CHAPTER 3

THE COUPLED MODELING OF NINE-PHASE IPM MACHINES

3.1 Introduction

In this chapter full order models are generated for nine-phase IPM machines for different
stator connections. The coupled models use the basic geometry of the machine, windings
functions, airgap function and permanent magnet flux linkage [83]. In this chapter the equations
of the coupled models are derived in the rotor reference frame. Then using the clock diagram and
the airgap function of the machines, the turn and winding function of the stator windings are
generated. Using the winding and turn functions, the machine inductances are generated as
functions of the rotor angle. The stator inductances are then transformed to the rotor reference
frame. The flux linkages of the permanent magnets, which link the stator phases of the machines,
are also modeled and transformed to the rotor reference frame. Finally using the inductances and
flux linkages, the machines are modeled in rotor reference frame and the models are verified with
simulation results. The major contribution of this chapter is to generate full order models that are
capable to predict both high frequency and low frequency behaviors of the machine. The first
section of this chapter is the modelling of a nine phase IPM machine which has one single star
point. The machine inductances of the single star machine in g and d axis of the rotor reference
frame are also calculated using fainant element method magnetics (FEMM). After this the full
order model of the same machine with three isolated stars (symmetrical) is derived and finally the

full order model of an asymmetrical triple star machine is derived. Using the models of this chapter,
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both the high frequency and low frequency simulation of the machines can be done using one
single model. The models are simulated using MATLAB/Simulink and the simulation results are

presented for each machine.

3.2 Coupled Modeling of the Single-Star Nine-Phase IPM

This model which is a full order model based on the machine geometry is an accurate model
that can be used to study most details of the machine behavior. In this model there would be limited
simplifying assumption in terms of the winding functions and the other parts of the machine
structure. Phase voltages for phases ‘a’, ‘b’, ‘c’, ‘d’, ‘e’, ‘f*, ‘g’, ‘h’ and ‘i’ in 9-phase IPM machine
(presented in Figure 3.1 (a)) are given as equation (3.1). In these equations ‘I’ is the current of
phase ‘x” and ‘pA,’ is the derivation of the flux linkage seen from the phase x” and the term ‘ry’

also represents the stator resistance for each phase of the stator [83].

V,=rl_ +p4,

V, =rl, + p4,

V. =rl, + pA,

V,=rl,+ pAy

V, =rl,+ pAa,

V, =1, + pA, &y
Vg :rslg + pﬁg

V, =rl,+ p4,

V. =rl, + pA,
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The machine is a 4-pole nine-phase with concentrated windings. The machine has 36 slots.

The slot angular pitch can be calculated as:

_180xP 180x4
36

y =20 (Degree) (3.2)

The slot between phases and the full coil pitch can be calculated as:

Phase Shift Between Phases 40 5

Slot Between Phases = , =00 (3.3)

Number of Slots _ 36 _
P 4

Full Coil Pitch =

9 (3.4)

Since the machine has concentrated windings then the belt is equal to 1. Using the equations

(3.2) to (3.4) the winding scheme of the machine can be generated as Table 3.1.

Table 3.1 The winding scheme of nine-phase machine.

A" A B* B ct Cc
1 10 3 12 5 14
A A B.- B+ C. C.
10 19 12 21 14 23
A" A B* B Cc* C
19 28 21 30 23 32
A A B. B+ C C.
28 1 30 3 32 5
D* D E* E F* F
7 16 9 18 11 20
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Table 3.1 Continued.
D. D. E E

16 25 18 27 20 29
D D E* E F F
25 34 27 36 29 2
D D E. E F F
34 7 36 9 2 11
G G H* H | |
13 22 15 24 17 26
G G H. H | |
22 31 24 33 26 35
G G H* H | |
31 4 33 6 35 8
G G+ H H+ | |
4 13 6 15 8 17

(b)
Figure 3.1: (a) The nine-phase machine, (b) The clock diagram of the nine-phase machine.
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Using the Tables 3.1, the clock diagram can be drawn as Figure 3.1(b). The flux linkages
of the phases can be represented as equation (3.5). In this equation the terms ‘L., represents the
self-inductance of the phase ‘X” and ‘L,,,’ represents the mutual inductance between phase ‘X’ and

‘y’. Also the term ‘A, represents the flux linkage due to the permanent magnets of the rotor

seen from the phase ‘X’ [83].

Ao = Laala + Ll + Lol + L ly + Ll + L L + LIy + Ll + Ll + A,

Ay =L 0, + L 0+ L+ L Lt + Ll + L

be'e

bgIg + L1y + Ll +}tpmb

Ac=L b, + Ll + L0, + L1y + L0, +L,1, +chIg+Lchlh + L1, +/1me

Ag = Lgala + Laply + Lgele + Lyglg + Laele + Ly T + Lyg 1y + Lgp by + Ly + A

dg’ g
A=L 0 +L I +L I +L I, +L I +L. 1. +L I +L, 1 +L.1+A4 (33)
e ea'a eb ' b ec'c ed ' d eele ef 1 f eg ' g eh ' h ei li pme
A =Ll + Ll + Ll o+ Ll + Ll + Ll + L1, +Lgly + L1+ A,
Ag =Ll + Ll + Lyl +Lgly + Ll + Lyl + L 0+ Ll + Ll + 4,
Ay =L 0+ L0, + L 0+ L 0y + L0+ L1 + thlg + L1, + Lyl +/1pmh
A =L, +L, 1, + L0, +Lgl, +L 1, + Ll + Liglg + L1, + L1, +ipmi
The voltages of equation (3.1) can be represented as:
Vabcdefghi = rslabcdefghi u pﬂabcdefghi (3.6)
The total Flux Linkage of the stator can be expressed as:
iabcdefghi = ﬂ’abcdefghi S +ﬂ“abcdefghi _pm = I‘sslabcdefghi +ﬂ“abcdefghi pm 3.7)

Where:
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|
1
|

ﬂ“a ﬂ‘a pm
/1 b ﬂ’bf pm
ﬂ’c ﬂ’c pm
ﬂ’ d ﬂ‘df pm
iabcdefghi = ﬂe 1 labcdefghi,pm = /1e_pm (38)
;I“ f /1 f_pm
ﬂ’ g ﬂ’g_ pm
;I’ h ﬂ’hf pm
/?’i ﬂ“i_ pm
_Lls + Laa Lab Lac Lad Lae Laf Lag Lah Lai |
Lba LIs + Lbb Lhc Lhd Lbe Lbf ng Lbh Lbi
ca ch Lls + Lcc Lcd Lce cf cg Lch Lci
Lda Ldb de Lls + de Lde Ldf Ldg th Ldi
Lea Leb Lec Led Lls + Lee Lef Leg Leh Lei (39)
Lfa Lfb Lfc Lfd Lfe Lls + Lff Lfg th Lfi
Ly Lys Ly Ly Lye Ly L + Ly Ly Ly
Lha th Lhc Lhd Lhe th th LIs + th Lhi
Lia Lib Lic Lid Lie Lif Lig Lih Lls + Lii

Using the transformation matrix of in equation (3.10) the voltages could be transformed to
the rotor reference frame to obtain the various sequences of the voltages. This matrix is an
expansion of the matrix presented in [154] to the nine-phase. In this equation ‘C’ represents ‘cos’
and ‘S’ represents ‘sin’. The term ‘a’ is the phase shift between the stator phases of the machine

and ‘0’ is the reference frame angle.
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T(0) =

[ c(8)
s(0)
c(36)
s(360)
c(56)
s(56)
c(70)
s(70)

| 1/2

N

c(@-a)
s(f—a)
c3(0—a)
s3(0-a)
ch5(0—a)
s5(60 - a)
c7(60-a)
s7(0—a)
1/2

c(0-2a)
s(0-2a)
c3(0-2a)
s3(0 -2a)
c5(0 - 2a)
s5(0 - 2a)
c7(60-2a)
s7(60-2a)
1/2

c(0-3a)
s(0—3a)
c3(0-3a)
s3(0 - 3a)
c5(60 -3a)
s5(0 —3a)
c7(6-3a)
s7(60—3a)
1/2

o= 2?”,9 = reference frame angle

c(f0-4a)
s(0-4a)
c3(0 - 4a)
s3(0 -4a)
c5(0 - 4a)
s5(0 - 4a)
c7(60-4a)
s7(0—4a)
1/2

c(f-5a)
s(@—5a)
c3(0 -5a)
s3(0 -5a)
c5(0 —5a)
s5(0 —5a)
c7(6 -5a)
s7(0—5a)
1/2
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c(f-6a)
s(@—6a)
c3(0 -6a)
s3(0 - 6a)
c5(0 - 6a)
s5(6—6a)
c7(60 -6a)
s7(0—6a)
1/2

c(@-Ta)
s(@-Ta)
c3(0-Ta)
s3(0-Ta)
c5(0-Ta)
s5(0-7a)
c7(0-Ta)
s7T(0—Ta)
1/2

c(0-8a)
s(0—8a)
c3(0-8a)
s3(0 -8a)
c5(60 -8a)
s5(0 —8a)
c7(6-8a)
s7(0—8a)
1/2

(3.10)



The different parts of the equation (3.6) can be transformed to the rotor reference frame as:

- 3.11
Iqdor =T (er) Iabcdefghi = Iabcdefghi: T(Hr) : quor ( )
_ 3.12
quor = T(Hr )Vabcdefghi 3Vabcdefghi: T(er) 1quor ( )
_ 3.13
j’qdor = T((gr)]'abcdefghi jﬂ“abcdefghi: T(Qr) : qdor ( )
Applying the variables of equations (3.11) to (3.13) in to the equation (3.6) results in:
quor - T (Hr ) rxsT (Hr )_1 iqdr + T (er) pT (er )_l qdor (3,14)
The different terms of the equation (3.14) could be derived as:
T (er) pT (Hr )_1/1qdor =T ((9r) pT (er )_u‘qdor +T (Hr )T (er )_1 p/ﬁtqdor (3.15)
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quor =T (er )\/abcdefghi =

[ ¢c(8)
s(6.)
c(36.)
s(36,)
c(56,)
s(56.)
c(76,)
s(76,)

| 1/2

c(6, —a)
s(@. —a)
c3(0. —a)
s3(6, — )
c5(6, —a)
s5(6. — )
c7(6. —a)
s7(6. —a)
1/2
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c(6, -2a)
s(6. —2a)
c3(6, —2a)
s3(6, —2a)
c5(0. —2a)
s5(6, — 2a)
c7(6, —2a)
s7(6, - 2a)
1/2

c(6, —3a)
s(6. —3a)
c3(6. —3a)
s3(6, —3a)
c5(6. —3a)
s5(6, —3a)
c7(6, —3a)
s7(6. —3a)
1/2

c(6, —4a)
s(6. —4a)
c3(6, —4a)
s3(6, —4a)
c5(6. —4a)
s5(6, —4a)
c7(6, —4a)
s7(0. —4a)
1/2
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c(6, —5a)
s(6. —5a)
c3(6. —5a)
s3(6, —5a)
c5(0. —5a)
s5(6, —5a)
c7(6, —5)
s7(6. —5a)
1/2

c(6, —6a)
s(6. —6a)
c3(6, —6a)
s3(6, —6a)
c5(6. —6)
s5(6, —6a)
c7(6, —6a)
s7(6. —6«)
1/2

c(6, -Ta)
s(6, -7a)
c3(6, - 7a)
s3(6, —7a)
c5(0. —7a)
s5(6, —7a)
c7(6, - 7x)
s7(6, -Ta)
1/2

c(6 -8a) |
s(6. —8a)
c3(6. —8a)
s3(6, —8a)
c5(6. —8a)
s5(6, —8a)
c7(6, —8a)
s7(6. —8a)

1/2

(3.16)



In equation (3.16) the derivative part of the transformation matrix can be written as:

T(6)pT(6,)" =
c(@) c(@-a)
s(@) s(@-a)
c(30) c3(60—a)
s(30) s3(0 - «)
c(50) c5(0 - a)
s(56) s5(0 - )

c(70) c7(0 - )
s(70) s7(0 - «a)
| 1/2 1/2

o

0 0
[0 1 0 O
-1 0 0 0
0 0 0 3
0 0 -30

=0/ 0 0 0 0
00 0 0
00 0 O
00 0 0
(0 0 0 O

—3s(39) —3s3(60-a)
3c(36) 3c3(0 — ) 3c3(0 - 2a)
| —55(50) —585(0 —a) —555(0—2a) -5s5(0-3a)
5¢c(50)  5c¢5(0 —a)  5¢5(0 — 2a)
—75(70) -7s7(0 —a) —T7s7(0—-2a) —7s7(0 -3a)
7¢(70)  Tc1(@-a)  TcT(0 - 2a)

c(0 - 2a)
s(6 — 2a)
c3(0 - 2a)
s3(6 - 2a)
c5(0 - 2a)
s5(0 — 2a)
c7(6 - 2a)
s7(6 - 2a)
1/2

c(6 —3a)
s(0 - 3a)
c3(0 — 3x)
s3(6 — 3a)
c5(0 — 3x)
s5(0 — 3a)
c7(6 — 3a)
s7(6 - 3a)
1/2

[ —s(@) -s(@-a) —s(@-2a)
c(6) c(6 -

a) c(6 - 2a)

0 0 O
0 0 O
0 0 O
0 0 O
0 5 0
-5 0 0
0 0 O
0O 0 -7
0O 0 O

—3s3(0 - 2a)

0

O O N O O o o o o
O O O O O o o o o

c(f —4a)
s(6 - 4a)
c3(0 - 4a)
s3(0 — 4a)
c5(0 - 4a)
s5(0 — 4a)
c7(0 - da)
s7(0 - 4a)
1/2
-5s(60 -3a)
c(0 -3a)

—3s3(0 - 3a)

3c3(6 - 3a)

5c5(6 — 3a)

7¢7(0 - 3a)
0

c(@—-5a) c(@-6a) c@-Ta) c(6-8a)]
s(@-5a) s(@-6a) s(@-7a) s(0-8a)
c3(0 —5a) c3(0-6a) c3(0-T7a) c3(0-8a)
s3(0 —5a) s3(0 —6a) s3(@—Ta) s3(0-8a)
c5(0 —5a) ¢5(0 —6a) c5(60—-Ta) c5(6-8a)|x—
s5(0 —5a) s5(0 —6a) s5(0—Ta) s5(0—8«a)
c7(0 —5a) c7(0—-6a) c7(@—-Ta) c7(0-8a)
s7(60 —5a) s7(0—6a) s7(60—Ta) s7(6-8a)

1/2 1/2 1/2 1/2 |
-s(@-4a) -s(@-5a) -s(@-6a) -s(@-Ta) —s(0-8a) |
c(6 - da) c(6 — 5a) c(6 — 6a) c(@-"Ta) c(6 — 8a)

—3s3(0 —4a) —3s3(0-5a) —3s3(60-6a) —3s3(0@-Ta) -—3s3(0-8a)
3c3(0 - da) 3c3(0 — 5a) 3c3(0 - 6c) 3c3(0 - Ta) 3c3(0 — 8ax)
—5s5(60 —4a) —5s5(0 —5a) —5s5(60 —6a) —5s5(0—-7a) -—5s5(0—8ax)
5¢5(0 —4a)  5¢5(0 —5a)  5¢5(0 —6a)  5¢5(0 —7a)  5¢5(6 —8a)
—7s7(60 —4a) —-7s7(0 -5a) —7s7(0—-6a) —7s7(0—-Ta) —T7s7(0—-8a)
7¢7(0 —4a) 7c7(@—-5a) Tc1(@-6a) TcT(@-Ta) Tc7(6 —8a)

0 0 0 0 0
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Substituting the phase currents by their equivalent values in the rotor reference frame from

equation (3.11) results in:

