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ABSTRACT

The drive to develop electric machines with a wide constant power-speed range
(CPSR), high torque capabilities, excellent efficiency, superior reliability, and a reduced
environmental footprint for EV traction and ship propulsion systems has led to research
interest in various Permanent Magnet Synchronous Motors (PMSM). One particular area
of interest is multi-phase fault tolerant PMSM drive systems, which are integral to the
development of electric traction systems with all-inclusive motors that include sensors,
inverter modules, and a cooling system, much like an automobile engine. Furthermore,
these designs simplify fault condition maintenance because their independent single-
phase structure allows them to be used with replaceable modular inverter units which
have one H-bridge for each phase. In order to provide high reliability for the PMSM
drive systems, even in a fault condition, simple but effective current control methods are
necessary.

An interior PMSM configuration with 5 independent phases is presented for
electric vehicle (EV) traction and ship propulsion applications along with the proposed
design procedure as well as an associated inverter design and current control methods.
The proposed design process is verified using finite element analysis (FEA). An existing
5-phase 15-slot 4-pole Interior PMSM was modified to remove the neutral point, thus
allowing for independent control of the 5 phases with 5 H-bridge inverters through a
fabricated custom-made control board. Bipolar and unipolar switching methods were

evaluated and an effective switching method was proposed to drive the motor. Closed

i



loop speed control was implemented using Step VSI control, SPWM control, and
hysteresis control methods. Finally, the 5-phase 10-lead PMSM systems were evaluated
under the various control methods using simulated and experimental data after
fabricating a new inverter interface board with TI floating point DSP, Delfino (F28335).
The results suggest that multi-phase fault tolerant PMSM drive systems could play a key

role in the future of EV traction and ship propulsion systems.
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1. INTRODUCTION

1.1.  Technical roadmap of electric machines

Recently, various electric traction applications have led to increased motor
reliability demands, and developments in power electronics have made the use of multi-
phase motors a feasible solution to this problem. Multi-phase motors offer additional
degrees of freedom in comparison to single-phase motors as well as many other qualities
which compare favorably to those of the conventional three-phase motors, such as high
torque capability, reduced torque pulsation, improved reliability, increased torque per
ampere performance for a given machine size, diminished stator copper losses, and

reduced rotor harmonic currents [1]-[4].
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Fig. 1. Technical roadmap of electrical machines



Multi-phase motors are primarily used in a few specific applications such as
hybrid and electrical vehicles, marine vessels, and electric locomotives. Fig. 1 shows the
technical roadmap of electric machines in terms of speed and torque. The demand for
electric machines is growing rapidly in both the electric vehicle and ship propulsion

industries.

1.2.  Electric vehicle and electric ship propulsion markets

Fig. 2 shows the conservative estimate of the worldwide automobile market. Full,
mild and plug-in hybrid demand to reach 7.5 million units in 2019 and the EV market
has been increasing every year and the electric vehicle portion of this market is getting

larger. Global EV demand is 1.5 million units in 2019 [5]-[9].
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Fig. 2. Worldwide automobile market (Copyright 2012 by STRATEGY ANALYTICS SAE-ATA)



Fig. 3 shows the ship propulsion industry market which was over 1 billion US
dollars in 2010 and is growing at a rate of over 10% per year. This demand has led to the
increased research interest in multi-phase fault tolerant PMSM drive systems for ship

propulsion and EV traction applications [10]-[12].

2000 2002 2004 2006 2008 2010 Year

Fig. 3. Electric Propulsion System Market (Copyright 2009 by ABB)

1.2.1. Proposed solution: 5-phase 10-lead interior PMSM drive systems

Instead of using the conventional 3-phase, 5-phase, or 6-phase systems, this
dissertation proposes the 5-phase interior PMSM with a unique structure which does not
have neutral point inside of the motor. The main idea is to use the 5-phase motor just
like 5 independent single-phase motors. The motor which has 10 leads or terminals can
be easily maintained even if it loses some phases under a fault condition with modular

replaceable inverter units because each phase can be operated independently without

3



neutral point. Various control methods will be applied to confirm the mechanical

structure and proposed inverter systems.

1.3. Motivation

The motivation to pursue this research is the all-inclusive motors which have
sensors, inverter modules, and cooling system will be used in the future, just like an
automobile engine. Fault condition maintenance will be easier because modular
replaceable inverter units which have one H-bridge for each phase with the independent
single-phase structure motor will be used. In order to provide high reliability, simple but

effective current control methods are necessary, even in a fault condition.

1.4.  Outline of the dissertation

This dissertation is organized into six sections. Each section includes and
explains the following contents and ranges below.

Section 1 introduces the technical trend of electric machines and the market
estimate of the EV traction and ship propulsion systems. A proposed solution for both
traction and propulsion systems is elucidated, and the section concludes by explaining
the research objective and the dissertation outline. Each major section has literature
review at the beginning.

Section 2 explains mathematical modeling of interior PMSM for conventional 3-

phase and proposed 5-phase 10-lead interior PMSM. Reference transformation for 5-



phase machine is also explained in detail and the extra x-y set of components is
introduced in this section.

Section 3 proposes a design procedure with six sigma tools. The proposed
topology is confirmed and validated though FEM. In basic design, the stator slot and
rotor pole combination with winding method was chosen after air-gap force distribution
analysis. This section also discusses design results of each part.

Section 4 proposes an inverter design for 5-phase 10-lead interior PMSM. 20
IGBTs power the motor and are controlled by TI’s DSP, F28335. The interface board
includes seven parts: DSP board connector, current sensing circuit, QEP circuit,
hardware protection circuit, PWM signal circuit, inverter gate signal connector, and
power supply circuit parts.

Section 5 discusses the fabrication of a reconfigurable control set-up, and the
results of the experiments performed on the set-up. An effective switching method was
proposed and confirmed through various control methods: 10-step VSI control, SPWM
control, and hysteresis control. Closed speed loops for each control method are
implemented and shown in this section.

Section 6 provides a summary of the research work and concludes the

dissertation by suggesting recommendations for future research in this area.



2. MATHEMATICAL MODELING OF INTERIOR PMSM"

2.1. Introduction

Permanent Magnet Synchronous Motors (PMSM) are generally classified as
either Surface Permanent Magnet Synchronous Motor (SPMSM) or Interior Permanent
Magnet Synchronous Motors (IPMSM) depending on how the magnets are attached to
the rotor. Fig. 4 shows the classifications of brushless synchronous motors which have
different magnet positions or no magnets on the rotors [13]-[15].

PMSM can be divided into two sub-categories based on Back-EMF waveform
shapes and the applied current. The first sub-category is the brushless ac PM
synchronous motor, SPMSM, which has a sinusoidal Back-EMF waveform and uses a
sinusoidal current control method. The next sub-category is the brushless dc PM motor
which has a trapezoidal Back-EMF waveform and uses a square wave current control
method [16]. The BLDC PM motor has similar structure to the DC motor, but the brush
and commentator are replaced with an inverter, so the control method is the same as that

of a DC motor. This makes the system easy to control and inexpensive, but The BLDC

*Part of this section is reprinted with permission from:
“Integrated Torque Ripple Analysis Method for Multi-Phase Motors” by Jae-Bum Park, M. Johnson, and

H.A. Toliyat, Proc. 2013 IEEE International Electric Machines and Drives Conf., pp. 294-299. Copyright
2013 by IEEE and

“A Novel Switching Hysteresis Current Control Method for Torque Ripple Minimization in Multi-Phase
Motors” by Jae-Bum Park, M. Johnson, and H.A. Toliyat, in Proc. 2014 IEEE Energy Convers. Congr.
Expo. (ECCE), pp. 3251-3258. Copyright 2014 by IEEE.



