.
Conf. Electr. Mach. Syst., Oct. 2014, pp. 1607-1611.



WOLDESEMAYAT et al.: MODELING AND VERIFICATION OF A SIX-PHASE INTERIOR PERMANENT MAGNET SYNCHRONOUS MOTOR

[20] Y. Lee and J.-1. Ha, “High efficiency dual inverter drives for a PMSM
considering field weakening region,” in Proc. 7th Int. Power Electron.
Motion Control Conf., Jun. 2012, pp. 1009-1014.

E. Levi, “Advances in converter control and innovative exploitation of
additional degree of freedom for multiphase machines,” IEEE Trans. Ind.
Electron., vol. 63, no. 1, pp. 433—448, Jan. 2016.

M. J. Duran and F. Barrero, “Recent advances in the design, modeling,
and control of multiphase machines-Part I1,” IEEE Trans. Ind. Electron.,
vol. 63, no. 1, pp. 459468, Jan. 2016.

T. Gerrits, J. L. Duarte, C. G. E. Wijnands, and E. A. Lomonova, “Twelve-
phase open-winding SPMSM development for speed dependent recon-
figurable traction drive,” in Proc. IEEE 10th Int. Conf. Ecological Veh.
Renew. Energies, Jun. 2015, pp. 1-7.

T. Gerrits, C. G. E. Wijnands, J. J. H. Paulides, and L. Duarte, “Fault-
tolerant operation of a fully electric gearbox equivalent,” IEEE Trans. Ind.
Appl., vol. 48, no. 6, pp. 1855-1865, Nov./Dec. 2012.

P. C. Krause, O. Wasynczuk, and S. D. Sudhoff, Analysis of Electric
Machinery. Piscataway, NJ, USA: IEEE Press, 1995.

K. H. Nam, AC Motor Control and Electric Vehicle Applications. Boca
Raton, FL, USA: CRC Press, 2010.

K. Zhang, H. M. Kojabadi, P. Z. Wang, and L. Chang, “Modeling of
a converter-connected six-phase permanent magnet synchronous gener-
ator,” in Proc. 2005 Int. Conf. Power Electron. Drives Syst., Apr. 2005,
pp- 1096-1100.

J. Su, J. Yang, and G. Yang, “Mathematical model research of six-phase
PMSM,” Adv. Mater. Res., vol. 614/615, pp. 1266-1271, Dec. 2012.

[21]
[22]

[23]

[24]

[25]
[26]

[27]

(28]

Muluneh Lemma Woldesemayat (S’ 16) was bornin
Fincha, Ethiopia, in 1981. He received the B.S. degree
in electrical engineering from Arba Minch Univer-
sity, Arba Minch, Ethiopia, in 2004, and the M.Tech.
degree in power electronics, electrical machines and
drives from the Indian Institute of Technology Delhi,
New Delhi, India, in 2009. He is currently work-
ing toward the Ph.D. degree in electrical engineer-
ing at Pohang University of Science and Technology,
‘ Pohang, South Korea.

His main research interests include analysis, mod-
eling, and control of ac motor drive systems, specially related to permanent
magnet synchronous motors in electric vehicle applications.

Heekwang Lee (S’14) was born in Seoul, South
Korea, in 1988. He received the B.S. degree in electri-
cal engineering from Chungnam National University,
Daejeon, South Korea, in 2012. He is currently work-
ing toward the Ph.D. degree in electrical engineer-
ing at Pohang University of Science and Technology,
Pohang, South Korea.

His research interests include the design, analysis,
and control of power electronic systems, ac motor
drives, and electric vehicles.

8671

Sangchul Won (S°83-M’83) received the B.S. and
M.S. degrees in electrical and electronics engineering
from Seoul National University, Seoul, South Korea,
in 1974 and 1976, respectively, and the Ph.D. degree
-~ in electrical engineering from the University of lowa,
. y Towa City, IA, USA, in 1985.

- He was a Visiting Assistant Professor with the
N University of Iowa, in 1985, and from 1985 to 1987,
4 he was an Assistant Professor with the University of
: New Haven. He was a Visiting Professor with the
Helsinki University of Technology, Espoo, Finland,
in 2005, and with Osaka University, Suita, Japan, in 2009. He is currently a
Professor with the Department of Electrical Engineering and Graduate Institute
of Ferrous Technology, Pohang University of Science and Technology, Pohang,
South Korea, where he is also the Director of the Steel Processing Automation
Research Center. He has authored or co-authored more than 70 international SCI
journal papers and 140 international conference papers. His research interests
include time delay systems, control systems with uncertainties, robot control

and steel-making process control, and automation.

Dr. Won served as the Chairman of the IFAC Mining, Mineral and Metal
Processing Technical Committee in 2002-2008, and he is a Member of the
IFAC Publication Committee. He also served as the President of the Institute
of Control, Robotics and Systems, South Korea, in 2011. He was the President
of the Asian Control Association in 2014-2015. He is an Associate Editor for
the IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS. He is the recipient
of several awards, including a Korean Presidential Medal in 1994, the ICASE
Academic Award, 2002, and the ICCAS Best Paper Award from the Minister of
Knowledge and Economy.

Kwanghee Nam (S°83-M’86) received the B.S. de-
gree in chemical technology and the M.S. degree in
control and instrumentation engineering from Seoul
National University, Seoul, South Korea, in 1980 and
1982, respectively, and the M.S. degree in mathe-
] matics and the Ph.D. degree in electrical engineering
% from the University of Texas, Austin, TX, USA, in
1986.

\\ From 1998 to 2000, he was the Director of the
Q Information Research Laboratories and the Dean of
the Graduate School of Information Technology, Po-
hang University of Science and Technology, Pohang, South Korea, where he is
currently a Professor with the Department of Electrical Engineering. Currently,
he is the Director of the POSTECH E-Car Research Center, developing electric
power trains. He is the author of a book, AC Motor Control and Electrical Ve-
hicle Applications (CRC Press). His current research interests include ac motor

control, power converters, motor design, and electric vehicles.
Dr. Nam was a recipient of the Best Transaction Paper Award from the IEEE
Industrial Electronics Society in 2000 and the Second Best Paper Award at the

2014 IEEE Energy Conversion Congress and Exposition.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