A

qdor =

T(0, )L T8, )i, +T (6.4 (3.18)

gdor abcdefghi_pm

The flux linkage due to the permanent magnet of the machine in the stator phases can be
transformed to the rotor reference frame as equation (3.19). In this equation the resulting fluxes in
the rotor reference frame are the first, third, fifth and the seventh sequences of the permanent

magnets of the rotor.
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T(6,)4

O N

T

abcdefg

c(6,)
s(6,)
c(36,)
s(36,)
c(56,)
s(56,)
c(76,)
s(76,)
1/2

pma
pmb

pmc

NSNS

pmd
pme
pmf
pmg

pmh

NP N NN

pmi

hi_pm =

c(6, —a)
s(0, — )
c3(6, —a)
s3(6, — )
c5(6, —a)
s5(6. —a)
c7(6, —a)
s7(6, —a)
1/2

~

pmalr

N

pmdir

~

pmq3r

N

pmd3r

N

pmqsr

N

pmd5r

NS

pmaq7r

N

pmd7r

NS

pmor |

c(6, -2a)
s(6. —2a)
c3(6, - 2a)
s3(0. —2a)
c5(6, —2a)
s5(6, —2a)
c7(6. - 2a)
s7(60. —2a)
1/2

c(6, —3a)
s(0, —3a)
c3(6, —3a)
s3(6. —3a)
c5(6, —3a)
s5(6. —3a)
c7(6, —3a)
s7(6. —3a)
1/2

c(6, —4a)
s(0, —4a)
c3(6, —4a)
s3(6. —4a)
c5(6, —4a)
s5(6, —4a)
c7(6, —4a)
s7(0, —4a)
1/2

c(6, —5a)
s(6. —5a)
c3(6, —5a)
s3(6. —5a)
c5(6, —5«)
s5(6, —5a)
c7(6, —5a)
s7(6. —5a)
1/2
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c(6, —6a)
s(0, —6a)
c3(6, —6a)
s3(6. —6a)
c5(6, —6a)
s5(6. —6a)
c7(6, —6a)
s7(6. —6a)
1/2

c(6, - 7a)
s, —7a)
c3(6, —Tx)
s3(6. —7a)
c5(6, —Ta)
s5(6, —7a)
c7(6, - Ta)
s7(0. —Ta)
1/2

c(6, —8a) |
s(6. —8a)
c3(6, —8«a)
s3(6. —8a)
c5(6, —8«a)
s5(6. —8a)
c7(6, —8a)
s7(6. —8a)
1/2

(3.19)



The equation (3.18) also has a term which includes ¢ Ls’ representing the inductances of the stator of the machine. The

inductances can be transformed to the rotor reference frame as equation (3.20).
T(6,)LT(6,)=

[c8) c6-a) c6 -2a) c@ -3a) c6 -4a) c(6 -52) c@ -6a) c(6,-Ta) c(b, -8a)]
s(0.) s, -a) s6,-2a) s6,-3a) s(0.-4a) s(0.-5a) s(6,-6a) s, -Ta) s(6,-8a)
c(36,) c3(0, —a) c3(6, -2a) c3(0, -3a) c3(0, —4a) c3(0, —-5a) c3(0, —6a) c3(6,—Ta) c3(6, -8a)
s(30,) s3(0, —a) s3(6, -2a) s3(0,—3a) s3(6, —4a) $3(0, —5a) s3(6, —6a) $3(0, —Ta) s3(6, —8a)
—c(56,) c5(6, —a) c5(6, —2a) c5(6, —3a) c5(6, —4a) c5(6, —5a) c5(6, —6a) c5(0.—Ta) c5(0. —8a)
s(56,) s5(0.—a) s5(0.—2a) s5(0.—3a) s5(6, —4a) s5(6, —5a) s5(0.—6a) s5(0.—-Ta) s5(0. —8a)
c(70,) c7(6,—a) c7(0, —2a) c7(6,—3a) c7(6,—4a) c1(6,-5a) c7(6,—6a) c1(6, -7a) c7(0, —8a)
s(76,) s1(6, —a) s7(6,—2a) s7(6,-3a) S7(6,—4a) s7(6,-5a) s7(6,—6a) s7(6,-Ta) s1(6, —8a)

X

| 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 172
L+ Laa Lo Lac Lag Lee L Lag Lan L |
Lo Lis + Lo Ly Lo Loe Lot Log Lon Ly
L Ly  Litle Ly L. L L Loy Ly
La Lap Ly Ly + Lug Lye Lt Ly Lan Ly
Lo Ley L Leg L + Lee Lyt Leg Ly L X
Lfa Lfb Lfc Lfd Lfe Lls + Lff Lfg th Lfi (320)
Lga Lgb Lgc Lgd ge Lgf LIS + ng Lgh Qi
Lia Lo Lo Lig Ly Lo Lo Lig + Lo hi
L, Ly, Ly Ly L L Ly Ly, L + L
[c@) c@-a) c6-2a2) c6-3ax) c6-4a) c(,-52) c(6,-6a) c(6-7a) c(b,-8a) T T Lur L Lo Lows Loes Laos Lo Laor quo_
s(6,) s(@-a) s(6-2a) s(6,-3a) s(6,-4a) s(6,-5a) s(6,-6a) s(6-Ta) s(6,—8a) Liw  Lor Lugs Lows Logs Lows  Losgr Lowr Loso
c(36,) c3(0,—a) c3(0,—2a) c3(6.—3a) c3(6, —4a) c3(6, —-5a) c3(0.—6a) c3(0.—-7a) c3(0. —8a) Lo Lgsr  Less Lusas Leses Lases  Lgsgr Lasar Lo
s(36,) s3(6,—a) s3(6, —2a) s3(6,—3a) s3(6, —4a) s3(6, —5a) s3(6, —6a) s3(6,-Ta) s3(6, —8a) Losp  Losr Losgs  Luss  Luses Loaes Lusgr  Luser  Luso
3 c(50.) c5(0. —a) c5(0. —2a) c5(6,-3a) c5(6, —4a) c5(6, —-5a) c5(0, —6a) c5(6, —Ta) c5(0, —8ax) | =|Llgsg Losar Losas Lasas  Luss  Losas  Lasar Lasqr  Laso
s(56,) s5(0.—«a) s5(0.—2a) s5(0.—3a) s5(6, —4a) s5(6, —5a) s5(0.—6a) s5(0.—7a) s5(6. —8a) Lsq Lusar Lusgs Lusgs Lases  Lass  Lusor  Lusqr  Luso
c(76,) c7(6,-a) c7(6,—2a) c7(6.—3x) c7(6,—4a) c7(0. —5a) c7(6,—6a) c7(6.-Ta) c7(6,—8a) Ly Lyar Lyzgs Loras Lozes Lezas Lgw Lgrar Lavo
s(76,) s7(6,—a) s7(6,-2a) s7(6,—-3a) s7(6,—4a) s7(6,—5a) s7(0,—6a) s7(6,-7a) s7(6, -8a) Lozt Larar Largs Laras Luzgs Lozes Lorgr  Lozer  Luvo
| 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 172 | [l Lo Logg Loz Logs  Loas  Logr  Loar Lo |
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Then using the permanent magnet flux linkages and the inductances of the machine in the rotor reference frame, the flux linkages

of the machine for each harmonic can be represented in rotor reference frame as equation (3.21) [83].

A

gqlr

qullqlr + qudlldlr + Lq1q3|q3r + Lq1d3|d3r + quq5|q5r + I-q1d5|d5r + Lq1q7|q7r + Lq1d7|d7r + quOIO + ipmqlr

ﬁ“dlr = Ldllldlr + I—dlqllqlr + I—d1d3|d3r + Ld1q3|q3r + I—d1d5|d5r + Ld1q5|q5r + Ld1d7|d7r + I—d1q7|q7r + LleIO + ﬂ‘pmdlr

A

q3r

I—q3q1|q1r + I—q3d1|d1r + Lq33lq3r + Lq3d3|d3r + I—q3q5|q5r + I—q.’a’d5|d5r + I—q3q7|q7r + I—q3d7|d7r + Lq30|0 + /Ipmq3r

Agar = Lyaarlarr + Lasaalaar + Lasalaar T Lasgalgar + Lasaslasr + Lasgslgsr + Lasazlaze + Lasqrlqrr + Lasolo + Apmasr

A

q5r

ﬂ“dSr

A

q7r

i i - i i i - i - 3.21
I—q5q1|q1r + I—q5d1|d1r + Lq5q3|q3r + Lq5d3|d3r + I—q55|q5r + Lq5d5|d5r + Lq5q7|q7r + Lq5d7|d7r + I—q50|0 + ﬂ“pqur ( )

= Ld5d1|d1r + I—d5q1|q1r + Ld5d3|d3r + Ld5q3|q3r + I—d55|d5r + Ld5q5|q5r + I‘d5d7|d7r + I‘d5q7|q7r + I—d50|0 + ﬂ“pmdSr

Lq7q1|q1r + Lq7d1|d1r + Lq7q3|q3r + Lq7d3|d3r + Lq7q5|q5r + Lq7d5|d5r + Lq77|q7r + Lq7d7|d7r + I—q70|0 + ﬂ’pmq?r

ﬁ’d?r = I-d7d1|dlr + Ld?qllqlr + Ld7d3|d3r + Ld7q3|q3r + I-d7d5|d5r + I-d7q5|q5r + I-d77|d7r + Ld7q7|q7r + I-d70|0 + ﬂ’pmd?r

o

r

= I-Odlldlr + I-Oqllqlr + LOdSIdSr + L0q3|q3r + L0d5|d5r + I-0q5|q5r + L0|d7r + L0q7|q7r + /1

pmdO0
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By separating the voltages of q and d axis of different components, the voltage equations

of the machine could be represented as equation (3.22) [83].

- s qlr to ﬂ’dlr + pﬂ“qlr

dir — r-sldlr r qlr + pﬂ“dlr

+ 3w, Ayq, + PA

s q3r q3r

d3r — rs|d3r 3a)rﬂ’q3r + pﬂ’d3r

(3.22)
= +5w, Ays, + PA

s q5r q5r

Var
\
Viar
V
Vs
V

d5r — r-s|d5r 5a)r/ﬁi’qu + pﬂ’dSr

<

qrr = s q7r +7Ct) ﬂ’d?r + pﬂ“q?r

Vd7r = rsid7r 7(() ﬂ’ + pﬂ’d?r

r’ qrr

VOr = rsIOr + pﬂ'or

The generated torque of the machine can also be calculated using the co-energy equation.
The co-energy of the machine can be presented as function of the stator currents and the flux

linkages as equation (3.23) [152].

1 t t
Wco - E Is Lssls + Is ﬂ‘pm (3.23)
Where:
_ t (3.24)
S _[Ia Ib Ic Id Ie If Ig Ih I|]
From the co-energy equation, the electromagnetic torque can be derived as:
oW,

rm
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The equation (3.25) is equal to the equation (3.26).

__ItaLss | pm
© 2700, s+, 00 (3.26)

rm

Since the previous equations are in term of the electrical angle, the mechanical angle of the

equation (3.26) needs to be converted to the electrical equation as equation (3.27).

6, -0,
2 (3.27)

Therefore, the torque equation changes to the equation (3.28).

_PLy iy, +E|ta’1pm
©22°00 ° 2° 86, (3.28)

Substituting the stator currents with their corresponding values in rotor reference frame

results in:

9P L. i 9P r
Te :E 2( qdor) T(e) r T(e) 1quor 2 2( qdor) T(H) pr

(3.29)

The equation (3.29) can be rewritten as equation (3.30)

.t m .t
Iqlr Iqlr Iqlr
Idlr Idlr Idlr
Iq3r Iq3r Iq3r
I [ I
d3r d3r d3r
9P . 9P oA
_ ; = ; pmr  (3.30
Te A A Iq5r T(Q ) SS T(g ) Iq5r +-= Iq5r T(er) ( )
22|, 0, 22|, 06,
Id5r Id5r Id5r
Iq7r Iq7r Iq7r
Id7r Id7r Id7r
_IOr_ _IOr_ _IOr_
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Finally, the electromagnetic torque of the machine can be represented as:

_(qul - Ldll)iqlridlr + 3(Lq33 - Ld33)iq3rid3r

+ S(qus - Ld55)iq5rid5r + 7(Lq77 - Ld77)iq7rid7r +

(Lyses - 3Ld3dl)iq3rid1r +(Lyzgs —5Lysr Jigsriaar +
(Lq1q7 7Ld7d1) lgzelaer T (3Lq3ql - LdldS)id3riqlr +

9P (3Lq3q5 d5d3)|d3r lysr T (3Lq3q7 _7Ld7d3)id3riq7r +

4 | (5Lsqs — BLysas Jiasrigar + (7Lores = 3Luas Jigrriar +

(5 asql d1d5)|d5r lgor + (7 Ly — Ldld?)id7riqlr +

(5Lq5q7 7Ld7d5) laselgrr + (7Lq7q5 _5Ld5d7)id7riq5r +
I dmlr + 3' ﬂ'dm3r + 5' ﬁ“der + 7iq?rﬂ'dm7r )+

—

qlr q3r

( qsr
(Idlr qmlr +3|d3r/1qm3r +5|d5rﬂ“qm5r + 7Id7r/ﬁtqm7r)

(3.31)

The dynamic equation governing rotor speed can also be derived using the electromagnetic

to the machine.

T, = J(%j pow, +T, +Bo,

3.2.1 Generating the Parameters of the Nine Phase IPM

and load torque as equation (3.32). In this equation, ‘P’ is the number of poles of the machine,

‘w,’ 1s the rotor speed, ‘B’ is the friction coefficient and T}’ is the mechanical load torque applied

(3.32)

After deriving the model equations, the next step is to generate the essential parameters
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such as inductances and flux linkages of the machine. This step can start from the clock diagram

of the 9 phase machine which is shown in the Figure 3.1 (b) [83]. As it can be seen the machine



has four poles with full pitch, double layer and concentrated windings. The machine has 36 slots
each slot covers 40 degrees (electrical angle) of the stator circumferential.
Using the same method as presented in [162], based on this clock diagram the turn function

of the stator phases of the machine can be generated according to the Figures 3.2 to 3.4.
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Figure 3.2: The turn functions of the phases a, b and c.

50 N
Nd ‘
50 100 150 200 250 300 350 400
50
N
Ne 50 100 150 200 250 300 350 400 ’
Nt >
50 160 150 200 250 300 350 400 ’
_50 !
O (Degree)

Figure 3.3: The turn functions of the phases d, e and f.
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Figure 3.5: The rotor of the IPM machine-showing the effective “airgap” lengths.

Figure 3.4: The turn functions of the phases g, h and i.
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The rotor of the machine is shown in the Figure 3.5. It can be seen that the rotor has four
bars of the permanent magnet materials buried inside. The permanent magnets have lower
permeability compared with the rotor iron. This fact causes different effective air gap lengths in

‘ge’ and ‘g, directions. Based on the Figure 3.5, the air gap function can be shown as Figure 3.6

[83].
90
g a -
g _
i : : ‘ — ¢ + Hr
9 180+0, 360+6, 540+, 720 +6,

Figure 3.6: The air gap function.

Using Figures 3.5 and 3.6 and the equation (3.33), the winding function of each phase can

be calculated [153].

2
nw (9) d 2

N, (60) = 1, (0) —9(91—6') (3.33)
dé

I@1(9,&)

0

Using the equation (3.33) the winding functions of the phase stator phases are generated as
a function of rotor and circumferential angle of the stator. Figure 3.7 (a) shows the winding

function of the phase ‘a’. Also the Figure 3.7 (b) shows contour of the same figure from the top

view.
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Figure 3.7: (a) The winding function phase ‘a’, (b) The contour from the top view.

Winding functions can be transformed to the stationary reference frame using the

transformation matrix of equation (3.10) with ‘6, = 0’ to obtain the ‘Ng’ and ‘Ng’ for different

sequences. The different sequences of the winding function can be used for deriving the equivalent

circuit of the machine for different harmonics which will be used for the high frequency analysis.