PM motor has a very high torque ripple during changes in the current direction, and it is

not good for precise control and traction applications.

Pure Pure
PM :l : Magnet Torque :l . Reluctance Torque Reluctance
Machine PM / Reluctance Hybrid Machine Machine
Reluctance Torque
I I e 111 v

Increasing magnet flux (Magnet Torque

Reluctance Torque assisted PMSM  PM Torque assisted SynRM

SPMSM Inserted SPMSM Interior PMSM PMaSynRM

by Jae-Bum Park

Fig. 4. Brushless synchronous motor classification

The BLAC PMSM, SPMSM, has an advantage in that it can generate very low
torque ripple because the motor has sinusoidal Back-EMF, and a vector controller can
smoothly operate the motor with sinusoidal currents. Both of them need to have a
nonmagnetic protector which fixes the magnets on the rotors at high speeds. This
protector makes the motor air-gap bigger which results in a lower power density.
Moreover, the flux associated with the stator winding currents affects the magnet
surfaces and can demagnetize the magnets.

In an interior PMSM, the magnets are inserted into the rotor barriers, which

minimize the effective air-gap length and maximize the motor output power.



Furthermore, its magnet and reluctance torque generation capabilities provide a means of
maximizing power density through the design of the rotor core’s saliency. This saliency
property allows an IPMSM to generate both reluctance torque and magnet torque, a
combination which offers the potential for high-power and high-speed performance
when operated with field weakening control algorithms.

There are three primary types of rotor shapes for an IPMSM: single layer rotors,
V-shaped rotors, and double layer rotors. The first configuration is easy to manufacture
but generates low reluctance torque because of its small saliency ratio. This design is
good for low speed, high torque applications, but its characteristically large excitation
currents prevent it from simultaneously offering high torque, speed, and efficiency in the
field weakening region. The second type of rotor offers more reluctance torque than the
single layer rotor, but less magnet torque and ultimately, less overall torque because of
its larger saturation areas. The third topology, the double layer rotor, is the most efficient
since the flux per phase is controllable based on the flux path design for saliency and
saturation in the rotor core [17]-[22]. As a result of its enhanced characteristics the

double layer rotor IPMSM has drawn significant worldwide research interest [23].

2.2.  Conventional 3-phase interior PMSM model

Fig. 5 shows the analytical model of the IPMSM which defines the relationship
between the a-b-c reference frame and the d-q reference frame in Fig. 6. The flux path of
the permanent magnets is aligned with the d-axis and the g-axis leads this path by 90

electrical degrees.



d-axis

Fig. 5. d-q axis definition

(b)

(@)

Fig. 6. Analytical model of 3-phase PMSM. (a) a-b-c reference frame. (b) d-q reference frame.

Defining 6 as the angle between the a-axis and the d-axis, allows the stator self-

inductances, mutual inductances, and the permanent magnet flux linkages to be

expressed as:



L=L+L,=L+L,, —L, cos20

2
L=L+L,=L+L, -L, 005(20+§7rj (1)

2
L=L+L,=L+L,,-L, 005(20—57[}

1 2

M, =7 L -L, COS(29—§7TJ
1

M, =—§Lavg -L,, cos20 (2)
1 2

M, =—5Lavg -L, 005(294—57[)

Y, =Y, cos20

v,=Y, 005(29 —%ﬂj 3)

‘P,,C =‘Pf 005(294—%7[)

1
M, _EL“Vg -L, cos(20 ——nj
_ ] L 20
M, __EL“Vg —-L,, cos 4)
1
M, :_EL“Vg L, cos| 20+—7
1
M, _EL“Vg L, cos| 20——n
_ ] L 20
th - _ELavg o cos (5)
1
M, = _EL“Vg —L, cos| 20+—1
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1 2

M, = _EL“Vg -L, cos(2¢9—§nj
1

M,, :_EL“Vg_L”’ cos 20 (6)
1

M, = _EL“Vg —L,,cos| 20+—1

where
L., Ly, L. stator self-inductances
L;: leakage inductance per a phase
L,,;: magnetizing inductance per a phase
L,y average magnetizing inductance per a phase
L,,: peak to peak magnetizing inductance per a phase
M p, My, M.,: stator mutual inductances
¥, : maximum flux linkage by PM per a phase

Y., ¥,, ¥, phase flux linkages

o
6 = w t: angle between the a-axis and d-axis
w: electrical angular speed

From (1), (2), and (3), the IPMSM stator voltage equation in the a-b-c reference

frame is given by:

T4 d a1 ]
R +—1L —M —M :
v o« T e d e dr e ; a)‘Pf sin @
‘ d d d A : 3
Z’ = EM”}’ R, +EL}’ = Mo z‘b oY, sm(@—aﬂj (7)
¢ d d d le ) 3
i E ca E bc Rc +ELC | _Cl)le Sin [9 +§7[j—
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where
Va, Vb, Ve: phase voltages
ia» 1p, Ic: phase currents
R4, Ry, R.: phase resistances
Fig. 7 shows the d-q equivalent circuit of the IPMSM which is transformed from

the a-b-c reference frame to the d-q reference frame.

R, wL;ig
o———\W\ L —
T 14 id
i

d
‘ L;
e S
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- g

T i q fq
Ve w¥ O
|

= YO

(b)

Fig. 7. d-q axis equivalent circuit considering core loss. (a) d-axis equivalent circuit. (b) q-axis
equivalent circuit.

Analytical modeling of the voltage equation is very complicated in the a-b-c

reference frame, because the angle (6 = w ¢) varies with time (t). The transformation
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matrix from the a-b-c reference frame to the d-q reference frame is shown in (8). Based
on this transformation, the stator voltage equation rotates with the angular speed () in

the d-q reference frame and can be reformulated as (9).

3 cos@ cos(@—%nj cos(9+§ﬂj
T(H)z\g

5 5 (8)
—sin@ —sin(@——ﬂj —sin(9+—ﬂ)
3 3
d
V el _
Vi ’ Rd+dt Ly oL, I 0
’ =TO)|V, |= p N ” )
‘ v oL, R+<p |l LT

where
Vi, V4. d- and g-axis stator voltage components
ig, ig: d- and g-axis stator current components

R, =R,=R.=R,;= R,: phase resistances

3 ..
L, =1 +5(Lavg —L,,): d-axis inductance
L =L 3 L L ): 1 induct
.= ’+E( wg T L,,) t q-axis inductance

Y = \/%Pf = x/g\Prms : PM flux linkage

¥
¥ =L :rms value of the phase flux linkage
\/5 p g

rms
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In the d-q reference frame, the d-axis and g-axis currents can be represented by
the phase current and the phase angle of the current (f). The flux linkages and

electromagnetic torque are given as:

i,=—1 sinf 10
iq:Iacosﬁ (10)
A =Li +¥Y
d d‘d a (11)
A‘Z :quq

P, . . P . ..