Figures 3.8 and 3.9 show the main components of the winding function for g and d axis in
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stationary reference frame. The higher order components of the winding functions are shown in

Figures 3.10 to 3.16.
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Figure 3.8: (a) The first sequence of stator winding function vs. stator and rotor angle in d axis

of stationary reference frame, (b) The contour from the top view.
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Figure 3.9: (a) The first sequence of stator winding function vs. stator and rotor angle in q axis

of stationary reference frame, (b) The contour from the top view.
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Figures 3.10 and 3.11 show the third component of the winding functions of the machine
stator for d and q axis respectively. These components are the ones that will be used for high

frequency injection analysis.
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Figure 3.10: (a) The third sequence of stator winding function vs. stator and rotor angle in d

axis of stationary reference frame, (b) The contour from the top view.
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Figure 3.11: (a) The third sequence of stator winding function vs. stator and rotor angle in g

axis of stationary reference frame, (b) The contour from the top view.
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Figures 3.12 and 3.13 show the fifth components of the winding functions of the machine

stator for d and q axis respectively.
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Figure 3.12: (a) The fifth sequence of stator winding function vs. stator and rotor angle in d

axis of stationary reference frame, (b) The contour from the top view.
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Figure 3.13: (a) The fifth sequence of stator winding function vs. stator and rotor angle in q

axis of stationary reference frame, (b) The contour from the top view.

Figures 3.14 and 3.15 show the seventh components of the winding functions of the

machine stator for d and q axis respectively.
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Figure 3.14: (a) The seventh sequence of stator winding function vs. stator and rotor angle in d

axis of stationary reference frame, (b) The contour from the top view.
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Figure 3.15: (a) The seventh sequence of stator winding function vs. stator and rotor angle in q

axis of stationary reference frame, (b) The contour from the top view.
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Figure 3.16: (a) The zero sequence of stator winding function vs. stator and rotor angle in

stationary reference frame, (b) The contour from the top view.
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Figure 3.16 shows zero sequence of the winding function in stationary reference frame. It
can be seen that the Nq and Ng are changing with the changes of the rotor angle. Using the generated
winding functions and equation (3.34) the self and mutual inductances of the machine phases can
be calculated. Figures 3.17 to 3.25 show the mutual and self-inductances of the machine
corresponding to each stator phase. In equation (3.34) ‘#’ is the radius of the rotor, ‘I’ is the
machine length, ‘u,’ is the permeability of the machine iron, ‘n;’ is the turn function of the phase
5, ‘Ny’ is the winding function of the phase .’ and ‘g(6,6,)’ is the air gap function of the

machine [152].

2 1
=l [——n.(O)N .
Ly = 4T ! g(Mr)nj(a) (0)d(6) (3.34)
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Figure 3.17: The self and mutual inductances corresponding to phase ‘a’.
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Figure 3.18: The self and mutual inductances corresponding to phase ‘b’.
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Figure 3.19: The self and mutual inductances corresponding to phase ‘c’.
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Figure 3.20: The self and mutual inductances corresponding to phase ‘d’.
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Figure 3.21: The self and mutual inductances corresponding to phase ‘e’.
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Figure 3.23: The self and mutual inductances corresponding to phase ‘g’.
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Figure 3.24: The self and mutual inductances corresponding to phase ‘h’.
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Figure 3.25: The self and mutual inductances corresponding to phase ‘i’.

Now the inductances can be arranged in the matrix of equation (3.35) and they can be
transformed to the rotor reference frame to obtain the g and d inductances of the machine for
different harmonics. The inductances are functions of the angle © 6,’. Stator self-inductances are
maximum when the rotor g-axis is aligned with the phase winding, and mutual inductances are

maximum when the rotor g-axis is in the midway between two phases.
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Lba I'Is + Lbb Lbc I‘bd Lbe Lbf ng Lbh Lb|
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Lda Ldb de I'Is + de Lde Ldf Ldg th I‘di

Lss = Lea Leb Lec Led I-Is + Lee Lef Leg Leh I‘ei (335)

Lfa Lfb Lfc Lfd Lfe I-Is + Lff Lfg th Lfi
Ly Ly Ly Ly Lye Lyt ] R Ly
Lha th Lhc Lhd I-he th th I‘Is + th th
Lia le Llc le Lle I‘if Lig Llh Lls + I‘ii

The generated inductances in the rotor reference frame are shown in the Figures 3.26 to

3.29.
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Figure 3.26: The main component of the self and mutual inductances of the machine in the

rotor reference frame.
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Figure 3.27: The third harmonic of the self and mutual inductances of the machine in the

rotor reference frame.
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Figure 3.28: The fifth harmonic of the self and mutual inductances of the machine in the

rotor reference frame.
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Figure 3.29: The seventh harmonic of the self and mutual inductances of machine in the

rotor reference frame.

The flux linkage due to the rotor permanent magnets seen from the stator phases could be
expressed as equation (3.36) [102]. Figure 3.30 shows the rotor flux linkage seen from the phase
‘a’. The flux linkage seen from the rest of the phases have the same shape with 40 degrees’ phase

shift in spatial angle from the adjacent phases [83].

B °— —
max _M<|0r|<90—6(p, 1350—6{p<|6r|<1800
2 2
BmaX_ZBﬂgr 90—_%<|gr|<90°
a, 2
B,(0) = » 5%
~B,, 90° <6,| <135° _Tp
2B 3a
— B + 26, 135° - —% <6,/ <135° -,
a, 2
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Magnet Flux Density

Figure 3.30: Plot of flux density with spatial angle.

Now according to equation (3.19) the flux linkage due to the permanent magnets on each
phase of the stator can be transformed to the rotor reference frame to obtain the g and d axis flux

linkages for different harmonics. Figures 3.31 to 3.38 show the flux linkage components.
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Figure 3.31: The first harmonic of the permanent magnet flux linkage in the d axis of the rotor

reference frame.
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Figure 3.32: The first harmonic of the permanent magnet flux linkage in the g axis of the rotor

reference frame.
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Figure 3.33: The third harmonic of the permanent magnet flux linkage in the d axis of the rotor

reference frame.
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Figure 3.34: The third harmonic of the permanent magnet flux linkage in the g axis of the rotor

reference frame.
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Figure 3.35: The fifth harmonic of the permanent magnet flux linkage in the d axis of the rotor

reference frame.
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Figure 3.36: The fifth harmonic of the permanent magnet flux linkage in the g axis of the rotor

reference frame.
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Figure 3.37: The seventh harmonic of the permanent magnet flux linkage in the d axis of the

rotor reference frame.
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3.3 Simulation of the Coupled Model of the Nine-Phase IPM

Figure 3.38: The seventh harmonic of the permanent magnet flux linkage in the g axis of the

The generated components can be used to model the machine. Using all generated

equations and wave forms for the machine and substituting the machine parameters presented in

the Table 3.1 [163], the nine-phase IPM machine can be simulated using MATLAB/ Simulink.

A 60 (Hz) 110 (Volts) nine-phase voltage (as shown in Figure 3.39) is applied to the model

and while the initial rotor speed is 377 rad /sec. When the machine passes the transients and goes

to the steady state, a mechanical load torque equal to 3 N.m is applied to the machine.

The following figures show the simulation results. Figure 3.40 shows the rotor speed it can

be seen that after initial transients the rotor speed goes to the synchronous speed which is equal to

the source frequency. Also when the load torque is applied to the machine, due to the change in

the torque angle of the machine the speed shows transients before going back to the steady state.



Table 3.1 Design Parameters of the Nine-phase IPM.

Stator Data:
Outer Diameter of Stator

Inner Diameter of Stator

154.432 (mm)
93.4212 (mm)

Number of Stator slots 36 (mm)
Stator Slot Dimensions
Hso 0.508 (mm)
Hqa 0.762 (mm)
He 11.43 (mm)
Bso 1.9304 (mm)
By 4.191 (mm)
B 6.39572 (mm)
Top Tooth Width 4.18319 (mm)
Bottom Tooth Width 3.97339 (mm)
Length of Stator Core 95.25 (mm)
Stacking Factor of Stator Core 0.93
Magnet Duct Dimensions
D1 (Length) 69.073 (mm)
O1(Width) 23.5331 (mm)
Rib 3.302 (mm)
Magnet type Samarium Cobalt
Magnet Thickness 6.35 (mm)
Total Magnetic Field Strength 32.3088 (mm)
Residual Flux density 629 (kA/m)
Coercive Force 0.85 (Wh)

Maximum Energy Density
Relative Recoil Permeability

Demagnetized Flux density

133.67 (KJ,m3)

1.07528 (H,mfl)
0.531245 (T)

Ly 7.8x107%(H)
Ly, 3.0x107%(H)
0.01(Q)
TN TN TN T TN T TN N
100P< <A A AP O
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Figure 3.39: The nine- phase voltages.
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Figure 3.40: (a) The rotor speed, (b) Starting moments, (c) Load changing moments.
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Figure 3.41: (a) The electromagnetic and load torque, (b) Starting moments, (c) Load change

moments.
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Figure 3.42: The stator currents.

Figure 3.41 show the electromagnetic and load torque together. At the initial point the
machine has some transients and after a while when the transients are over the electromagnetic
torque goes to zero. After applying the load, the machine starts generating electromagnetic torque
to keep the synchronous speed. The stator currents are shown in the Figure 3.42. The transients
can be seen at the starting and at the load change moment, when transient is passed and the machine
goes to steady state the currents also settle down to their final values. To see more details, the

currents are shown in the Figure 3.43 and 3.44 during their transients and steady state.
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Figure 3.43: (a) The stator currents at transients before applying load torque, (b) The stator currents at

steady state before applying the load torque.
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Figure 3.44: (a) The stator currents at transients after applying load torque, (b) The stator

currents at steady state after applying load torque.

The flux linkages of the machine in the rotor reference frame are also shown in Figures
3.45 to 3.52. Figures 3.45 and 3.46 show the main component of the q and d axis flux linkages.
The transients for the starting and load changing moments are also shown. The flux linkages are

sum of the flux linkages due to the permanent magnet and stator currents.
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Figure 3.45: (a) The main component of the d axis flux linkage, (b) Starting moments, (c) Load

changing moments.
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The third, fifth and seventh harmonics of the flux linkages are shown in the Figure 3.47 to
3.50. The magnitude of the third, fifth and seventh harmonics of the stator voltages and the currents
are zero, the flux linkages of these harmonics are equal to the corresponding harmonics of the flux
linkages due to the permanent magnets. It should be noted that these figures are showing the

simulation results.
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Figure 3.47: (a) The third component of the d axis flux linkage, (b) The third component of the
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changing moments.
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changing moments.
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load torque and after passing the transients they settle down in their steady state values. The higher
order harmonics of the stator currents have the magnitude of zero because there is no voltage

applied to the higher order harmonics to excite them.
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Figure 3.56: (a) The seventh component of the d axis current, (b) The seventh component of

the q axis current.
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Figure 3.57: The electromagnetic torque of the machine (Experimental results).
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Figure 3.58: The currents of phases ‘a’, ‘d” and ‘g’ before applying load (5A/scale).

3.4 Experimental Results of the Nine-Phase IPM Open Loop Run

In this section the nine-phase machine is tested using the DSP-FPGA controller in the
prototype. The magnitude of the phase voltages is 120 (Volt) and the frequency is 60 (Hz). When

the machine passes the transients and goes to the steady state, a mechanical load torque equal to 3
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N.m (as shown in Figure 3.57) is applied to the machine. The phase current before and after

applying load are shown in Figures 3.58 to 3.63.
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Figure 3.59: The currents of phases ‘b’, ‘e’ and ‘h’ before applying load (5A/scale).
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Figure 3.60: The currents of phases ‘c’, ‘f” and ‘i’ before applying load (5 A/scale).
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Figure 3.63: The currents of phases ‘c’, ‘f” and ‘i’ after applying load (5 A/scale).
The current ripples can be seen in this figure The ripples are due to the variations of the

stator inductances. The stator inductances variations are due to the rotor saliency of the machine.

3.5 Finite Element Analysis Using FEMM.

This section presents the steady state analysis of a Nine-Phase IPM machine in different
operating conditions using FEMM (Finite Element Method Magnetics). In this study the machine
inductances in different levels of stator currents are calculated. The first step is to generate the
model of the machine in the FEMM. Figure 3.64 (a) shows the model of the machine generated in
FEMM [83]. As it can be seen, this machine has 36 stator slots and 44 rotor bars also this machine
has four magnets buried inside the rotor as the source of the magnetic flux linkage. To calculate
the inductances of the d and g axis, the magnitude of the flux linkage, produced by the permanent
magnets, needs to be known. To obtain this value, the model should be simulated while the stator

currents are zero to obtain the pure flux linkage due to the permanent magnets.
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Figure 3.64: (a) The machine model in FEMM, (b) The flux linkage due to the permanent

magnets.
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Figure 3.64 (b) shows the result of the simulation with zero stator currents. The flux linkage
shown in the figure is due to the permanent magnet bars of the rotor of the machine. By plotting
the airgap flux linkage, the magnitude of the flux linkage of the permanent magnet can be obtained.

Figure 3.65 shows the flux linkage of the machine in the airgap of the machine versus the

circumferential angle of the airgap [83].

Qo.is rpIWW\r\q rpllﬂwh‘\
I TV ST

-0.3

0 50 100 150 200 250 300 350 400
Stator Angle (Degrees)

Figure 3.65: The flux linkage due to the permanent magnets in the airgap.

3.6 Computation of g and d Axis Inductances in Rotor Reference Frame

Due to the saturation of magnetic field path, variations of the permanent magnet flux
linkage, the cross effect of the d and q axis flux linkages on each other the equivalent inductance
which is seen from the stator of the machine vary with the variations of the stator currents. In most
studies the machine inductances are considered constant which results in neglecting the effect of
the variable parameters. To have a precise analysis of high performance drives, the exact value of
the g and d axis inductances in each current level is needed. In this section the q and d inductances
of the machine are calculated in different current magnitudes. After obtaining the value of the
permanent magnet flux linkage which is 0.1807083000725188 (Whb), the different values of g and

d axis inductances can be calculated according to the equations (3.37) and (3.38) respectively [43].
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y) (3.37)
L=

ly
L - Ay = om (3.38)

Using equations (3.37) and (3.38) the inductances of the g and d can be calculated and

plotted as Figures 3.66 to 3.69.
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Figure 3.67: The Ld vs id >0 when, (a) -15<iq<0, (b) 0<ig<15 (A).