T:?(ldzq —lqzd):?(‘l’azq+{Ld —Lq}ldlq)
P ] (12)
:?"(‘Pala cos f3 +5{Lq ~L,}1sin 2ﬁj

where
Ly, L,: d-axis and g-axis inductances
Ad, A4 d-axis and g-axis flux linkages
P,: number of the rotor poles
In an IPMSM, L, is typically larger than L, and the currents, iy and i,, must have
opposite polarities in order to contribute a positive torque in (12). This negative d-axis
current may cause demagnetization of the permanent magnets. The first term in (12) is
the magnetic torque which is independent of iy but proportional to the stator current (iy).
The second term is the reluctance torque which is proportional to the product of the

current component (izxi,) and to the difference between the two inductance components
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(Ls — Ly). Therefore, IPMSMs have a hybrid nature, and as illustrated in Fig. 8, their
torque is not linearly proportional to the stator current amplitudes because of the

magnetic circuit saliency and PM demagnetization.

Torque Segregation Waveform

Torque (Nm)

L L B L EL L R B
0 50 100 150 200 250 300 350
Rotating Angle (Deg.)

S Total Torque B Magnet Torque Reluctance Torque

Fig. 8. Torque component waveforms

The IPMSM equivalent circuit is depicted in Fig. 9 with the equivalent core loss
resistor, R., and the induced voltages (V,4 and V,,). The stator voltage equation can be

expressed in terms of the induced currents (ios and i,,) as in (13).
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Fig. 9. d-q axis equivalent circuit considering core loss. (a) d-axis equivalent circuit. (b) q-axis
equivalent circuit.

14 i R, |V, L, 0|4,
AR AT I "
q Log R Ve IR
V., 0 -oL, |, 0 ,
= s : induced voltages
V., oL, 0 Iy, oV,

where

1, =1, —1,:d-axis induced current
l,, =1, —1., : q-axis induced current

oL i
. q .
l,=— : d-axis core loss current

c
oY, +L;i,) ,
I, =————"—"=:q-axis core loss current
! R

c
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The equivalent circuit yields the following expressions for the electromagnetic

torque, copper loss, core loss, total loss, and efficiency:

T="2(¥i, +{L, =L, i, (14)

N 5o

o =R 1 =R (i +i) (15)

v VAV ot (L, + Y, + (L, )

W =_o_ 16
‘ Rc Rc Rc ( )
W;OSS = WCu + VVC (17)
P P
=—2x100 = ——x100
TI Bn out + VV;oss (1 8)

Based on the stator voltage equation, (13), the vector diagram for an underexcited
motor with a lagging power factor (0>0 and ¢<0) is illustrated in Fig. 10. The torque
angle or load angle, J, is defined as the angle between the V, vector and the g-axis. The

power factor angle, ¢, is defined as the angle between the I, and V, vectors [24]-[27].

The current angle, £, is given by:

q

B=tan” [ii} (19)
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Fig. 10. Vector diagram for interior PMSM using d-q parameters

2.3.  5-phase 10-lead interior PMSM model

Fig. 11 Shows the symbolic structure of an independent 5-phase interior PMSM
which consists of phase resistances, self-inductances, mutual inductances, and back-
EMFs. Each phase in the motor is offset by a 72 degree electrical angle.

The stator voltage equation of the interior PMSM in this system is given as:

dA di
abcde(s) _ . bed
+ €obede = R‘vlabcde + Lx Zi; <+ € ibede (20)

dt

Vv

a

bede — Rx +

where R, is the stator resistance, and egp.q. is the back-EMF, which is a function

of the field flux (Aapede(f))-
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. a-axis

Fig. 11. Symbolic structure of S-phase 10-lead interior PMSM

Therefore, the final form of the 5-phase 10-lead interior PMSM voltage equation

can be rewritten as:

I[R 00« 0] [L, M, M, M, M, [i] [e
B0 RO bl Mo Bo Mo My Moo |6
Pl e M, M, Lm%Me[EtJic+ec (21)
Bl 10 0 R 05| M, M, M, L, M, 0l |
1000 R (M M M M L] [i][e]

From inductance voltage equation, the differential form of the multi-phase
inductor voltage equation is:
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d .
)= 1] G = [0 ]
The voltage, current, and inductance matrices are the given by:

[VL] = [VLH VL,, VL(, VLd VLg]

[Lx]: Mca Mcb Lcc Mcd Mce
Mda Mdb Mdc de Mde
Mea Meb Mec Med Lee i

After further manipulation, (23) can be written as:

Af]=[i, ] = [in]=[L] <[] AT

[RWJ+(UJ4XWJXAT)

1
o~
s
[
Il

_la n— _la nfl— i Laa Mab Mac Mad j‘lae—71 VL"
by, n Ly, n M,, L, M, M, M, VLh
lc n | = lc, n-1 + Mca Mch Lcc Mcd Mce X VL{V X AT
Lan La, n1 My, My My Ly M, Vi,

_le n_| _ie, n-1_| _Mea Meh Mec Med Lee . VL
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Based on (29), the simulated inductor, which has self-inductance (L;) and

mutual-inductance components (4£;), can be modeled as the load of the inverter using a
controlled current source.

2.4. Reference frame transformation for S-phase PMSM

Fig. 12 shows the conceptual diagram of the reference frame transformation for

the 5-phase Interior PMSM. The AC currents can be transferred into DC currents by
using the Clarke transformation and Park transformation. The DC currents are easily

controlled by PI controllers. The windings are phase-shifted by 72°, and the saturation of
the iron will be neglected.

5-Phase Reference Frame: 2-Phase Reference Frame: Rotating Reference Frame:
a-b-c-d-e Reference Frame o-p Reference Frame d-q Reference Frame

Clarke
Transformation

Transformation

b

s s 6nls

/
%
it ek N
)

815

Fig. 12. Conceptual diagram of the reference frame transformation
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In general, the voltage equation which describes the electrical behavior of the

machine is:

Vi=RI + 4, (29)
0 dt

where A, =L 1

Since the inductance matrix varies with the rotor position, the second term of the
voltage equation can be written as:

dA dl, dL
S — L S + S
dt s dtdt

I (30)

The second term in the above equation can be written using the chain rule as:

dL, , _dL,_ do, 3
dt ° dé dt * (1)

rm

After defining the rotor mechanical speed as:

do
- rm 32
= (32)
The term can be rewritten as:
dL dL
S I — a) X S X[
dt S rm d0 S (33)

S :L S + X S X[
a @ O T (34)

rm

Substituting the equation 35 in 30 yields the voltage equation in the a-b-c-d-e

reference frame system.
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V.=RI, +dﬂ“‘“ =RI +L dl“ +w,, X dLS X1 (35)
‘ o dt o s dt do ‘

rm

The voltage equations describe both the transient and steady state behavior of a
5-phase machine. These equations are complex due to the degree of coupling between

stator windings since the mutual inductances are a function of the rotor position.

Fig. 13. Relations between each reference frame

From the a-b-c-d-e reference frame, the 7, and I3 components in Fig. 13 can be

defined as:

2
I,=1,+1, cos(?ﬂ) -1, cos(%) -1, cos(%) +1, cos(z?ﬁ) (36)
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.2 : : .2
1, =1,sin(0)+1, sm(?ﬂ) +1, sm(%) -1, sm(%) -1, sm(?ﬂ) (37)
This transformation needs \/% constant between the a-b-c-d-e reference frame

2.
and the o-f reference frame because [, equals to \E times Ip,

when |/, =|Ib'|=|Ic'|=|1d'|=|le'|=lph . Therefore, the transformation to simplify the

system could be as follows.

cosf cos(0 - 2?7[) cos(0 — 4?7[) cos(0 + 4?7[) cos(0 + 2?”)

B|sin® sin(6 - 2?7[) sin(6 — 4?7[) sin(0 + 4?7[) sin(6 + 2?7[)
2
1) = \/; * x| cosf cos(6 —2?”) cos(6 —4?”) cos(6 + 4?7[) cos(f + 2?7[) (38)

sin@  sin(0 - 2?7[) sin(0 — 4?7[) sin(6 + 4?7[) sin(0 + 2?7[)

1/\V2 12 /32 1/\2 /32

(S

An extra x-y set of components appear, and there is no coupling of x-y set with
d-q component and the rotor circuit.
In order to transform the voltage equations into the stationary a-f reference

frame, the stator voltage equation is multiplied by the transformation function.

T©OW, =T(O)RI, +T(6) d”j

7 (39)

The second term in the above equation can be written using the chain rule again as:
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@)Y, =TO)RI +T()

dA, _ dT(0) 11 -1
S=TORL+—=TO)'TO)  (40)

Multiplying the stator flux linkage by the transformation function yields the stator flux

linkages in the d-q reference frame, given by:

T(O)A, =T(O)LTO)'TO)I, = L, (O, = Ay (41)
qux = T(Q)Vx
1, =T(O)I, (42)
Aggs = T(0)A,

The machine’s voltage equations in the common reference frame can be written

as:

Vd\' = R Id\' - Z’ + c;iﬂ’d\' + (Ormﬂ"

s rm”7qs Mag.
d

qu = RSIqS +w,, A, + d_i‘”

d
Vx,\' = R,\'Ix,\' + Z/lx,\' (43)

d
V},S = R,\'Iyx + Z/lyx

d
VOS = RSIOS +Z//{’OS

The transformation of flux linkage equation results in:

Z’ds = (Lls + Lm)ld,\' + Z’Mag.

Z’qs = (Lls +Lm)1q,\'
Z’x,\' = Ll,\' Ix,\' (44)
A, =L,
s s~ ys
Z’OS = LISIOS

Finally, transformation of the original torque equation yields:
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5 P 5 P
T ==x—x(L, —L I, I +=x—xA, I 45
2X2X( ds q,\) 2 2 ( )

e ds™ gs Mag.” gs

The difference between a 3-phase machine and a 5-phase machine model is the
extra x-y set of components that exist only in a 5-phase machine. However this extra set
are non-flux and non-torque producing components and simply add to the extra losses in
the machine. The d-q components produce torque and the remaining component simply
causes losses in the machine. In a general property of multi-phase system, d-q
components produce the fundamental, 9th, 11th..., x-y components produce 3rd, 7th,
13th..., and a multiple of the 5th harmonic is produced due to zero-sequence

components [28]-[32].

2.5.  Summary

This chapter presented the mathematical modeling of interior PMSM after
Permanent Magnet Synchronous Motors are classified. It was shown that there are
mainly two types: Surface-mounted Permanent Magnet Synchronous Motor (SPMSM)
or Interior Permanent Magnet Synchronous Motor (IPMSM) depending on how the
magnets are attached to the rotor.

It was shown how to derive the output torque equation for conventional 3-phase
interior PMSM with and without core loss from the analytical model in a-b-c reference
frame and d-q reference frame. 5-phase 10-lead interior PMSM is modeled as the load of
the inverter using a controlled current source using self-inductance and mutual-

inductance components.
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In addition, reference frame transformation for 5-phase machine was introduced
using conceptual diagram and relations of each reference frame. The original torque
equation is derived through the transformation and the difference between a 3-phase
machine and a 5-phase machine model is compared. The extra x-y set of components

that exist only in a 5-phase machine is explained in detail.
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3. 5-PHASE 10-LEAD INTERIOR PMSM DESIGN’

3.1. Introduction

This chapter is devoted to design the 5-phase interior PMSM with the proposed
design procedure. The design flow will be explained with the basic, screening, and
optimal design steps. Finally, the design results will be simulated and confirmed with
FEA.

Table 1 shows the design specifications. The rated torque is 7.96Nm at 3kW with
a speed of 3600rpm. The DC link voltage is 150V, and the motor will be air-cooled with
an air-gap, 0.7mm. The existing motor provides the mechanical design constraints: the
size and the amount of copper and magnet used.

When designing an Interior PMSM, two operating regions should be considered.
The continuous rating region is the range where the motor will be operated all the time,
and the intermittent rating region is the range when motor needs to generate the
maximum torque or speed. These two conditions should be considered as shown in Fig.

14.

* Part of this section is reprinted with permission from:

“Integrated Torque Ripple Analysis Method for Multi-Phase Motors” by Jae-Bum Park, M. Johnson, and
H.A. Toliyat, Proc. 2013 IEEE International Electric Machines and Drives Conf., pp. 294-299. Copyright
2013 by IEEE and

“Magnet Shape Optimization for Double Layer Rotor Interior PMSM using RSM” by Jae-Bum Park, M.
Johnson, and H.A. Toliyat, in Proc. 2014 IEEE Industrial Electronics, Control, and Instrumentation Conf.
(IECON), pp. 695-701. Copyright 2014 by IEEE.
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Table 1. 3kW S-phase 10-lead interior PMSM design specifications

Item Specification Unit
Rated Torque (Power) 7.96 (3.0) Nm (kW)
Max. Torque (Power) 9.23 (3.5) Nm (kW)
Given Rated Speed 3600 Rpm
Design Conditions | DC Link Voltage (Vdc) 150 \%
Current Density 2~5 A/mm’
Air-Gap 0.7 mm
Stator Outer Diameter 190 mm
Axial Length 65 mm
Efficiency Over 90 %
Design Constraints
Slot Fill Factor Less than 50 %
Copper 60 Turns/Phase
Magnet 32448 mm’

To generate 3kW output power, the inverter

appropriate power supply is necessary.
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Torque [Nm] P=F[N]xv[m/Sec.]
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Fig. 14. S-phase 10-lead interior PMSM design points

3.2.  Proposed design procedure
3.2.1. Design flow chart

As indicated in the flowchart in Fig. 15, the proposed design procedure will use
the basic arrangement to obtain the stator core and winding designs with a conventional
design method based on the calculated air-gap flux per phase. The rotor design is more
complicated and important, so a fractional design method is used as a screening process
to find the main design parameters, and then the main parameters will be optimized

using the response surface method and the Finite Element Method.
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Fig. 15. Flow chart of the proposed design procedure

3.2.2. Factorial design method

Factorial designs are extensively used in manufacturing industry studies and

experiments because they typically involve systems with numerous factors. This

approach examines a system’s input-output relationship to achieve one of several goals:

identify important design variables, optimize a product or process design, and achieve

robust performance in a system. The joint effects based on a response variable reveal the

main effects of each factor as well as their interactions with other factors. Therefore,

important design variables can be identified with this statistical methodology [33]-[36].
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1 - -  +[R,at(1)]
2 + - - [Ryata]
3 - + - [R.ath]
4 + + +[R;at ab]

i N _: Main Effects

Interaction Effects

Fig. 16. Two-level factorial design diagram

The number of data points varies the number of levels. For a 2-level design, the
minimum and maximum points are generally used. The simplest factorial design is one
with two factors which is also called a two-level factorial design, or a 2> factorial design.
Sometimes, the levels of the factors may be referred to as “low” and “high” or “min.” and
“max.” as shown in Fig. 16. In Fig 16, the symbols (R,, Ry, R, and R4) represent
response variables taken at the design points ((1), a, b, and ab).