It should be noted that for convenience, in the equation (3.37) the variations of the flux
linkage of permanent magnet (4,,,) is neglected. Therefore, the effect of its variations will be
included in the g and d inductances variations. Figure 3.66 shows the d axis inductance for negative
d axis currents. In Figure 3.66 (A) the g axis current is negative. From Figure 3.66 (a) it can be
seen that by increasing the currents of the d and q axis, the d axis inductance decreases. The

saturation of the stator can obviously be seen from this figure. Figure 3.66 (b) shows the d axis
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inductance for positive values of the g axis currents. In this figure by increasing the g axis current,
due to the cross coupling between the q and d axis, effective magnetic flux linkage decreases which
reduces the stator saturation and consequently increase in d axis inductance. The d axis inductance
for positive values of d axis currents are shown in Figure 3.67. Form Figure 3.67 (a) it can be seen
that by increasing the q and d axis currents, the d axis inductance decreases which shows the
saturation in the machine stator. In Figure 3.67 (b), by increasing the q axis current in positive
region, the cross saturation causes the d inductance to decrease. By increasing the d axis current
the effective magnetic flux linkage decreases which causes the d axis inductances to increase.
Figure 3.68 shows the g axis inductances for positive values of g axis currents. From Figure 3.68
(@) by increasing the d axis current in negative parts, the inductances decrease (due to the
saturation) and by increasing the g axis current, the effect of the d axis current on q axis inductance
(through cross coupling) decreases, and the effective g axis inductance will increase. From Figure
3.68 (b) it can be seen that, by increasing the d axis current and by increasing the effective flux
linkage of d axis, the q axis inductance decreases (due to saturation). Also by increasing the g axis
current in positive region, the g axis inductance increases. Actually in this case when the g axis
current increases in positive region, the positive flux linkage of q axis decreases the cross coupling
effect of d axis in the q axis and reduces the stator saturation which can lead in increase of
inductances. Figure 3.68 (b) shows the g axis inductance for positive values of g and d axis
currents. By increasing the d axis currents, the effective flux linkage of the d axis decreases and
reduces the saturation of the machine stator. The decrease in stator saturation causes increase in

the g axis inductance.
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Figure 3.69 (a) shows the q axis inductances when d and g axis currents are negative. From

this figure it can be seen that, by increasing the d axis current to the negative side, and due to the

cross coupling the flux linkage of the g axis decreases and it reduces the saturation of the stator

which consequently results in increase in the g axis inductance. Also by increasing the q axis

current to the negative side when the d axis is negative the effective flux linkage of the q axis

decreases which causes a decrease in the saturation and increase in g axis inductance.
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Figure 3.69 (b) also shows the same inductance for positive values of d axis current. It can
be seen that by increasing the d axis current and consequently d axis flux linkage, the stator
inductance of q axis decreases. Increasing the g axis current to the negative values can saturate the

machine stator and decreases the g axis inductance.
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3.7 Coupled Modeling of the Symmetrical Triple Star IPM
3.7.1The Winding Design of the Machine

The nine-phase machine that was modeled in the section 3.2 has one single star point. To
increase the reliability of the machine it is possible to connect it as a triple star machine, which
basically means that the machine can be considered as three isolated sets of three phase machines.
The machine windings can be designed according to the below procedure. The machine is
composed of three sets of three phase machines. The 4-pole machine has 36 slots and each three

phase set machine covers 12 slots. The slot angular pitch can be calculated as:

180xP 180x4
= = =20 (Degree
Y =% 36 (Degree) (3.39)

The slot between phases for each set and the full coil pitch can be calculated as:

120 120 36 36
SBPH === =""=¢ _36_36_
=g OFCP =1 ==9 (3.40)

Since the machine has concentrated windings then the belt is equal to 1. And also since the
machine is a symmetrical one the slot between two adjacent machines (SM) is [165]:

SM :£:2

M (3.41)

Where ‘M’ is the number of the machines sets. For the machine 1 the winding scheme is:

Table 3.2 The winding scheme of machine 1.

Al* Al B1* Bl Ccr- Cr
1 10 7 16 13 22
Al Al. Bl Bl CL Cl.
10 19 16 25 22 31
Al* Al B1* Bl C1* Cr
19 28 25 34 31 4
Al Al. Bl Bl. ClL Cl.
28 1 34 7 4 13
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The machine 2 has 2 slots shift from the machine 1, therefore the winding scheme for the

machine 2 is:
Table 3.3 The winding scheme of machine 2.

A2* A2 B2* B2 c2* c2

3 12 9 18 15 24
A2. A2, B2. B2, Cc2. C2.
12 21 18 27 24 33
A2* A2 B2* B2 c2* c2
21 30 27 36 33 6
A2. A2, B2. B2, C2. C2.
30 3 36 9 6 15

The machine 3 has 2 slots shift from the machine 2, therefor the winding scheme for the

machine 3 is:
Table 3.4 The winding scheme of machine 3.

A3* A3 B3* B3 c3* C3

5 14 11 20 17 26
A3 A3, B3. B3. C3. C3.
14 23 20 29 26 35
A3* A3 B3* B3 c3* C3
23 32 29 4 35 8
A3. A3, B3. B3. C3. C3.
32 5 2 11 8 17

Using the above tables, the clock diagram can be drawn as Figure 3.70 (a). In this new
configuration if any of the machines has a fault, that machine can be removed by putting its stator
voltage equal to zero and support the load or turbine using the rest of the machines. This feature
simply means the machine can still support the load or absorb power from turbine in faulty

condition.
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(b)

Figure 3.70: (a) The clock diagram of the symmetrical triple star machine, (b) The nine-phase

IPM machine in symmetrical triple star connection.

3.7.2 The Model Equations

The machine modelling can be started from the voltage equations of the stator phases.
Phase voltages for phases ‘a’, ‘b’, ‘c’ of each of the three phase IPM machines are given as
equation (3.42). In this equation ‘I,;’ is the current of phase ‘x” and ‘pA,’ is the derivation of the
flux linkage seen from the phase ‘x’ of the machine ‘%’ and the term ‘7’ also represents the stator

resistance for each phase of the stator [83].

Vai = r-siai + pﬂ'ai
Vi =y + P4y 1=12,3 (3.42)
Vci = rsici + p/lci
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The flux linkages of the machine phases can be represented as equation (3.43). In this set
of equations, the terms ‘L,,;’ represents the self-inductance of the phase x’ of the machine %’

and ‘L,;,;” represents the mutual inductance between phases ‘X’ of the machine i’ and phase ‘y’

xiyj
of the machine 7. Also the term ‘A,,,,; " represents the flux linkage due to the permanent magnets

of the rotor seen from the phase ‘x’ of the machine %’ [83].
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ﬂ‘al - Lalallal + I—albllbl + Lalcllcl + La1a2|a2 + La1b2|b2 + I—alc2|c2 + La1a3|a3 + La1b3|b3 + Lalc3|c3 + ﬂ’pmal

A1 = Lpsaalar + Loapalos + Logerler + Loaolas + Loanaloo + Liacales + Ligaslas + Loanalhs + Liseales + Apmn

j“cl - Lclallal + Lclbllbl + Lclcllcl + Lc1a2|a2 + I—clb2|b2 + Lcch'cZ + Lcla3|a3 + Lclb3|b3 + Lclc3|3 + j'pmcl

ﬂ’az - La2a1|a1 + La2b1|b1 + La2c1|cl + La2a2|a2 + La2b2|b2 + La2c2|c2 + La2a3|a3 + La2b3|b3 + La203|03 + ﬂ’

pma2

(3.43)

Aoz = Logarlar + Loomles + Looerles + Lozaslaz + Loznolos + Loacalea  Lozaslas + Loavslos + Lozcales T Apmee

ﬂ’cz - LcZallal + Lc2b1|b1 + Lchllcl + Lc2a2|a2 + L02b2|b2 + LC2C2|C2 + L02a3|a3 + L02b3|b3 + Lc203l3 + ﬂ“pmcz

ﬂaS - La3a1|a1 + La3bllb1 + La3cllcl + La3a2|a2 + La3b2|b2 + La302|02 + La3a3|a3 + La3b3|b3 + La303|03 + ﬁ’

pma3

Aoz = Logarlas + Lognaln + Loscales + Logazlaz + Loanolhz + Loacaler + Losaslas * Loabslhs + Loacsles + Apmos

ﬂ“c3 - I—(:3a1|a1 + Lchllbl + Lc3c1|c1 + Lc3a2|a2 + Lc3b2|b2 + Lc3c2|02 + Lc3a3|a3 + Lc3b3|b3 + Lc3c3|3 + /lpmc3
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A

The transformation matrix of equation (3.45) can be used to transform the voltage

equations to the rotor reference frame. This transformation matrix has three parts. Each part is

aligned to the phase ‘a’ of the corresponding machine. Therefore, the top part is aligned to the

machine ‘1" the middle one is aligned with the machine ‘2’ and the bottom one is for machine ‘3°.

The flux linkages can be shown in the matrix form as:

=L.i +A

abci s sabci
Lalal Lalbl Lalcl
Lblal Lblbl Lblcl
Lclal Lclbl Lclcl
La2a1 LaZbl La2c1
Lb2a1 Lb2b1 Lb2cl
Lc2a1 Lchl Lchl
La3a1 La3bl La301
Lb3a1 Lb3b1 Lb3cl
Lc3al Lc3b1 Lc3cl
T(6,)=
co, +
S(0, +
2
3

O O O O O oN|kF

O O O O o oN|k

Pmabci —

ala2

r - -
o
N
)

cla2

—

a2a2

—

b2a2

—

c2a2

a3a2

b3a2

r - -

c3a2

O O O O O oN|k

—

alb2

—

blb2

—

clb2

—

a2b2

—

b2b2

—

c2b2

—

a3b2

—

b3b2

—

c3b2

—

alc2

blc2

-

clc2

—

a2c2

—

b2c2

—

c2c2

—

a3c2

b3c2

-

c3c2

—

ala3

—

bla3

—

cla3

—

a2a3

—

b2a3

—

c2a3

—

a3a3

—

b3a3

—

c3a3

—

alb3

—

blb3

—

clb3

—

a2b3

—

b2b3

—

c2b3

—

a3b3

—

b3b3

—

c3b3

alc3

blc3

| .

clc3

—

—
o
N
o
w

—

c2c3

a3c3

b3c3

r - -

c3c3

O O O o o o

C6,-a) Cl6,-B-y) CO,-B+y)
S0 -a) S(O.-B-y) S(6.-B+7)

N |

O O O o o o

N |

NN NSNS

pmal
pmbl
pmcl
pma2
pmb2
pmc2
pma3

pmb3

pmc3 |

O O O o o o

N |

(3.44)

(3.45)

Where: , = 2z/3, which is the phase shift between two adjacent phases, g = 2,z/9 which

is the phase shift between two adjacent machines and ¢, is the rotor angle. Also in this matrix ‘C’

represents ‘cos’ and ‘S’ represents ‘sin’.
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The currents and flux linkages of equation (3.42) can be replaced by their corresponding

currents in the rotor reference frame according to equation (3.46).

Xis

Ve = 16T (6) Micgor+ PT(0) ™ Auger (349)

Multiplying the T (@, ) from the left side of the equation, results in:

T(gr )VXIS _T(H ) XIST (Hr)_liqdor-l_T(‘gr) pT (lgr)_l qdor (3.47)
This can be rewritten as:
qdor =T (9 ) XIST (Hr )_liqdor +T (er) pT (Hr )_1 qdor (3.48)

The different terms of the equation (3.48) can be represented as:

r 0 000 00 0O
Or,h, 00 0O O0OUDO
0O 0r,b, 0O O O OO
0O 00r, OO0 O0OTP O
T(0,)rT(6,) Yigge=/0 0 0 0 1, 0 0 0 0
000O0O0T OO0 O (3.49)
0 0000 O0Or, 0O
0O 0000 O0O0OTILRDO
0 0000 O0O0UO O
-I-((gr)p-l-(‘gr)_1 qdor:T(gr)pT(‘g )_1 qdor-l_-l-(gr)-l-(‘gr)_1 pﬂ‘qdor (3.50)

In above equation the derivative parts can be written as:
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T(6,)pT(6,)" =

(3.51)
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Substituting the derivative of the second matrix in to (3.51) results in:

T(6,)pT(6,)" =

(3.52)
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The flux linkage of the machine in the rotor reference frame can also be presented as below.

iqdo = T (gr )L i

sslabci

+ T (er )/Ipm_abci

(3.53)
Substituting the currents by their corresponding currents in rotor reference frame results
in:

ﬂ“qdo =T (er )LSST 71(8r )iqdo +T (er )ﬂ’pm_abci (3-54)

The flux linkage due to the permanent magnet of the machine in the stator phases can be

transformed to the rotor reference frame according to equation (3.55).
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O O O O O ON|F

pm_al
pm_bl
pm_cl
pm_a2
pm_b2
pm_c2
pm_a3

pm_b3

X
NN N
I

L “7pm_c3 |

N SR N TR TP S NS

O O O O O ON|F

pmalr

pmd1r

pmor

pmg2r

pmd2r

pmor

pmqg3r
pmd3r

pmor

O O O O O ON|F

0 0 0
0 0 0
0 0

C(Qr) C(Hr _7/) C(er

S(er) S(Hr _7/) S(Hr
1 1 1
2 2 2
0 0 0
0 0 0
0 0 0
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The equation (3.54) also has a term which includes ‘Lg;’ representing the inductances of the stator of the machine. The

inductances can be transformed to the rotor reference frame as equation (3.56) [83].

T(OLT(6,)" =
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CO +8) CO.+B-y) CO.+p+y) O 0 0 0 0 0
s, +8) S0 +p-y) SO +B+y) O 0 0 0 0
L 1 1 0 0 0 0 0
2 2 2
0 0 0 c(,) c(@ -y) co, +y) 0 0 0
2 0 0 0 s(6,) s(6,-y) SO, +y) 0 0 0
s 0 0 0 1 1 1 0 0 0
2 2 2
0 0 0 0 0 0 C, —a) C6,-p—-y) CO,-p+y)
0 0 0 0 0 0 S, —a) SO, -B-y) SO -B+7)
0 0 0 0 0 0 1 1 1
2 2 2
c(o, + B) s(e,+8) 1 0 0 0 0 0 0
cO +p-y) sS@ +p-y) 1 0 0 0 0 0 0
cO +p+y) SO +p+y) 1 0 0 0 0 0 0
0 0 0o c() s(@) 1 0 0 0
p 0 0 0 Cc6-y) s6-y) 1 0 0 0
0 0 0 C6 +y) s +y) 1 0 0 0
0 0 0 0 0 0 c(6-p) s -p) 1
0 0 0 0 0 0 c0,-p-y) S(0,-p-y) 1
0 0 0 0 0 Cc0.-p+y) S(6,-p+y) 1
quql qudl quDl Lq1q2 Lq1d2 Lq102 Lq1q3 Lq1d3 quos
Ldlql Ldldl I-121101 Ldlqz Ld1d2 Ld102 Ld1q3 Ld1d3 Ld103
L01ql L01d1 LOlOl L01q2 LOle LOlOZ L01q3 L01d3 L0103
quqz Lq1d2 I-q102 Lq2q2 Lq2d2 quoz Lq2q3 Lq2d3 quoa
Lﬁlqz Lﬂldz Ld102 Ld2q2 Ld2d2 Ld202 Ld2q3 Ld2d3 Ld203
L01q2 Lomz L0102 L02q2 L02d2 L0202 L02q3 L02d3 L0203
Lq1q3 Lq1d3 Lq103 Lq2q3 Lq2d3 I-q203 Lq3q3 Lq3d3 Lq303
Lﬁ1q3 Lﬁlds Ld103 Ld2q3 Ld2d3 Ld203 Ld3q3 Ld3d3 Ld303
L01q3 L01d3 L0103 L02q3 L02d3 L0203 L03q3 L03d3 L0303
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Then using the permanent magnet flux linkages and the inductances of the machine in the rotor reference frame, the flux linkages

of the machines can be represented in the rotor reference frame as equation (3.57).