The main effect of factor “A” (E,) is the difference in the average response of the
two points (“a” and “ab”) on the right-hand side and the two points (“(1)” and “b”’) on the
left-hand side of the square diagram in Fig. 16. Y4 ave indicates the average response at
the points where “A” is at the low level, and Y v, denotes the average response at the

points where “A” is at the high level. Similarly, the main effect of factor “B” (Ep) is

found as the difference between the average value of the two points (“(1)” and “a”) on the
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bottom of the square (Yg, avo. ) and the average value of the two points (“b” and “ab”) on
the top of the square (Y, ave ). The interaction effect (Eap) is the average of the
responses on the right-to-left diagonal points (“ab” and “(1)”’) minus the average of the
responses on the left-to-right diagonal points (“b” and “a”) in the square. The formulas

for these effects are derived in (47), (48), and (49) [37].

EA :YA,angJr_YA,avgi
:Rd+R,,_RC+Ra:l(R “R~R-R) (46)
2 2 2 d b c a
EB :}/B,angJr_YB,avgi
:Rd+RC_R,,+Ra:l(R “R-R,-R) (47)
2 2 2 d c b a
R,+R, R +R 1
E,= d2 a_ b2 C:E(Rd+Ra—Rb—RC) (43)

In order to obtain experimental verification, the number of samples used is equal
to the number of prototypes which must be built. Therefore, cost implications must be
considered when deciding the number of samples used, in a study. For most engineering
problems, it is sufficient to only consider information related to the main effects and
lower-order interactions, such as second-order interactions realistically as shown in Fig.
17. This pragmatism is why fractional factorial designs are among the most widely used
design methods in industry. This approach can identify the factors which have the largest

impacts across numerous variables in screening experiments or designs.
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No.of Main Order of Interactions No. of
SUUSHE OIS ong 3rd 4th Sth 6th 7th 8th 9th 10th | bl

2 2 1 4
3 3 3001 8

4 4 6 4 1 16
5 5 10 10 5 1 32
6 6 15 20 15 6 1 64
7 7 21 35 35 21 7 1 128
8 8 28 56 70 56 28 8 1 256
9 9 36 84 126 126 84 36 9 1 512
10 10 45 120 210 252 210 120 45 10 1 1024

Fig. 17. Two-level full factorial

The three key assumptions inherent in fractional factorial designs are listed as
follows:

1) The sparsity of effects principle: There may be lots of factors, but few are
important and the system is dominated by the main effects and low-order
interactions.

2) The projection property: Every fractional factorial contains full factorials
in fewer factors.

3) Sequential experimentation: More runs can be added to a fractional
factorial to resolve difficulties or ambiguities in interpretation.

Using these principles, a fractional design which estimates the main effects and
provides some insight into the two-factor interactions can be a reasonable study
approach [38]-[41]. (50) provides the notation for a two-level fractional factorial design,
and Fig. 18 illustrates the complete fractional factorial design which has 7 design

parameters and 16 runs as an example.
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k=P (49)

where
2: no. of level for each factor
k: no. of factors included
p: the fraction to be run no. of extra factors that need to be placed into
the basic design
R: the resolution of the design (IIL, IV, and V)

+*

—m

Fig. 18. Projection of the 27~ Design (16 out of 128).

Based on the treatment combination of the complete design, 16 cube plots of the

projection are visualized, and the projection indicates a balanced design in which all
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factors occur at low and high levels with the same frequency. That is, the design has
good statistical properties despite using only 16 runs out of 128 possible experimental
points. Main design variables can be chosen after analyzing the effects of the variables

with the minimum experimental points.

3.2.3. Response surface methodology

RSM is a set of useful mathematical and statistical techniques, introduced by Box
& Wilson in 1951, which is employed to develop and optimize design parameters. The
DOE (Design of Experiments) that finds experiment points for design variables has been

researched to create the response surface design [42].

O Factorial points
@ Axial points
@ Central point

¢
®

T
é‘

Fig. 19. CCD for 2-level 2 factors.
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The least square method and variable selection method are used to make an
approximate function for each objective function, and ANOVA (analysis of variance) is
then used to evaluate the function. Among many DOEs, the Central Composite Design
(CCD) that is generally used for polynomial models is chosen because maximum or
minimum values can be obtained with the number of minimum experiment points for the
system [43]-[47]. Fig. 19 and Fig. 20 show the experiment points for CCD when there

are two factors and three factors for 2-Level respectively.

Fig. 20. CCD for 2-level 3 factors.

The number of the CCD experiment can be calculated as follows.
n=2"+2k+n (50)
where

2%: The number of the 2-level factorial design
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2k: The number of axial point
n.: The number of replication for the center point

RSM statistically approximates the relationship between the response value, vy,
which is obtained from FEM analysis and the true value. The response value obtained
from an experiment has an error, and the equation can be expressed in (52) [48].

y=f(x,x,,,x, )+¢& (51

where

u = f(x;, x3, -, xn): The true response function that has m design variables

¢ : The random error component that includes measurement error on

the response and is inherent in the process or system

For most of the response surfaces, the approximation functions are polynomials
because of their simplicity, but the functions are not explicitly required to be
polynomials. The second-order response surface model is described as follow from a
Taylor series expansion of (53) [49]-[53].

m m m=1 m
y=Py 2B+ D By 4D D B +e (52)
j=1 Jj=1 i=l j=it]

where
[: regression coefficients

m: the number of variables.
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Minitab, the leading statistical software, was used to plot the response surfaces
with the CCD to analyze the results efficiently and conveniently. Response values of
object functions are obtained from performing FEA studies of the experimental cases. To
decide the optimal design model, the conjugate gradients method (CGM) was used with
the regression coefficients for the response surfaces. The objective function equations

can be derived from the response surface analysis.

3.3.  Stator slot and rotor pole combination with winding method
3.3.1. Winding factor

Winding factor is an important consideration when choosing stator slot and rotor
pole combination because the winding factor is directly proportional to MMF (Magneto
motive force). High winding factor means the motor generate high magneto motive force.
Winding factor equals to distribution factor.

The distribution factor is the ratio between the geometrical and the arithmetic
sum of the phasors of the same phase. The computation can be repeated for each
harmonic order, v, which corresponds to an angular displacement 2mv/Q between the
phasors of two adjacent slots. It is worth noting that the distribution factor depends only
on the number of spokes per phase g, of the star of slots, given by g, - O/(mt), while it
is independent of the machine periodicity, 7. Based on the selection of the phasors of

each phase, the distribution factor for the main harmonic can be expressed as [54]-[55]:
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. a,,

If q,isodd, k, = = (53)
: h
9 pn XSIH(TP)
sin(12% x “ot
If q,,iseven, k, = 2 2 (54)

qph : aph
— XsSm(——
2hxsin(2")

where g, - O/(mt), a,, = 21/(Q/t)
gpn: No. of spokes per phase
api: Angle between two spokes
m: No. of phases
t: Machine periodicity
The pitch factor is independent of the star of slots and is computed from the coil
throw. The slot pitch y,, measured in number of slots, is approximated by y, = round {Q/
(2p)} with the lowest value equal to unity. The pitch factor of the main harmonic is
given by:

kp = Sin GW2X v (55)

where 6,, =Yg, Ang. X S

o, Coil span angle
Y, Ang.: Slot pitch angle
S: No. of coil spans

v: Harmonic order
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Fig. 21, 22, and 23 show the winding factor calculations at various combinations
of the slots and poles with the difference number of coils spans. The highlighted ones are

the best candidates with the mechanical constraints.