A

(o)1

}“dl =

%o
A

q2 —

= quqllql + qudlldl + quollol + I—q1q2|q2 + I—q1d2|d2 + I—q102|o2 + quq3|q3 + qud 3|d3 + Lq103|03 + ﬂpmql

a1aatar T Lagal + Losorlor F Lasanlaz + Lasgolge + Lusolos + Laraslas + Losgalys + Lasoslos + Apma

1= Loldlldl + Lolqllql + Lolollol + I—old 2|d2 + L01q2|q2 + I—0102|02 + L01d3|d3 + L01q3|q3 + Lolo3|o3 + ﬂ’pmol

Lq2q2 q2 + I—c12d2 d2 + Lq202 02 + Lq2q1 ql + Lq2d1 dl + I—q201 ol + Lq2q3 q3 + Lq2d3 d3 + Lq203 03 + j'pmq2

Ag2 = Laagalas T Luzgalgz  Luzoalos + Lazarlas T Luagalgs + Laserlor T Luzaslas T Luzgales T Lazosles + Apmaz

ﬂ’oz -

02d1|d1 + L02q1|q1 + L0202|02 + L02d2|d2 + L02q2|q2 + L0202|02 + L02d3|d3 + L02q3|q3 + L0203|03 + ﬂ’pmoZ

ﬂ“ = Lq3q3 q3 + Lq3d3 d3 + Lq303 03 + Lq3q1 ql + Lq3d1 dl + Lq3ol ol + Lq3q2 q2 + I—q3d2 d2 + L q302 02 + /lpqu

j~c|3 =

d3d3|d3 + Ld3q3|q3 + Ld303|03 + Ld3dl|d1 + I—d3q1|q1 + Ld301|01 + Ld3d 2|d2 + Ld3q2|q2 + Lq302|02 + j’pmd3

103 = LoSdlldl + I—03q1|q1 + L0303|03 + Lo3d 2|d2 + L03q2|q2 + L0302|02 + L03d3|d3 + L03q3|q3 + Lo303|o3 + ﬁ'pmo3
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Also the voltages and the currents of the machines can be transformed to the rotor reference

frame as:

- V.7 - iy |
Vq1 . g1 'al
Vg, Vi gy !bl
Vol VCl _iol IC1
Vq2 Va2 _|q2 |a2
Viz =T(9r )Vabci —T(‘gr)>< Voo |, | ta2 [ =T (er)labci —T(‘é’r)>< b (3.58)
Vo Ve o2 le
Vq3 Va3 Iq3 las
Vaa \V/ las [

y b3 ; b3

L Vo3 | _VCS_ L 703 ] _|c3_

By separating the voltages of q and d axis of different machines, the voltage equations of

the machines can be represented as [83]:

Vql
Vi1 = Ky, — a)rﬂ“ql + PAg (3.59)

Vol = rslol + p/lol

=Ly + @Ay + PAy

Vi
Vi, =gy — O Ay, + Py, (3.60)
V02 = rsi02 + pﬂoZ

=y, + @A, + PAy,

Vq3 = r-siq3 + a)rﬂ’d3 + pﬂ“q3
Vs = Klys — 0, Ay + PAgs (3.61)
Vo3 = rsio3 + pﬂ'o3
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The generated electromagnetic torque of each machine can also be calculated using the co-
energy equation. The co-energy of the machine 1 can be presented as a function of the stator

currents and the flux linkages as [152]:

ty - .t
Weo = o ‘abd Lsslabc1,2,3 Tl Z’Dm_l (3.62)

From the co-energy equation, the electromagnetic torque can be derived as:

oW
T, =—% 3.63
4= 5 (3.63)

rm

The equation (3.63) is equal to the equation (3.64).

1 - t 8LSS | +i t a/’me_l
o  laba23 T laba 20 (3.64)

rm

Tel = Elabd 00

rm

Since the previous equations are in term of the electrical angle, the mechanical angle of the

equation (3.64) needs to be converted to the electrical equation as equation (3.65)

gr = E Qrm
2 (3.65)

Therefore, the torque equation changes to equation (3.66).

T o_PL1.ooL. P. 04,1
el _Ealabcl %Iabclz,?’ +E|sl 00 (3.66)

r

Substituting the stator currents with their corresponding values in rotor reference frame

results in:
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3P

Tel 2 2 ( qdol) T(@ ) SS T(H )_l qd0123 + (quol) T(g ) pem -

The equation can be rewritten as:

_iql_t _iql_ _iql_t
Igg Iy Iy
lo1 Iy o1
3p)| | 5p| 0
Tel—EE 0 T(0) SrST(e)1 |-d2 oy 0 r
0 (18 0
0 iq3 0
0 Iys 0
0] o3 | 0
The equation (3.68) simplifies to equation (3.69).
i [ i | [ Aoman
idl id1 idl ﬂ“pmql
lo1 i01 o1 lpm01
ML o A A L B
el 29 . qdo idz 29 X ipmqZ
02 pmo2
0 iq3 0 Apmda
0 Ig3 0 ﬂ'pmqa
_0_ _i03_ _0_ _ﬂ'meS_

Replacing the inductance matrix from the equation (3.56) results in:
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NN

quliql + qudlidl + I—q101i01 + I—q1q2iq2 + qud 2id2 + I—q102i02 + Lq1q3iq3 + qud 3id3 + Lq103i03
Lysgalqr + Lardar + Lazodor + Largalge + Larazlaz * Lazodos + Largslgs + Larastas + Lazodos
LOlqliql + LOldlidl + I—0101i01 + L01q2iq2 + LOld 2id2 + I—0102i02 + L01q3iq3 + L01d3id3 + I-010403
quqziql + qudzidl + I—q102i01 + I—q22iq2 + Lq2d2id2 + Lq202i02 + Lq2q3iq3 + Lq2d3id3 + Lq203i03
Lysgalaqr + Larazlas + Larodor + Laogalqe T Luzolaz + Lazosdos + Lazgalgs + Luzaslas T Luzodos
Losgzlaqr + Losazlar + Lorodos T Lozgalqe * Lozazlaz + Lozodos + Lozgalgs + Lozaslas + Lozodos
quqSiql + qudsidl + I—q103i01 + Lq2q3iq2 + Lq2d3id2 + Lq203i02 + Lq3q3iq3 + Lq3d3id3 + Lq303i03
Ldquiql + Ld1d3idl + Ld103i01 + Ld 2q3iq2 + Ld2d3id2 + Ld 203i02 + Ld3q3iq3 + Ld3d3id3 + Ld303i03
L01q3iq1 + L01d3idl + L0103|:01 + L02q3iq2 + L02d 2id2 + L0203i02 + L03q3iq3 + L03d3id3 + L030§-03

pmdl

NN

pmal
pm01
pmd2
pmg2
pm02
pmd3

pma3

pm03 |
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The non-zero terms of the equation (3.71) after simplifying are:

| Laualgr + Lgraalar + Lggordor + Laigalgz + Lgaazlaz +). __
Lgroador + Lgalgs + Lawaslas + Ltoddos "
T 3P Lysgalar + Laralar + Lorodlos + Lasgzlge + Losgolaz + - 3.72)
22 Lysoodoz  Largalgs T Laraslas + Lazodos “
Losgrlqr + Logrlar + Lotodor + Lotgolge + Lowalaz + :
i Losodor + Lotgalgs + Lowalas + Lorodos " |

3P
+ EE (;meql Iy T ;tpmdl ql + ﬂ’mel 01)

The co-energy of the machine 2 also can be presented as function of the stator currents and

the flux linkages as:

1.

t - =t
Wcoz - E Labcoz Lsslabcl,2,3 +1, ﬂ‘pm_z

(3.73)
From the torque co-energy equation, the electromagnetic torque can be derived as:
oW

T, =—%22 3.74
e2 ae ( )

rm

The equation (3.74) is equal to the below one.

1 . t 8LSS - - t a/’me_Z
ElabCZ ﬁlabcl,z,s T lape m (3.75)

rm

Te2 -

Again the mechanical angle of the equation (3.75) needs to be converted to the electrical

angle as presented in equation (3.76):

3.76
Hl' - E Qrm ( )
2

Therefore, the torque equation changes to equation (3.77):
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P1. .oL.. P. 04y »

T, = 259 labc a—er laba,2,3 T B ls2 o0, (3.77)
Substituting the stator currents with their corresponding values in the rotor reference frame
results in:
3P L 1 2
Te2 2 2 ( qd02) T(@ ) T(g ) qdal, 2,3 + (quoz) T(@ ) 6_ (3-78)
I’ r
The equation can be rewritten as:
m ATt me m At
0 g 0
0 Iy 0
0 o1 0
i i i (3.79)
3P| % L. 4.2 3P| oA,
TeZZEE la2 T(@) T(H) g, +EE a2 -
i02 |’ i02 i02 '
0 iq3 0
0 43 0
0 _io3_ | 0
The equation (3.79) simplifies to equation (3.80).
i 0 1 _iql_ i O 1 _Z“pmdl_
0 Iy 0 /'meql
0 i01 O /’me01
i i i A
q2 q2 q2 pmd2
S N T P Rt o A (3.80)
e2 2 2 d2 gdo -d2 2 2 d2 pmqg2
b2 o> o2 | | Apmo2
0 iq3 /1pmd3
O id3 O //tpmq3
L 0 . _i03_ | O a /1me3_

Replacing the gd inductance matrix in to the equation (3.80) results in:
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Te2 =

The equation (3.81) is equal to equation (3.82).

quliql + qudlidl + I—q101i01 + I—qlq2iq2 + qudzidZ + Lq102i02 + Lq1q3iq3 + Lq1d3id3 + Lq103i03

Ldlql a7t Ldll a1t Llel o1t Ldlq2 g2 T Ldld2 a2 T Ld102| 02t Ld1q3 a3t Ld1d3 as t Ld103|03

LOlql qt LOldl a1 T L0101 o1t L01q2 g2 T L01d2 a2 t I—0102 02 T L01q3 a3t L01d3 as T L010§03

I-q1q2 ql + I-q1d2 dl + I-q102 01 + Lq22 g2 + Lq2d2 d2 + LqZOZ 02 + Lq2q3 g3 + Lq2d3 d3 + I-q203 03
Lasgalgr + Lasazlas + Lasoolor + Laagalgz + Lazalas + Lasooloz + Laagalgs + Lazaslas + Lazodos
L01q2 ql + I_Old2 dl + I_0102 01 + L02q2 q2 + L02d2 d2 + L0202 02 + L02q3 q3 + L02d3 d3 + L020é03
quq3iq1 + Lq1d3id1 + Lq103i01 + Lq2q3iq2 + Lq2d3id2 + quoaioz + Lq3q3iq3 + Lq3d3id3 + Lq3o3i03

Laiqalqr + Lazaslas + Lazoslor + Lazqslqz + Lazaslaz + Lazosloz + Lasgslys + Lasaslas + Lasoslos

L01q3iql + L01d3id1 + L0103i01 + L02q3iq2 + L02d2id2 + Lozosjoz + L03q3iq3 + L03d3id3 + Lo303ios
T )lpmdl
pmal
pm01
pmd2
pmg2
pm02

pmd3

pmq3

TN

pm03 |
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After simplifying the equation (3.82), the non-zero terms are:

Te2 =

quqzlql + Lq1d2|d1 + Lq102|01 + Lq22|q2 + Lq2d2|d2 + |
. ; . ; d2
Loo2os + Lyagalgs + Lgzaslas + Lozodos

3P LdquIql + Lygaolas + Lasodos + Ld2q2|q2 + Lyoolas +).

|
- - - - q2
2 2| Lyyoolo, + Ld2q3|q3 + Ly2q3las + Lazodos (3.83)

LOquiql + LOleidl + L01ozim + L02q2iq2 + L02d2id2 + .

. . - . I02
L0202|02 + L02q3|q3 + L02d3|d3 + L0203103

3P, - -
+ E E (ﬂpmq2|d2 + ﬂ’pmd2|q2 + ﬂ’meZIOZ)

Similarly, the co-energy of the machine 3 also can be presented as function of the stator

currents and the flux linkages as:

. t - =t
WcoS = E labes Lsslabc1,2,3 Tl ﬂ’pm_3 (3.84)

From the torque co-energy equation, the electromagnetic torque can be derived as:

T. = co3 3.85
e3 00 ( )

The equation (3.85) is equal to the below one.

1. oL . . Oy 3
Tes = laves @'abd,z,s +lapes 6 (3.86)
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Again the mechanical angle of the equation (3.86) needs to be converted to the electrical

angle as:
0,-"0,
2 (3.87)

Therefore, the torque equation changes to the equation (8.88).

Pl t@LSS. P-ta;me3

2 2 labes %'aba,z,s"'zlw 00 (3.88)

r r

Te 3

Substituting the stator currents with their corresponding values in rotor reference frame

results in:
3P L. ) on,,
Te3 = 2 2 ( qd03) T(H ) T(H ) 1 qdeL,2.3 —|— (quo?,) ( )W—3 (3.89)

I’ r

The equation can be rewritten as:

0 i 0

0 i 0

0 i, 0

3P ° T SST oy ?qz 3P 8 (g Poms (3.90)
Te3:EE 8 ( ) 5 6,) |id2 53 X 6,) 56,
02
iq3 iq3 iq3
iq3 id3 iq3
| o3 ] _i03_ | o3 |

Equation (3.90) is equal to equation (3.91).
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Replacing the gd inductances matrix into the equation (3.91) results in:
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T =

.

0

0

3P 0

22| °

0

iq3

id3
_i03_
0

0

0

3P 0
22 g
iq3
id3
_i03

The equation (3.92) is equal to:

quliql + qudlidl + I—q101i01 + quqziqz + qudzidz + I—q102i02 + Lq1q3iq3 + Lq1d3id3 + I—q103i03

Ldlqliql + Ldllidl + Ld101i01 + Ldlqziqz + Ldldzidz + Ld102i02 + Ldlq3iq3 + LdldSidS + Ld103i03

LOlqliql + LOldlidl + I—0101i01 + L01q2iq2 + I—01d2id2 + I—0102i02 + L01q3iq3 + L01d3id3 + L0103iOB

quqziql + qudzidl + Lq102i01 + Lq22iq2 + Lq2d2id2 + I—q202i02 + Lq2q3iq3 + Lq2d3id3 + Lq203i03
Lasgolar + Larazlar + Laroodor + Lazgalgz + Lazalaz + Lazoslos + Laagalas + Lazaslas + Lazoslos
I—01q2 gl + L01d2 dl + L0102 01 + L02q2 q2 + L02d2 d2 + L0202 02 + L02q3 q3 + L02d3 d3 + L0203|03
quqS gl + Lq1d3 dl + Lq103|01 + Lq2q3 q2 + Lq2d3 d2 + I—q203| 02 + Lq3q3 g3 + I—q:">d3 d3 + Lq303|03
Ldqu ql + Ld1d3 a1 T Ld103 o1t Ld2q3 q2 + Ld2d3 a2 T Ld203 02 T Ld3q3 q3 + Ld3d3 az t Ld303 03

L01q3 qa T L01d3 a1 T I—0103|01 + L02q3 @2t L02d2 a2 T I—ozo3'oz + L03q3 3T L03d3 as T I—0303|03

pmdl
pmal
pm01
pmd2
pmg2
pm02
pmd3

pma3

NN

pmo3 |
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After simplifying the non-zero terms of the equation (3.93) are:

quqsiql + qudsidl + quOSiOI + Lq2q3iq2 + Lq2d3id2 . _ |
+ quosioz + Lq3q3iq3 + Lq3d3id3 + Lq303i03 °
3P Ld1q3iql + Ld1d3id1 + Ld103i01 + Ld2q3iq2 + Ld2d3id2 i
22 + Ld203i02 + Ld3q3iq3 + Ld3d3id3 + Ld303i03 w
L01q3iq1 + L01d3id1 + L0103im + L02q3iq2 + L02d2id2].

03

+ L0203|02 + L03q3|q3 + L03d3|d3 + LO303|03

(3.94)

3P

+ 2 2 (ﬂ'pmqsldS + ﬂ“pde'qS + ;1’me2|03)

The dynamic equation of the rotor speed can also be derived using the electromagnetic and
load torque. In equation (3.95) ‘P’ is the number of the pole of the machine, ‘w,’ is the rotor speed,

‘B’ is the friction coefficient and ‘T}’ is the mechanical load torque applied to the machine.

2
T=T,+T,+T,= J(E)pa)r +T, +Bo, (3.95)
3.7.3 Generating the Parameters of the Symmetrical Triple-Star Nine Phase IPM

After generation of the model equations, the parameters of the machine need to be
generated. The machine parameters are the different inductances that are determined from the turn
and winding functions of the machine and also the flux linkages of the permanent magnets. The
clock diagram of the machine is shown in the Figure 3.70 (a). As it can be seen each machine has

four poles with full pitch, double layer and concentrated windings.
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Figure 3.71: The turn functions of the, (a) Machine ‘1’ phases, (b) Machine ‘2’ phases, (c)
Machine ‘3’ phases.
The machine has 36 slots and each slot covers 40 degrees of the stator circumferential and
also each machine is shifted by 40 degrees from the adjacent machine. In this diagram the machine
1 is shown in blue, machine 2 is shown in red and machine 3 is shown in green color. The turn

function of each machine can be generated from the clock diagram. Figures 3.71 shows the turn
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function for each of the machines. The rotor of the machine is the same as the single star machine,
shown in the Figure 3.5. It can be seen that the rotor has four bars of the permanent magnet
materials buried inside. Again considering the effect of the permanent magnet bars on the effective
airgap, the airgap function can be generated as Figure 3.6.

Using the above figures, the equation (3.96) the winding functions of the phase stator
phases are generated as a function of rotor and circumferential angle of the stator. Figure 3.72
shows the winding function of the phase ‘a’ of the machine 1 [83].

TnW('g)dH

N, () =n, (6)— 23G:0) (3.96)
0

1
I91(6’,@)0'

0

400

200 300

100 200
Rotor Angle (degree) Stator Angle (degree)

Figure 3.72: The winding function of the phase ‘a’ of the machine 1.
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The winding functions of the rest of the phases have the same form except they are shifted
by 40 degree of the stator angle.

Using the generated winding functions and equation (3.97) the self and mutual inductances
of the machine phases can be calculated. Figures 3.73 to 3.78 show the mutual and self-inductances
of the machine corresponding to each stator phases. In equation (3.97) ‘»’is the radius of the rotor,
I is the machine length, ‘y,’ is the permeability of the machine iron, ‘n;” is the turn function of
the phase %, ‘N, " is the winding function of the phase %’ and ‘g(8, 6,.)’ is the air gap function of

the machine.

2
1
L. =urll————n. (68N, (6)de@ (3.97)
o = Ho '!9(9,@) (0N, (0)
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Figure 3.73: The self and mutual inductances corresponding to phases of machine 1.
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Figure 3.74: The self and mutual inductances corresponding to phases of machine 2.

O ) 008 I La3a3 o La3b3 o Lb3c3 """ La3c3 - I‘b3b3 Lc3a3 """ Lb3a3 """ Lc3b3 - L03c3 1
0.004 ; E\ ; E /; p
> VARV, v VN
S 0.
0.004
-0'0080 100 200 300 400 500 600 700
Rotor Angle (Degree)

Figure 3.75: The self and mutual inductances corresponding to phases of machine 3.
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Figure 3.76: The mutual inductances between machines 1 and 2.
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Figure 3.77: The mutual inductances between machines 1 and 3.
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Figure 3.78: The mutual inductances between machines 2 and 3.

Stator self-inductances are maximum when the rotor g-axis is aligned with the phase, and
mutual inductances are maximum when the rotor g-axis is in the midway between two phases.
Now the inductances can be arranged in the matrix of equation (3.98) and using the equation (3.56),

they can be transformed to the rotor reference frame to obtain the q and d inductances of each

machine.

Lls + Lalal Lalbl Lalcl La1a2 La1b2 Lalcz La1a3 La1b3 Lalc3
Lblal LIS + Lblbl Lblcl LblaZ Lble Lbch Lb1a3 Lb1b3 LblcS
Lclal Lclbl I‘Is + Lclcl Lclaz Lclbz Lclcz Lclas Lclbs LclcS
La2a1 La2b1 La201 I‘Is + La2a2 La2b2 La202 La2a3 La2b3 La203

Lss = Lb2a1 Lbzbl Lb2c1 LbZaZ I‘Is + I‘beZ I-b2c2 Lb2a3 Lb2b3 LbZCS (398)

LcZal chbl Lchl Lc2a2 Lc2b2 Lls + LchZ LcZaS Lc2b3 Lc2c3
La3a1 La3b1 La3c1 La3a2 LaSbZ La3c2 Lls + LaSa3 LaSbS La3c3
Lb3a1 Lb3b1 Lb3c1 Lb3a2 Lb3b2 Lb3c2 Lb3a3 I‘Is + Lb3b3 Lb3c3
Lc3a1 Lc3b1 Lc3c1 Lc3a2 Lc3b2 Lc3c2 L03a3 Lc3b3 Lls + Lc303

The generated inductances in rotor reference frame are shown in the Figures 3.79 to 3.84.
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Figure 3.79: (a) The inductances of the machine 1 in the rotor reference frame, The zoomed view of, (b) The

g axis inductance, (c) The d axis inductance, (d) The mutual between q and d axis.
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Figure 3.80: (a) The inductances of the machine 2 in the rotor reference frame, The zoomed view of, (b) The

g axis inductance, (c) The d axis inductance, (d) The mutual between g and d axis.
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Figure 3.81: (a) The inductances of the machine 3 in the rotor reference frame, The zoomed view of, (b) The

g axis inductance, (c) The d axis inductance, (d) The mutual between q and d axis.
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Figure 3.82: (a) The mutual inductances between the machines 1 and 3 in the rotor reference frame, The

zoomed view of, (b) The g axis inductance, (c) The d axis inductance, (d) The mutual between g and d axis
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Figure 3.83: (a) The mutual inductances between the machines 1 and 2 in the rotor reference frame, The

zoomed view of, (b) The q axis inductance, (c) The d axis inductance, (d) The mutual between q and d axis.
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Figure 3.84: (a) The mutual inductances between the machines 2 and 3 in the rotor reference frame, The

zoomed view of, (b) The g axis inductance, (c) The d axis inductance, (d) The mutual between g and d axis.
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The equation (3.36) and Figure 3.30, are repeated here to show the flux linkage due to the

rotor permanent magnets seen from the phase ‘a’, the flux linkage seen in the rest of the phases

have the same shape with 40 degree shift from each other.

Br (er) =

BmaX
BmaX ZBmaX 0]'
a,
~B,_,
_ Bmax + ZBﬂgr
&,
> A
% Bmax
()]
X
=)
L 0
@
c
4
=— aﬂax

, 135° —, <0, <180°

90° <|6,| <135° —3%

135° —%<|@r|<135° —a,

Figure 3.85: Plot of flux density with spatial angle.

(3.99)

Now according to equation (3.55) the flux linkage due to the permanent magnets on each

phase of the stator can be transformed to the rotor reference frame to obtain the g and d axis flux

linkages for each of the machines. Figures 3.86 to 3.91 show the flux linkage components.
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Figure 3.86: The d axis flux linkage due to the rotor permanent magnets of machine 1.
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Figure 3.87: The g axis flux linkage due to the rotor permanent magnets of machine 1.
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Figure 3.88: The d axis flux linkage due to the rotor permanent magnets of machine 2.
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Figure 3.89: The q axis flux linkage due to the rotor permanent magnets of machine 2.
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Figure 3.90: The d axis flux linkage due to the rotor permanent magnets of machine 3.
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Figure 3.91: The q axis flux linkage due to the rotor permanent magnets of machine 3.
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3.7.4 Simulation of the Coupled Model of the Symmetrical Triple Star Nine-Phase IPM

The generated parameters are substituted in the machine model and model is simulated
using MATLAB/Simulink. Three sets of 60 (Hz) 110 (Volts) three-phase voltages (as shown in
Figure 3.92) are applied to the model while the initial rotor speed is 377 rad/sec. The machine
faces some initial transients and after that the rotor speed goes to the synchronous at steady state,
a mechanical load torque equal to 5 N.m is applied to the machine. The following figures show

the simulation results.

100/‘ /S NS NS "X / \\ / N/ y ) \/ N\ \/
A A /,\\\ / A \ /,)(
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N/ \ ANIANYA //" \ / N/ \ N
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Figure 3.92: The phase voltages.
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Figure 3.93: The rotor speed.
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Figure 3.95: The zoomed view of electromagnetic torques generated by machines (a) Total
torque, (b) Individual torques of the machines after applying load, (c) Individual torques of the

machines before applying load.
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Figure 3.96: The spectrum of the electromagnetic torque for, (a) Machine ‘1°, (b) Machine ‘2’,
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Figure 3.93 shows the rotor speed. It can be seen that after initial transients the rotor speed
goes to the synchronous speed which is equal to the source frequency. Also when the load torque
is applied to the machine due to the changing in the torque angle of the machine the speed shows
transients before going back to the steady state. Figure 3.94 shows the electromagnetic torque of
each machine and the sum of them. As it can be seen when the transients are over the average
electromagnetic torque goes to zero. After applying the load, the machine starts generating
electromagnetic torque to keep the synchronous speed. The zoomed view of the electromagnetic
torques of each machine and total are shown in Figure 3.95. Also the spectrum of the
electromagnetic torque for the total torque and each machine are also shown in the Figures 3.96.
The spectrum of the airgap flux linkage of each machine is shown in the Figures 3.97. the
harmonics of the flux linkage can be seen beside the main harmonic of the flux linkage. The main

harmonic has the frequency of 60 hertz which is equatl to the source frequency.
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Figure 3.97: The spectrum of the airgap flux linkage for, (a) Machine ‘1°, (b) Machine ‘2’, (c)
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The stator currents in natural quantities are shown in the Figures 3.98 to 3.100. The
spectrum of the phase ‘a’ of each machine is also shown in these figures. The machine is also
tested using the 9 phase setup in the lab under the same conditions for the voltages and the load.
Figure 3.101 shows the currents of each machine at the steady state along with the spectrum of the

current of the phase ‘a’ of the same machine.
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Figure 3.101: The experimental results of the stator currents of machines at steady state, (a) Machine 1,
(b) Machine 2, (c) Machine 3 (5 A/scale). and the spectrum of the phase ‘a’ current for, (d) Machine 1,
(e) Machine 2, (f) Machine 3.

3.8 Coupled Modeling of the Asymmetrical Triple Star IPM

The triple star machine that was modeled in the section 3.7 is a symmetrical one. Symmetry
in the triple star machine means each two adjacent machine have the same phase shift between
them. To reduce the harmonic content of the flux linkages the machine can be designed as
asymmetrical [152, 153]. In this new configuration the phase shifts between three-phase sets 1 and
2 and also the phase shifts between the three-phase sets 2 and 3 of machine is equal to the half of

that in the symmetrical one. Therefore, unlike the symmetrical configuration, the phase shifts
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between each two adjacent machines are not equal. This machine also is a triple star machine and
it also can be considered as three isolated sets of three phase machine. Therefore, this configuration
also enjoys the high reliability of the symmetrical one. If any of the machines has a fault, that
machine can be removed by putting its stator voltage equal to zero and support the load or turbine
using the rest of the machines. The machine is composed of three sets of three phase machines.
The machine has 36 slots and each of the machines cover 12 slot of that. The slot angular pitch is:

,_180xP _180x4

=20 (Degree)

36 36 (3.100)
The slots between phases for each set can be calculated as:
Slots Between Phases = 120 120 =6 (3.101)
y 20 '
The full coil pitch is:
36 36
FeP=5=77°9 (3.102)

Since the machine has concentrated windings then the belt is equal to 1. And also since the

machine is an asymmetrical one the slot between two adjacent machines is [139]:

Slot Betwee Adjacent Machines = O.ng =1

(3.103)
For the machine 1 the winding scheme is:
Table 3.5 The winding scheme of machine 1.

Al Al Bl Bl c1 [

1 10 7 16 13 22
Al Al, Bl Bl. CL Cl.
10 19 16 25 22 31
Al Al Bl Bl c1 CcL
19 28 25 34 31 4
AL Al, Bl Bl. CL Cl.
28 1 34 7 4 13

The machine 2 has 1 slot shift from the machine 1, therefore the winding scheme for the

machine 2 is:
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Table 3.6 The winding scheme of machine 2.

A2* A2 B2* B2 c2* C2
2 11 8 17 14 23
A2. A2, B2 B2+ C2. C2.
11 20 17 26 23 32
A2* A2 B2* B2 c2* Cz2
20 29 26 35 32 5
A2. A2, B2 B2+ C2. C2.
29 2 35 8 5 14

The machine 3 has 1 slot shift from the machine 2, therefor the winding scheme for the

machine 3 is:
Table 3.7 The winding scheme of machine 3.

A3* A3 B3* B3 c3* C3

3 12 9 18 15 24
A3. A3, B3. B3. C3. C3.
12 21 18 27 24 33
A3* A3 B3* B3 cs* C3
21 30 27 36 33 6
A3. A3, B3. B3. C3. C3.
30 3 36 9 6 15

Using the above tables, the clock diagram can be drawn as Figure 3.103.

3.8.1 The Model Equations

The machine modelling can proceed from the voltage equations of the stator phases. Phase
voltages for phases ‘a’, ‘b’, ‘c’ of each of the three phase IPM machines are given as equation
(3.104). In this equation ‘I,;’ is the current of phase ‘x” and ‘pA,’ is the derivation of the flux
linkage seen from the phase x’ of the machine %’ and the term ‘ry’ also represents the stator

resistance for each phase of the stator.
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Figure 3.103: The clock diagram of the asymmetrical triple star machine.

V., =ri, + pi,
V,, =i, + pA,; ,i=123 (3.104)
V, =ri; + pA,
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Therefore, for machine 1 the phase voltage equations are:

Va =Tl + PAy
Vi =Kl + PAy (3.105)
V,=ri,+ pA,
And for machine 2 the phase voltage equations are:
Vi =Ll + P4y,
Vi, =Ty, + Py, (3.106)

Vc2 - rsiCZ + pﬂ’cZ

And also for machine 3 the phase voltage equations are:

V + pPAs

a3 sa3

Vs = Filpg + PAys

Vc3 - I’-s|c3 + pﬂ’cS

(3.107)

The flux linkage for each phase has four components:

1- The flux linkage due to the current through the phase windings.

2- The flux linkage due to the coupling between the phase and the other phases of the same
machine.

3- The flux linkage due to the mutual inductances between the phase and the phases of the
other machines.

4- The flux linkage due to the permanent magnets of the rotor.
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The flux linkages of the machine phases can be represented as equation (3.108) to (3.110).
In this equation the terms ‘L,;,;’ represents the self-inductance of the phase x’ of the machine %’
and ‘Ly;,;’ represents the mutual inductance between phase ‘X’ of the machine ‘7”and phase ‘y’ of
the machine j°. Also the term ‘A,.,,; " represents the flux linkage due to the permanent magnets

of the rotor that links the phase x’of the machine ‘i’. Therefore, for the machine 1 the flux linkages

are:
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ﬂ'al = Lalallal + Lalbllbl + Lalcllcl + La1a2|a2 + I—alb2|b2 + Lach'cZ + La1a3|a3 + La1b3|b3 + La1c3|c3 + j'pmal
ﬁ‘bl = Lblallal + Lblbllbl + Lblcllcl + Lb1a2|a2 + Lb1b2|b2 + Lblc2|02 + Lb1a3|a3 + Lb1b3|b3 + Lb1c3|c3 + ﬂ’pmbl (3.108)

ﬂ“cl = Lclallal + Lclbllbl + Lclcllcl + Lc1a2|a2 + Lclb2|b2 + Lcch'cZ + Lcla3|a3 + Lclb3|b3 + Lclc3|c3 + ﬂ“pmcl
And for the machine 2 the flux linkages are:

ﬂ’ = La2al al + L 2b1 b1l + La2c1 cl + L

a

ﬂbZ - Lb2a1|a1 + Lb2b1|b1 + Lb2c1|c1 + Lb2b2|b2 + Lb2a2|a2 + Lb202|02 + Lb2a3|a3 + Lb2b3|b3 + Lb2c3|03 + ﬂ’pmbz (3'109)
ﬂ“cz = LcZallal + Lchllbl + Lc2c1|c1 + Lc2a2|a2 + Lc2b2|b2 + Lc2c2|c2 + Lc2a3|a3 + Lc2b3|b3 + Lc203|c3 + ﬁ’pmcz

And for the machine 3 the flux linkages are:

2a2a2+L2b2b2+L

a2c2'c

2+L 3+La2b3b3+L20303+1

ala3’a pma2

ﬂ“ = La3a1 al + La3b1 bl + La3c1 cl + La3a2 a 3 + /1

ﬂbs - Lb3a1ia1 + LbSblibl + Lb3c1ic1 + Lb3b2ib2 + Lb3a2ia2 + Lb3c2i02 + Lb3a3ia3 + Lb3b3ib3 + Lb3c3i03 + ﬂ’pmb3 (3'110)

A“CS = Lc3a1|al + Lc3b1|b1 + Lc3c1|c1 + Lc3a2|a2 + I—c3b2lb2 + L03c2|c2 + Lc3a3|a3 + L03b3|b3 + L03c3|c3 + lpmcS

2+L3b2b2+|‘ 2+La3a3a3+L3b3b3+L

a3c2’c a303 c pma3

The flux linkages can be represented in the matrix form as:
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(3.111)

The transformation matrix of equation (3.112) can be used to transform the voltage

equations to the rotor reference frame. This transformation has three parts. Each part is aligned to

the phase ‘a’ of each of the machines. Therefore, the top part is aligned to the machine ‘1” the

middle one is aligned with the machine ‘2’ and the bottom one is for machine ‘3’[83].
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Where: y = 27Z/ 3, which is the phase shift between two adjacent phases of each machine

set, S = 72'/9 which is the phase shift between two adjacent machines and l9r is the rotor angle.