Winding Factor (k,, =kq * k)
Poles (2p) 2 4 6 8 12 14 16 18
Slots (Q)
5 0.588 0.951 0.951 0.588 -0.588 -0.951 -0.951 -0.588
10 0.305 0.588 0.799 0.951 0.951 0.799 0.588 0.305
15 0.205 0.401 0.588 0.732 0.951 0.980 0.980 0.951
20 0.155 0.305 0.448 0.588 0.809 0.880 0.951 0.976

Fig. 21. Winding factor when S=1.

Winding Factor (k,, =kq * k)
Poles (2p) 2 4 6 8 12 14 16 18
Slots (Q)
5 0.951 0.588 -(0.588 -0.951 0.951 0.588 -0.588 -0.951
10 0.581 0.951 0.939 0.588 -0.588 -0.939 -0.951 -0.581
15 0.401 0.732 0951 0.980 0.588 0.205 -0.205 -0.588
20 0.305 0.581 0.799 0.951 0.951 0.799 0.588 0.305

Fig. 22. Winding factor when S=2.

Winding Factor (k,, =kq * k)
Poles (2p) 2 4 6 8 12 14 16 18
Slots (Q)
5 0.951 -0.588 -(0.588 0.951 -0.951 0.588 0.588 -0.951
10 0.799 0.951 0.305 -(0.588 -0.588 0.305 0.951 0.799
15 0.579 0.937 0.951 0.579 -0.588 -0.937 -0.937 -0.588
20 0.448 0.799 0.976 0.951 0.309 -0.155 -0.588 -0.880

Fig. 23. Winding factor when S=3.
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There are few possible windings, so Fig. 24 recommends the number of coil
spans. Based on the recommendation, 10 slots 4poles, 10 slots 8 poles, 15 slots 4 poles,

and 15 slots 6 pole were chosen.

Coil Span ( S* = max[int(Q/2p), 1] ), Recommendation
Poles (2p) 2 4 6 8 12 14 16 18
Slots (Q)
5 2.0 1.0 1.0 1.0 1{ 1.0 1.0 1.0 1.0
10 5.0 2.0 1.0 1.0 1.0 1.0 1.0 1.0
15 7.0 3.0 2.0 10 J 10 1.0 1.0 1.0
20 10.0 5.0 3.0 2.0 | 1.0 1.0 1.0 1.0

Fig. 24. Recommended coil spans.

Winding Factor (k,, =kq * k;)
Poles (2p) 2 4 6 8 12 14 16 18
Slots (Q)
5 0.951 0.951 0.951 0.588 -0.588 -0.951 -0.951 -0.588
10 0.988 0.951 0.799 0.951 0.951 0.799 0.588 0.305
15 0.980 0.937 0.951 0.732 0.951 0.980 0.980 0.951
20 0.988 0.988 0.976 0.951 0.809 0.880 0.951 0.976

Fig. 25. Winding factor at each coil span.

The winding factors of the chosen combinations at each harmonic order are
shown in Fig. 26, 27, 28, and 29.

Fig. 30 shows the concentrated winding configuration for 10 slots 8 poles, 10
slots 4 poles, and 15 slots 6 poles, and the 15 slots 4 poles has the distributed winding
configuration in Fig. 31. With this information, it is not easy to decide the best condition,

so each combination should be further evaluated with the radial force analysis.

42



10 Slots & 8 Poles _ 1 Coil Span
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Fig. 26. 10 slots 8 poles winding factor at each harmonic order.

10 Slots & 4 Poles _ 2 Coil Spans
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Fig. 27. 10 slots 4 poles winding factor at each harmonic order.
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15 Slots & 6 Poles _ 2 Coil Spans
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Fig. 28. 15 slots 6 poles winding factor at each harmonic order.
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. 29. 15 slots 4 poles winding factor at each harmonic order.
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(2) (b)

Fig. 30. Winding configuration. (a) 10 slots 8 poles. (b) 10 slots 4 poles.

(a) (b)

Fig. 31. Winding configuration. (a) 15 slots 6 poles. (b) 15 slots 4 poles.
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3.3.2. Air-gap force distribution analysis

There are two types of force when a motor rotates. One is the tangential force
which generates torque, and the other is the radial force which is also called normal
force. The radial force makes noise and vibration during motor operation. Technically, a
radial force is any force that acts in a straight line and often used to describe the
influence exerted perpendicular to the centerline or axis of an object traveling in an
orbital path in physics. The aspect of the radial force changes depending on the
combination of the stator slot and rotor pole and rotor shape too in electrical machines
[56]-[59]. Fig. 32 shows the definition of the forces that derive the electromagnetic

torque using an energy balance approach.

Circular Motion

>
d

<V

Tangential

F
Centripetal oree
Force
—8 —_—
Centrifugal W Radial
Force Force

||

Normal

¢ Force

Fig. 32. Force definition.
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When there is a circular motion, a radial force and a tangential force exist, and
they can be calculated with the radial magnetic flux density and tangential magnetic flux
density which can be simulated from FEA [60]-[62].

F=—(87-B) [N/m’]
2p,

) (56)
F =—B.B, [N/m’]

0

where F, is the radial component of force density (N/m?), Ft is the tangential component

of force density (N/m®), B, is the radial component of the magnetic flux density, B; is the

tangential component of magnetic flux density, and y is the permeability of free space.
Fig. 33 depicts the air-gap force distribution at 0° for the 10-slot 8-pole

combination, and the radial and tangential forces were obtained every 45° electrical

angle in Fig. 35, 37, and 39.

the force in air gap
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Fig. 33. 10 slots 8 poles at 0°. (a) Flux line distribution. (b) Force distribution in air-gap.
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To visualize the distribution more easily, both of them are plotted in the polar axis in Fig.

34, 36, 38, and 40.

Force Distribution in Air-Gap
——radial force ——tangential force

(@) (b)

Fig. 34. 10 slots 8 poles at 0°. (a) Flux line distribution. (b) Air-gap force distribution in polar axis.

the force in air gap
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(2) (b)

Fig. 35. 10 slots 8 poles at 15°. (a) Flux line distribution. (b) Force distribution in air-gap.
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Force Distribution in Air-Gap
—radial force —tangential force

(a) (b)

Fig. 36. 10 slots 8 poles at 15°. (a) Flux line distribution. (b) Air-gap force distribution in polar axis.
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Fig. 37. 10 slots 8 poles at 30°. (a) Flux line distribution. (b) Force distribution in air-gap.
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Force Distribution in Air-Gap
——radial force —tangential force

(a) (b)

Fig. 38. 10 slots 8 poles at 30°. (a) Flux line distribution. (b) Air-gap force distribution in polar axis.

the force in air gap
300000 —

m_ﬁﬁ i Wmﬁ i r'\r_

—
Z 150000
=

£ 100000

- U
AN

BB e = T T T =

0 50 100 150 200 250 300 350
Angle (Deg.)