Also in this matrix ‘C’ represents ‘cos’ and ‘S’ represents ‘sin’.

The currents and flux linkages of equation (3.104) can be replaced by their corresponding

currents in rotor reference frame according to equation (3.113).

- 1 (3.113)
ins = rxisT (er) qur + p[T(er) ﬂqdr]
Multiplying the T (¢,) from the left side of the equation, results in:
T (er )ins =T (Hr ) I’-xisT (‘9r )_l iqdor +T (er) p[T (Hr )_1ﬂ'qdor:| (3.114)
This can be rewritten as:
1- 4 (3.115)
quor :T(er)rxisT (er) qu0r+T(9r) p[T(gr) ﬂ“qdor]
The different terms of the equation (3.115) can be represented as:
rr 0 0 0 00 0 0O
Or, OO0 0 O0OOOO
0O 0rhb, 00O O O OO
0 00r, 00 O OTP®O
TG )r,T 6)*'=|0 0 0 0 rr, 0 0 0O (3.116)
0 000 O0Or, 00O
0 000 0 OIr, 0O
0 000 0 O0OOTIrRSOo
0 000 0 0 O0 0 r
T (er) p[T (er)ilﬁ’qdor:l = T (er) pT (er)ilﬂ“qdor + T (er )T ((9r)71 pﬂ’qdor (3117)
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In equation (3.117) the term with derivation of the transformation matrix can be written as equation (3.118).

C(6,) c(6,-y) c6 +y) 0 0 0 0 0 0
s6,) s -y) s +y) 0 0 0 0 0 0
1 1 1 0 0 0 0 0 0
2 2 2
0 0 0 C-7) CO-r-8) CO+r-p) 0 0 0
2l o0 0 0 S(0,-7) S(O.-r-p) s +r-p) 0O 0 0 «
3| o 0 0 1 1 1 0 0 0
2 2 2
0 0 0 0 0 0 C(6,-28) C(6 -28-y) C(6,-28+y)
0 0 0 0 0 0 S(6,-28) S(6,-28-y) S(6,-28+7)
0 0 0 0 0 0 1 1 1
2 2 2
(3.118)
c(6,) 5(6,) % 0 0 0 0 0 0
C6,-y) s(6 -y) % 0 0 0 0 0 0
CO, +y) S(6 +y) % 0 0 0 0 0 0
0 0 0 C(6-p) (6, - B) % 0 0 0
ol 0 0 0 ClO-r-p) S6.-r-5) % 0 0 0
0 0 0 C@ +7-p) SO +y-p) % 0 0 0
0 0 0 0 0 0 C(6-2p) S(6, -2p) %
0 0 0 0 0 0 C(6-28-y) S(6.-28-7) %
0 0 0 0 0 0 C(6,-2B%y) SO, -2B+7) %




Substituting the derivation of the second matrix in to the above equation results in:

T(6,)pT(0,)" =

(3.119)
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The flux linkage of the machine can also be presented as:

/’i’qdor = T (er )Lssiabci + T (gr )ﬂ’pm_abci (3.120)
Substituting the currents by their corresponding currents in rotor reference frame results
in:
ﬂ’qdor = T (er )LssT - (er )iqdor + T (er )ﬂ’pm_abci (3121)

The flux linkage due to the permanent magnet of the machine in the stator phases can be

transformed to the rotor reference frame according to equation (3.122).
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w|N

c(6) c6.-y) c(6 +y) 0 0 0 0 0 0

s@,) s -y) s +y) 0 0 0 0 0 0
1 1 1 0 0 0 0 0 0
2 2 2
0 0 0 C -y) C6,-y-p) CO.+y-p) 0 0 0
0 0 0 SO.-y) S, -7r-p8) S6 +y-p) 0 0 0 y
0 0 0 % % % 0 0 0 (3.122)
0 0 0 0 0 0 C(6,-28) C(6,-2p-y) C(6,-2B+y)
0 0 0 0 0 0 S(6,-28) S(6.-28-y) S(6.-2B8+y)
0 0 0 0 0 0 1 1 1

2 2 2

j“pm_al_ _ﬂ‘pmqlr ]

/1pm_b1 /lpmdlr

ﬂ’pm_cl /lpmolr

ﬂpm7a2 ﬂpder

/1pm_b2 = lpmqu

ﬂ’pm_cz A’pmoZr

ﬂ’pm_aB ﬂ’pqur

lpm_b3 ﬂ‘pmdSr

_/1pm_c3_ _’1pmosr_
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The equation (3.121) also has a term which includes ‘L’ representing the inductances of the stator
of the machine. The inductances can be transformed to the rotor reference frame as equation

(3.123).
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Then using the permanent magnet flux linkages and the inductances of the machine in the
rotor reference frame, the flux linkages of the machines in equation (3.123), can be represented in

rotor reference frame as equation (3.124).
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/1 L +qudld1+Lq10101+L 2+Lq1d2d2+L 2+L 3+Lq1d3d3+L 3+ﬂ’

ql — qlql ql glg2°q gqlo2”o gq193°q glo3o pmal

ﬂ’dl = Ldldlldl + Ldlqllql + Ldlollol + Ldld2|d2 + Ldlq2|q2 + Ldlozloz + LdldSIdS + Ld1q3|q3 + Ld103|03 +ﬁ’pmd1

/1 = I—oldl d1i + L + I—olol ol + L01d2 d2 + L01q2 q2 + LoloZ 02 + I—old3 d3 + Lolq3 q3 + I—0103 03 + /Ipmol

olql gl

Ag2 = Lagalqa + Lgaaalaz + Lyzoale +L

q2q2Vq2 + Loaalar T Lgzorlor T Lgzgales + Lozaslas T Lyzoslos T Apmee

92 q2qtlq1 q2q3lq3

(3.124)

Ag2 = Laaaalas + Lyagalqe + Lazozlor T Lazarlar + Lazgilq * Lazorlor * Lazaslas + Lazgalgs + Lazoslos T Apmaz
Aoz = Lozaolaz  Lozgalgz  Lozozloz + Logarlar + Lozgrlqr T Lozotlos T Lozaslas T Lozgalgs + Lozoslos + Apmoz
ﬂ'q3 = Lq3q3iq3 + Lq3d3id3 + Lq303i03 + Lq3q1iql + I—q3d1idl + Lq3oliol + Lq3q2iq2 + Lq3d2id2 + Lq302i02 +ipmq3
Ags = Lysgslgs + Lasgalgs T Lusoslos + Lasarlas + Lasqrlar + Lasorlor + Lazazlas T Lasgzlgz T Lasozlos + Apmas

203 = Lo3d3|d3 + Lo3q3|q3 + L0303|o3 + Lo3d1|d1 + LoSqllql + LoSollol + L03d2|d2 + I—03q2|q2 + Lo302|02 + ﬂ‘pmos
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Also the voltages and the currents of the machines can be transformed to the rotor reference

frame as equation (3.125) and (3.126) respectively.

1
|
1
I

Vql Val
le Vbl
Vo Va
Vq2 Vaz
Vo | = Ta(6 Varos = Tu(6,) x| Vi (3.125)
Vo2 Ve
Vq3 Va3
Vd3 Vb3
| Vos | | Ves |
| iql | _ial_
idl ibl
oz I
iq2 ia2
g, =T (9r )i3123 =T, (9r ) x| Iy, (3.126)
o Ieo
iq3 las
lgs s
o s |

By separating the voltages of g and d axis of different machines, the voltage equations of

the machines could be represented as:

V,=Fi,+o A+ p/lq1

ql s'ql
Vs = Glyy — 0, A + PAg,

_ (3.127)
V01 =Ky, + pﬂm
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qu I 02 +w Ay, + p

Vi, =iy, — o, q2 + pldz (3.128)
Voo = Koo + Py,

Vs =l + 0, Ag5 + PAgs

Vs = Llys — 0 Ags + PAys (3.129)

Vos = Flos + PAgg
The generated torgue of each machine can also be calculated using the co-energy equation.

The co-energy of the machine 1 can be presented as function of the stator currents and the flux

linkages as:

t
Wcol - 2 laba L Iabc123 Isl lpm_l (3.130)

From the co-energy equation, the electromagnetic torque can be derived as:

oW
T,=—% (3.131)
o006,
The equation (3.130) is equal to:
1 - t al_ss - . t aﬂ‘pm_]_
Ty = 2 lava @Iabd,z,:’; +lapa 20, (3.132)

Since the previous equations are in term of the electrical angle, the mechanical angle of the

equation (3.132) needs to be converted to the electrical equation as equation (3.133).

6, -0,
2

(3.133)

Therefore, the torque equation changes to equation (3.134).
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P1, oL, P. 04,
el — 2 2 labat PY:) Iabc1,2,3+5|sl 00 (3.134)

r r

Substituting the stator currents with their corresponding values in rotor reference frame

results in:

Tel:gg(qdol) T(Q) S:'T(g )7 qd0123+2 :(qdl) T(@) Fgf - (3.139)
The equation can be rewritten as:
_iql_t _iql_ _iql_t
idl idl idl
I01 i01 IOl
0 Iy 0
T,=2"lo T(e) SST(H i, [+2 2] 0 o
22 0. ) 22 ; (3.136)
0 o, 0
0 Iy 0
0 Iy 0
|0 o3 | 0
This equation is equal to:
_iql_t _iql_ _iql_tt ;i“pmdl
id1 idl id1 ﬂ‘pmql
I01 i01 I01 /1me1
0 iq2 0 lpmdz
T=2PlolLin |22 0] | Apme (3.137)
22 : 22
0 o2 0 /1me2
0 iq3 0 lpmd3
0 id3 0 ﬂ’pmq3
_0_ _i03_ _0_ _ﬂ‘pm03_
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Replacing the inductance matrix from the equation (3.123) results in:
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The equation (3.138) is equal to:

quliql + qudlidl + Lq101i01 + Lq1q2iq2 + I-q1d2id2 + Lq102i02 + Lq1q3iq3 + Lq1d3id3 + Lq103i03
Lysgalar + Laardar + Lasodor + Larglge + Larazlaz + Lasosdoz + Lusgalgs + Laraslas + Lazodos
o LOlqliql + Lowgrlar + Losodor + L01q2iq2 + Loigolas + Lorodos + L01q3iq3 + Lowgslgs + Losodos
O quqziql + qudzidl + Lq102i01 + Lq22iq2 + Lq2d2id2 + I—q202i02 + Lq2q3iq3 + Lq2d3id3 + Lq203i03

0 || Lysgolgr + Lraolor + Larosdor + Lazagzlge + Lazolaz + Lasosdoz + Luzgalgs + Lazaslas + Luzodos

0 LOquiql + Lowgolar + Losodor + L02q2iq2 + Logaolgz + Losodor + L02q3iq3 + Logaalas + Lozodoa

0 Lq1q3iq1 + Lq1d3id1 + Lq103i01 + Lq2q3iq2 + Lq2d3id2 + I—q203i02 + Lq3q3iq3 + Lq3d3id3 + Lq303i03 (3.139)
0 Ldquiql + Lygalar + Lroslor + Ld2q3iq2 + Lysaslan + Lyoodos + Ld3q3iq3 + Lyaalas + Lusodos

0 L01q3iql + Loigalgr + Loodos + L02q3iq2 + Logaolgz + Losodor + L03q3iq3 + Losyslas + Losodos

— . _t —
pmd1l

NN

pmal
pmO1
pmd2
pmg2
pmO02
pmd3

pmg3

NSNS

pm03 |
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3
+_
2

The non-zero terms of the equation (3.139) are:

qll ql + qudl dl + quOl 01 + Lq1q2 92 + Lq1d2|d2 + .
d1
q102 02 + quq3 q3 + qudS ds3 + Lq103 03

d1qulqr T Laralar T Lorodor T Largzlgz + Laraalgs + -
al

L
L
L
Larosdos + Largalgs + Lasaslas + Larodos

I-Olqllql + I—Oldlldl + I—0101|01 + I-01q2|q2 + I-01d2|d2 + .

|
. . . . 01
Losodos + L01q3|q3 + Loigalas + Losodos

(3.140)

P
2 (/’meql d1 + Z’pmdl gl + ;tpm01 01)

The co-energy of the machine 2 also can be presented as function of the stator currents and

the flux linkages as:

. t - =t
WcoZ = E labeo Lsslabd,2,3 Tl Z’pm_Z (3.141)

From the torque co-energy equation, the electromagnetic torque can be derived as:

oW
T. = c02 3.142
2~ g (3.142)

rm

The equation (3.142) is equal to:

1. oL . N
Te2 = E Iabczt aa% labat,2,3 T Iabczt # (3.143)

rm rm

Again the mechanical angle of the equation (3.143) needs to be converted to the electrical

angle as equation (3.144).
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3.144
) _P, (3.144)

r 2 rm
Therefore, the torque equation changes to:

P1. oL,. P. 04y, -

2 2 labc2 %Iabd23+ 5 s I 06 (3.145)

r

Te2

Substituting the stator currents with their corresponding values in rotor reference frame

results in:

T =3 (i) TO) >

OAgm
T(6,)" lydot,2,3 + ('qdz) T(6, )7‘2 (3.146)

r r

The equation can be rewritten as:

0 iq1 0 Apma
0 Iy 0 -
0 lo 0 Apmo1
ly2 i Iy2 Apma2
Tez :g; Ig2 | Lodo| T2 +gg i45 | | Aomaz (3:147)
i02 i02 ioz /1me2
0 iq3 0 Apmds
0 Iy 0 Apmas
| 0 | o3 | 0 | _/lpm03_

Replacing the gdo inductance matrix in to the equation (3.147) results in:
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0 Apmas
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This equation is equal to:

0 qul qat qudl a1t Lq101 o1t quq2 g2 T qud2 a2 T quOZ 02t quq3 3t Lq1d3 as t Lq103 03
0 Lysgrlqr + Laralar + Larodor + Lasgolqe + Larazlaz + Larosdos + Lasgalgs + Laraslas + Lazodos
0 Losgilgr + Lowilar + Losodor + Lotgalgz + Lozlaz + Lotodor + Logalas + Lowalas + Losodos
iq2 Lq1q2 qa Tt qud2 a1t Lq102 o1t quz g2 T Lq2d2 a2 T quoz 02t Lq2q3 g3t Lq2d3 az + Lq203 03

g2 | | Lazgzles + Lorazlar + Lasodos + Laagalgz + Lazalaz + Lazoslos + Lazgalgs + Lazaslas + Lazodos
lo2 Logzlgr + Lowazlar + Losodor + Lozgzlgz + Lozazlaz * Lozodos + Loagalas + Lozaslas + Lozodos

Lq1q3 gl + Lq1d3 dl + Lq103 01 + Lq2q3 q2 + I—q2d3 d2 + Lq203 02 + Lq3q3 g3 + Lq3d3 d3 + Lq303 03

0
O || Lusgalqr + Laaslar + Lasodos T Lazagalqe + Lazaslaz + Lasoslos + Lasgalgs T Lasaslas + Lasoslos
0

B L01q3 ql + L01d3 d1i + L0103‘|01 + L02q3 q2 + I_02d2 d2 + I_0203‘|02 + L03q3 q3 + L03d3 d3 + L0303‘|03

[0 7 Apmar |
0 || Apmgt
0 | | Apmos
g2 | | Apmaz
id2 ﬁpmqZ
i02 ﬂ’meZ
0 | | Apmas
0 || Apmgs

L O a _/1pm03_
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The non-zero terms of the above equation are:

Te2 =
Lq1q2 ql + qud2 di + Lq102 01 + Lq22 g2 + I-q2d2|d2 + |
d2
I—q202 02t Lq2q3 q3 + Lq2d3 a3 T Lq203 03
3 P|( Lugzlqs T Lasazlar + Lasozlor + Lazgalgz + Lazalaz +),
—— g2 + (3.150)
2 2 Ld202 02+Ld2q3 q3+Ld2d3 d3+Ld203 03
I-01q2 ql + L01d2 a1t L0102|01 + I-02q2 q2 + L02d2 a2t i
02
L L0202 02 + L02q3 g3 + L02d3 d3 + L0203'03 i

3P
+E 2 (ﬂ’pqu ly2 +ﬂ“pmd2 q2 +ﬂ’pm02 02)

Similarly, the co-energy of the machine 3 also can be presented as function of the stator

currents and the flux linkages as:

. t, - .t
Wc03 - E Labes Lsslabd,2,3 +lg ﬁ’pm_S (3.151)

From the torque co-energy equation, the electromagnetic torque can be derived as:

oW
T. = co3 3.152

rm

The equation (3.152) is equal to the below one.