=The Radal Forcey)  —The Tangential Force(r)

-50000 -

(2) (b)

Fig. 39. 10 slots 8 poles at 45°. (a) Flux line distribution. (b) Force distribution in air-gap.
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Force Distribution in Air-Gap
—radial force —tangential force

(@) (b)

Fig. 40. 10 slots 8 poles at 45°. (a) Flux line distribution. (b) Air-gap force distribution in polar axis.

From Fig. 41 to Fig. 44, four best candidates are compared, and the 10-slot 8-

pole has the most evenly balanced radial force distribution as shown in Fig. 41.

Force Distribution in Air-Gap

——radisl force  ——tangentisl force

(@) (b)

Fig. 41. 10 slots 8 poles at 0°. (a) Flux line distribution. (b) Air-gap force distribution in polar axis.
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Force Distribution in Air-Gap

——radialforve  ——tangential farce

(a) (b)

Fig. 42. 10 slots 4 poles at 0°. (a) Flux line distribution. (b) Air-gap force distribution in polar axis.

Force Distribution in Air-Gap

il

——radialforve  ——tangential farce

(a) (b)

Fig. 43. 15 slots 6 poles at 0°. (a) Flux line distribution. (b) Air-gap force distribution in polar axis.
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Force Distribution in Air-Gap
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(@) (b)

Fig. 44. 15 slots 4 poles at 0°. (a) Flux line distribution. (b) Air-gap force distribution in polar axis.

Air-gap flux density changes depending on the rotor type and effects the air-gap
force distribution too. There are mainly three types of rotors in interior PMSM design:

single layer, V-shape, and double layer. Each has specific design parameters shown in

Fig. 45, Fig. 46, and Fig. 47.

y ng
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-

(C)) (b)

Fig. 45. Single layer. (a) Rotor shape. (b) Design parameters.
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(2) (b)

Fig. 46. V-shape. (a) Rotor shape. (b) Design parameters.

(@) (b)

Fig. 47. Double layer. (a) Rotor shape. (b) Design parameters.

The force distributions for the different rotor types are simulated and compared
in the polar axis. They are all balanced and relatively distributed as illustrated in Fig. 48,

49, 50, and 51.
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Force Distribution in Air-Gap

(a) (b)

Fig. 48. 10 slots 8 poles at 0°. (a) Single layer. (b) Air-gap force distribution in polar axis.

Force Distribution in Air-Gap

(a) (b)
Fig. 49. 10 slots 8 poles at 0°. (a) V-shape. (b) Air-gap force distribution in polar axis.
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Force Distribution in Air-Gap

——radlal foree ——angeatial force

(@) (b)

Fig. 50. 10 slots 8 poles at 0°. (a) Double layer M1. (b) Air-gap force distribution in polar axis.

Force Distribution in Air-Gap

——radlal foree ——angeatial force

(@) (b)

Fig. 51. 10 slots 8 poles at 0°. (a) Double layer M2. (b) Air-gap force distribution in polar axis.

After FFT analysis of the back-EMF, the V-shape rotor type with the 10 slots 8
poles is chosen because the THD is low and the waveform is most closely sinusoidal as

compared from Fig. 52 to Fig. 55.
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Fig. 52. 10 slots 8 poles & single layer. (a) Back-EMF analysis. (b) FFT analysis.
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Fig. 53. 10 slots 8 poles & V-shape. (a) Back-EMF analysis. (b) FFT analysis.
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Fig. 54. 10 slots 8 poles & double layer M1. (a) Back-EMF analysis. (b) FFT analysis.
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Fig. 55. 10 slots 8 poles & double layer M2. (a) Back-EMF analysis. (b) FFT analysis.
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3.4.  Stator core design

There are mainly three design constraints when deciding the stator core
dimensions. The first one is the stator outer diameter or inner diameter. The second one
is the slot area, and the last one is the saturation flux density in a tooth. The outer or
inner diameters can decide the slot tooth and slot area dimensions. The slot area is the
thermal constraint which can find the current density and slot fill factor. The saturation
flux density is the condition which can protect the magnetic flux path in the teeth. With
the given design parameters, the stator core dimensions can be decided as shown in Fig.
56.

Stator slot area can be calculated with the number of the coil in the slot, the cross

section area of the coil, and slot fill factor [63].

_Z,,A _2mN,I,

slot “ 7z

slot
K

(57)
sf K sf QJG

where

Zsior: No. of coils in a slot

A;: Cross section of coil

K Slot fill factor

m: No. of phase

N,i: No. of series turn per phase
1,: Phase current

Q: No. of slot

J,: Current density
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Fig. 56. Stator design parameters.

To calculate the stator slot dimensions, the tooth width needs to be decided.

When assuming the saturation flux density in the tooth is By,

N, B, WyL, =4, (58)

sm—tm'" th
where

Ngn: No. of slot per pole (=0/2p)

2
TP T (59)
N B L

sm*= tm™ stk B tmLstk
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When assuming Ry, is the radius to the center of the tooth, slot area can be

defined:

As = 2a R 0 (Rsm - RSSZ) (60)

storfsmVs
where
R,>: Radius to the upper part of the shoe
6,: Slot pitch angle
asior 18 defined as:

Rvmev — W;
aslot = T (6 1)

sm- s

010 18 the main value which decides the tooth width. It is usually between 0.5 and 0.7.

From the slot area equation, Ry, can be calculated as:

_ 2aslot0sts2 + \/(2aslot0s 5852 )2 + Saslotes As (62)
sm 4a HS

slot
All values can be found except Ry;,. Ry is equal to the rotor radius plus the shoes depth.

The shoe depth is normally 10~20% compared to the tooth length. That is:

d+d,=a, W, (63)
Therefore,
R,=R +d +d, (64)
From this, Ry, can be found as:
R,=R,+2(R,-R,)=2R, -R, (65)
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The last step is the thickness of the stator back-york. The flux from the rotor

flows the stator back-york though the teeth and makes a closed loop. Therefore, there

should be no saturation in the back-york. The air-gap flux can be calculated as:

2BymW thk = ¢g (66)

sy

From the air-gap flux, the back-york thickness can be obtained.

3.5.

W;y — ¢g or VI/W — Z Nvlot (67)
2BymLstk 2 Npole

Rotor core design

V-shape rotor core is widely used and the design factors are well known. Fig. 57

shows the design parameters, 6,, and H,. The ranges of the parameters are shown in

Table 2 based on the mechanical constraints.

Fig. 57. Stator design parameters.
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To optimize the design parameters, response surface methodology is used after
the central composite design found the 9 different combinations of the design parameters
listed in Fig. 58.

From Fig. 59 to Fig. 61, 9 cases were modeled and simulated to find the

objective functions which were listed in Table 3.