1. t 6LSS - - t a/’{’pm_3
Tes = ElabCS g'aba,z,s T lapes 20 (3.153)

rm rm
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Again the mechanical angle of the equation (3.153) needs to be converted to the electrical

angle as below:

3.154
0,=+0, .

Therefore, the torque equation is given by:

P 1 t 8Lss - P. t aﬂ‘pm_3
25 labces %'aba,z,s"'i'w 50 (3.155)

r r

e3 —

Substituting the stator currents with their corresponding values in rotor reference frame

results in:
3 P ss —1 pm 3
Tes = 35 — (iges)’ T(6’) T(6’) (qug) T(6’) 20 (3.156)

The equation can be rewritten as:

0 g 0 || Apma
0 Iy 0 || Apmq
0 i01 0 ﬂ“mel
0 I 0|4

q2 pmd2

A Loae| i SR o (3.157)
22 : 22

0 I02 0 ﬂ’pmoz
iq3 iq3 Iq3 ﬂ’pmdS
iq3 id3 Iq3 ﬂ‘pmq?’
io3 i03 I03 _/Ipm03_

Replacing the gdo inductances matrix into the equation (3.157) results in:
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This equation is equal to:

e3

qul 1 + qudl dl + quOl 01 + Lq1q2 q2 + qudz d2 + I—q102 02 + Lq1q3 q3 + qud3 d3 + Lq103 03
Lasgalqr + Laradas + Lasodos + Lasgalaz + Larazlas + Lasoolos + Largalgs + Lazaslas + Laoslos

LOlql ql + LOldl di + I—0101 01 + L01q2 q2 + L01d2 d2 + I—0102 02 + L01q3 q3 + I—01d3 d3 + L0103|03
quqz ql + Lq1d2 dl + Lq102 01 + I-q22 q2 + Lq2d2 d2 + I—q202 02 + Lq2q3 q3 + I‘q2d3 d3 + I‘q203 03
Ld1q2 ql + Ld1d2 a1 T Ld102 ot Ld2q2 q2 + Ld22 a2t Ld202 02 T I-d2q3 q3 + Ld2d3 az T Ld203 03
L01q2 ql + I—01d2 d1i + I—0102|01 + I—02q2 q2 + L02d2 d2 + I—0202| 02 + I—02q3 q3 + L02d3 d3 + L0203|03
Lq1q3 ql + Lq1d3 dl + Lq103|01 + Lq2q3 q2 + Lq2d3 d2 + Lq203|02 + Lq3q3 g3 + Lq3d3 d3 + Lq303|03

Lasgalqs + Laraslas + Lazodlor + Laagalqs T Lazaslaz + Lasoslos + Lasgalgs + Lasaslas T Lazodlos
Losgalgr + Lowaslar + Lorodor + Lozgalqz + Lozazlaz + Lozodoa + Losgalgs + Losaslas + Losodos

pmdl
pmal
pm01
pmd2
pmg2
pm02
pmd3

pma3

[
O R NI S S O N

pm03 |
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The non-zero terms of the above equation are:

quq3|q1 + qud3|d1 + I—q103|01 + Lq2q3|q2 + Lq2d3|d2]. W
d3

+ Lq203|02 + Lq3q3|q3 + Lq3d3|d3 + Lq303|03

3 P|( Laigalqr T Lazaslar + Lasodor + Lazgalq + Ld2d3|d2J.
r .

22 + I—d203|02 + Ld3q3|q3 + Ld3d3|d3 + Ld303|03

L01q3|q1 + Lowgslar + Lorodor + L02q3'q2 + Lozaz'az].
03

(3.160)

+ L0203‘|02 + L03q3|q3 + L03d3|d3 + L0303]03

3P . . )
+ _E(ﬂ’pquIdB + /1pmd2|q3 + ﬁpm02|03)

The dynamic governing rotor speed can also be derived using the electromagnetic and load
torque. In the below equation ‘P’ is the pole pairs of the machine, ‘w,.’ is the rotor speed, ‘B’ is

the friction coefficient and ‘T}’ is the mechanical load torque applied to the machine.

Te = Tel +Te2 +TeS = J(%j pa)r +TL + Ba)r (3161)

3.8.2 Generating the Parameters of the Asymmetrical Triple Star IPM

After deriving the model, the next step is to determine the machine parameters to be used
for the modelling of the machine. The stator inductances can be derived from the clock diagram
of the machine. The clock diagram of the machine is shown in the Figure 3.103. As it can be seen
each machine has four poles with full pitch, double layer and concentrated windings. The machine
has 36 slots each slot covers 20 degrees of the stator circumferential and also each machine is

shifted by 20 degrees from the adjacent machine. In this diagram the machine 1 is shown in blue,
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machine 2 is shown in red and machine 3 is shown in green color. The turn function of each

machine can be generated from the clock diagram. Figures 3.104 to 3.105 show the turn function

for each of the machines.

50
nAl
50 100 150 200 250 300 350 400
50
nBl
50 100 150 200 250 300 350 400
nC1
-50
50 100 150 200 250 300 350 400
© (Degree)
Figure 3.104: The turn functions of the machine 1 phases.
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nAZ
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50
nBZ
50 100 150 200 250 300 350 400
50
nCZ
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O (Degree)

Figure 3.105: The turn functions of the machine 2 phases.

The rotor of the machine is the same as the rotor of the single star machine shown in the

Figure 3.5 also the airgap function is shown in the Figure 3.6. Again using the wave forms of the

turn functions, airgap function and the equation (3.162) the winding function of the phase stator
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phases are generated as a function of rotor and circumferential angle of the stator. Figure 3.107

shows the winding function of the phase ‘a’ of the machine 1 [83].
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Figure 3.106: The turn functions of the machine 3 phases.
27
[t
N(©0) =n, (@) - 2100 (3.162)
[ L _do
2 9(0.0,)
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Figure 3.107: The winding function phase ‘a’ of the machine 1.
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by 20

The winding functions of the rest of the phases have the same form except they are shifted

degree of the stator angle. Using the generated winding functions and equation (3.163) the

self and mutual inductances of the machine phases can be calculated. The Figures 3.108 to 3.113

show

L,

Henry

Henry

the mutual and self-inductances of the machine corresponding to each stator phase [83].
2 1
= .l j—nj (O)N, (6)d6 (3.163)
2 9(60.6,)
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Figure 3.108: The self and mutual inductances corresponding to phases of machine 1.
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Figure 3.109: The self and mutual inductances corresponding to phases of machine 2.
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Figure 3.110: The self and mutual inductances corresponding to phases of machine 3.
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Figure 3.111: The mutual inductances between machines 1 and 2.

Henry

Again the inductances are functions of the angle ,.. Stator self-inductances are maximum
when the rotor g-axis is aligned with the phase, and mutual inductances are maximum when the
rotor g-axis is in the midway between two phases. Now the inductances can be arranged in the
matrix form as presented in equation (3.164) and using the equations (3.123), they can be

transformed to the rotor reference frame to get the g and d inductances of each machine.

187



I I I I I

T

T

0.008- Letas Latcs — Loins — L91c3 — Lalb§ Lp1a3 - Lp1cs = Latas — Letvs
_ 0.004 §A§§A2 OO OO QA;
Z 1
c -~
:GEJ 0 ~— | } 3 } R
-0.004 /\M i
0.008 A N N N
0 100 200 300 400 500 600 700
Rotor Angle (Degree)
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Figure 3.113: The mutual inductances between machines 2 and 3.
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(3.164)

The generated inductances in rotor reference frame are shown in the Figures 3.114 to 3.119.
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Figure 3.114: (a) The inductances of the machine 1 in the rotor reference frame, The zoomed view of, (b)

The q axis inductance, (c) The d axis inductance, (d) The mutual between q and d axis.
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Figure 3.115: (a) The inductances of the machine 2 in the rotor reference frame, The zoomed view of, (b)

The q axis inductance, (c) The d axis inductance, (d) The mutual between q and d axis.
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Figure 3.116: (a) The inductances of the machine 3 in the rotor reference frame, The zoomed view of, (b)

The q axis inductance, (c) The d axis inductance, (d) The mutual between q and d axis.
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Figure 3.117: (a) The mutual inductances between the machines 1 and 3 in the rotor reference frame, The

zoomed view of, (b) The g axis inductance, (c) The d axis inductance, (d) The mutual between g and d axis.
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Figure 3.118: (a) The mutual inductances between the machines 1 and 2 in the rotor reference frame, The

zoomed view of, (b) The q axis inductance, (c) The d axis inductance, (d) The mutual between q and d axis.
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Figure 3.119: (a) The mutual inductances between the machines 2 and 3 in the rotor reference frame, The

zoomed view of, (b) The g axis inductance, (c) The d axis inductance, (d) The mutual between q and d axis.

191



The equation (3.36) is repeated here to show the flux linkage due to the rotor permanent
magnets seen from the phase ‘a’ of machine 1. The flux linkages seen from the phase ‘a’ of

machines 2 and 3 have the same shape but 20-degree phase shift from each other.

B °_ -
o % . % 16« 0% 135 4, <[] <180°
B, —2Bm g 0 —a, <|o,|<90°
a, 2
Br (er) =
~ Bl 90° <6, | <135° —3% (3.165)
2B 3
—B,, +— 0, 135° ——* <|6,|<135° -,

a, 2

Now according to equation (3.122) the flux linkage due to the permanent magnets on each
phase of the stator can be transformed to the rotor reference frame to get the g and d axis flux
linkages for each of the machines. Figures 3.120 to 3.125 show the flux linkage components for

each machine.
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Figure 3.120: The d axis flux linkage due to the rotor permanent magnets corresponding to

machine 1.
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Figure 3.121: The q axis flux linkage due to the rotor permanent magnets corresponding to

machine 1.
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Figure 3.122: The d axis flux linkage due to the rotor permanent magnets corresponding to

machine 2.
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Figure 3.125: The q axis flux linkage due to the rotor permanent magnets corresponding to

machine 3.

3.8.3 Simulation of the Asymmetrical Triple Star IPM

The inductances and the permanent magnet flux linkages that are generated in previous
section could be used in the machine equations to simulate the machine. Using all generated
equations and wave forms for the machine and substituting the machine parameters presented in
the Table 3.1, the asymmetrical triple star IPM machine can be simulated using MATLAB/
Simulink. Three sets of 60 (Hz) 110 (Volts) three-phase voltages (as shown in Figure 3.126) are
applied to the model while the initial rotor speed is 377 rad/sec. The machine speed passes some
transients at the beginning and it goes to the steady state. When the machine is at the steady state
5 N.m load torque is applied to the machine. The simulation results are shown in the following
figures. Figure 3.127 shows the rotor speed it can be seen that after initial transients the rotor speed

goes to the synchronous speed which is equal to the source frequency.
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Figure 3.127: The rotor speed.

Figure 3.128 shows the electromagnetic and load torque together. As it can be seen at the
start point the machine has the transients and finally it settles down to the steady state. After
applying the load, the machine starts generating electromagnetic torque to keep the synchronous
speed. Figure 3.129 shows the spectrum of the torque and the zoomed view of that. It can be seen
that along with the DC component the components with the higher frequency also exist in the
electromagnetic torque. This torque is the generated by three machines and each of them shares a
part of that.
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Figure 3.128: The electromagnetic torque generated by all machines.
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Figure 3.129: The spectrum of the electromagnetic torque.

Figure 3.130 shows the electromagnetic torque of each machine separately. And the
spectrum of the electromagnetic torque of each machine is shown in the Figure 3.131. The zoomed

view of the electromagnetic torques are shown in the Figure 3.132.
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Figure 3.130: The electromagnetic torque generated by each machine, (a) Machine 1, (b)

Machine 2, (c) Machine 3.
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Figure 3.133: The spectrum of the airgap flux linkage for, (a) The machine ‘1°, (b) The machine ‘2’, (c)

The machine ‘3’, (d) The total.

200



The spectrums of the airgap flux linkage for each machine and also the total flux linkage
are shown in the Figure 3.133. By comparing the Figures 3.133 (a), (b) and (c) with 3.133 (d), it
can be seen that due to the harmonic cancellation the total flux linkage has lower harmonics
magnitude compared to each individual machine. The stator currents in natural quantities are
shown in the Figure 3.134. The transients can be seen at the starting and load changing moment,
when transient is passed and the machine goes to steady state the currents also settle down to their
final values. Also the Figures 3.136 to 3.138 show the currents of each machine separately during

their steady state along with the spectrum of the phase ‘a’ if each machine.
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Figure 3.134: The stator currents.
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Figure 3.135: (a) The machine 1 stator currents at steady state, (b) The spectrum of the phase

‘a’ current.

202



10 —lp =l —l,

[\ N\ N
\___

ol
AN

Ampere
o

IV R SV
N S N

10 10.005 10.01 10.015 10.02
SecC.

(@)
Fundamental (60Hz) = 6.37 , THD= 48.32%

[a—
=
<

] I | i I i
60 180 300 420 540 660 780
Frequency (Hz)

Mag (% of Fundamental)
Lhn
o)

(b)
Figure 3.136: (a) The machine 2 stator currents at steady state, (b) The spectrum of the phase

‘a’ current.
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Figure 3.137: (a) The machine 3 stator currents at steady state, (b) The spectrum of the phase

‘a’ current.

3.9 Conclusions

In this chapter coupled models of the nine phase IPM machine in different configurations

are presented. The studied configurations include single star nine-phase, triple star symmetrical

204



nine-phase and triple star asymmetrical nine-phase. These models use the basic geometry of the
machine with limited simplifying assumptions. With limited simplifying assumptions, the models
are accurate models to study the behavior of the machines when operating under different input
voltages including high frequency signals. In this chapter after generating the turn functions of the
stator windings, the winding functions of the machine are generated. Then using the turn functions,
the winding functions and the air gap function, the inductances of each phase are generated. Then
the generated inductances are transformed to rotor reference frame to obtain different inductances
in rotor reference frame. The permanent magnet flux linkages are also generated and transformed
to rotor reference frame and finally using the generated inductances the machines are modeled in
the rotor reference frame. The generated models are simulated using MATLAB/Simulink and the

Simulation results are presented.
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