Table 2. Design parameter and ranges

Item Min. Max. Unit

1 0, 35 40 Deg.
2 | H, 8 12 mm
3 A, =624 [mmZ] / pole

g0 rde nOrder P I Blocl he m [heta m H m & N0

& i -1 1 3750 18,75 17.66] 1
11 Z O 1 37.50 18.75] 12.00 2
13 3 g ) 37.50 18.75] 12.00 2
4 4 i i 40,30 20,00 16.00] 3
12 3 & i 37.50 18.75] 12.00 2
& & O i 37.50 18.75] 12.00 2
3 7 i i 3200 170 1800 4
2 8 i 1 2000 000 800 5
3 g -1 1 iiss 16081 1200 6
1 10 i 1 3500 17.50] 8.0 7
& ii -1 ) <104 2082 1200 8
10 12 g 1 3750 18.75] 12.00 2
7 13 -1 1 3750 75 8% 9

Fig. 58. Experimental points from CCD (9 cases).
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)
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a)

(

(a) Case 1. (b) Case 2. (c) Case 3.

Fig. 59. Rotor design cases.

(©)

)

b

(

a)

(

(a) Case 4. (b) Case 5. (c) Case 6.

Fig. 60. Rotor design cases.

(©)

)

b

(

a)

(

(a) Case 7. (b) Case 8. (c) Case 9.

Fig. 61. Rotor design cases.
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Table 3. Simulation results of each objective function

Back-EMF Max. Avg. Efficienc Torque

THD Cogging Torque | Torque (%] y Ripple
[%] [Nm] [Nm] ° [%]
Case 1 43.27 0.076 7.90 92.99 8.68
Case 2 10.37 0.340 7.36 93.60 20.80
Case 3 8.94 0.389 7.76 93.71 18.87
Case 4 11.13 0.147 7.70 92.81 10.73
Case 5 7.06 0.577 10.96 92.98 17.28
Case 6 10.52 0.283 6.39 78.72 18.17
Case 7 7.06 0.577 10.96 92.98 17.28
Case 8 11.69 0.217 7.33 94.03 14.26
Case 9 7.41 0.514 10.80 93.84 9.19

The conjugate gradients method (CGM) was used with

the regression

coefficients for the response surfaces to decide the optimal design model. The

formulation of the regression for each objective function is expressed as follows.

Subject to:

Maximize:

Efficiency = -561.838+34.221x6, -1.301xH

—0.441x0, % +0.048x H > +0.003x0 H_

Avg.Torque =34.260—0.589%x 60 —2.506x H

Minimize:

Back — EMF THD = —447.054 +24.521x60 —2305x H

+0.008x6 > +0.081x H,>+0.007x60 H,

~031x6, 2+0.324xH >~ 0.1x0, H
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Max.Cogging Tor.=2.346-0.108x0, —0.021xH
+0.002x6,> +0.002x H, > —0.002x60 H

Torque Ripple = -262.948 +16.096x0 —2.834x H
—-0.261x60,>—0.329x H > +0.284x60 H

Constraints:

Efficiency > 90 [%]

Avg. Torque > 7.96 [Nm]

Total A, = 32448 [mm’]

Copper = 60 turns / Phase

The objective function equations were derived from the response surface analysis

in Minitab, and the constraint conditions of the rotor parameter are based on
manufacturing capabilities. The torque was required to be greater than 7.9Nm because
the output of the motor is 3kW at 3,600 rpm. Since the efficiency and output torque are
the important objective function, these two have a heavier weighting and importance
than the other functions. Fig. 62 shows the overlaid contour plots in which the white
areas indicate the feasible design regions where all of the objective functions overlap at
each factor setting. In the feasible design regions, there are many potential combinations
of the design parameters. The solid lines are the minimum values of the objective
functions. The response optimizer is a function that finds an optimal point after adjusting
the weight and importance values as illustrated in Fig. 62. The optimizer indicates that
the optimal point is located where 6,, and H,, are 39° and 8mm respectively based on the

given multi-objective functions and constraint conditions. At the optimal setting, the
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feasible design region is obtained and the optimum point is marked on Fig. 63. The
average torque is approximately 10Nm, the corresponding efficiency is 95.3%, and the

maximum cogging torque is 0.6Nm.

New .. |[Thetam Hm
Contour Plot of BackEMF THD, Max. Cogging, Avg. Torque, ... 0 O(?OOO %gp 4@-’38:’65]5 17[86-859
g Low || 33.9645 6.3431
BackEMF
/\ HD Comp%slite
16 —_—s Desirability
it 0.00000 L
[ d”’ Mz, Torque R i
o] TN — T Cogging Mininam [T [\r
] e = b N/
e < 0z = 064
. ",f ¥ 07 Efficien |~ 7 N[~
12 » Vi Avg. Maximum
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f _'_,__*-_’i-—'-—""-___ —* "
— ———11 Avg. Tor
104 ST Effciency T_arg%: 8.0 |=——T"Tk —
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Fig. 62. Optimization plots. (a) Feasible design region plot. (b) Response optimizer plot.

Theta_m = 38.4922
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Torque Ripple = 14.4420
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BackEMF THD = 8.39465

Max. Cogging Torque = 0.644533
Avg. Torque = 10.0546
Efficiency =95.0919

Torque Ripple = 12.4385

e T Cogging
- Torque
Homencois AN
_m =8, ~
BackEMF THD = 8.68664 [ l' Lh;enm;rg — 39.89967
Max. CoggmgﬁTorque =0.623399 " B;ckEMFOOGGTHD 7 0m003
Avg. Torque = 10.0082 ! 7
Efficiency = 95.2777 ./ Max. Cogging Torque = 0.664308
Torque Ripple = 13.5324 = Avg. ToruEe =10.0722
U - Efficiency = 94.6699
Torgue Ripple = 11.3202
90
95.5
N / Torque
et Ripple
e — 0
T T T T T T —-——- ()
34 35 36 37 38 39 40 41
Theta_m

Fig. 63. Optimal point in the feasible design region
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Fig. 64 shows the 2D FEA simulation with the optimized design values.
Maximum flux density is 2.3T, back-EMF has 10.56% THD in Fig. 65, and the average

torque is 8.22Nm with 93.8% efficiency which are exceptional in Fig. 66.

Magnatic Fhux Density

Contour Pt : T

Fig. 64. Optimal point in the feasible design region
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BackEMF THD =
Circuit Voltage 10.58%

150 5
100

50 4

Circuit Voltage, V

-50

-100

-150 ~

=\P1[Case 1] —VP2[Case 1] VW3 [Case 1] —VP4[Case 1] VPS5 [Case 1]

Fig. 65. Optimal point in the feasible design region

Torque

AN

—_ Tyye = 8.22 [Nm]

5o Teogging = 0.33 [Nm]
E 4: Copper & Eddy Current Losses
T — 64.06 [W]
24 Iron Loss = 131.80 [W]
| Efficiency = 93.81 [%]
d 2 Angle, dI;; 2
—Torque [Case 1]

Fig. 66. Optimal point in the feasible design region
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3.6.  Design results

This section shows the design drawings for 5-phase 10-lead Interior PMSM.

3 2 1
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c Stack length: 65 (]
o [ay—— S ALE] o | 7o T
: e ‘«Q—o—}rﬂh Aug 19, 2014 Stator Core
4 . b o 3 5-Phase Interior PUSH
i H ~ " Aug 18] DWG O
Texas ABl University |0 S = "
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Fig. 67. Stator core design drawing
1
D
C
B
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Rotor Core $18 /035 [m]
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Fig. 68. Rotor core design drawing
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Fig. 69. Rotor core plate design drawing
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Fig. 70 . Magnet design drawing

71

D
Magnetization Direction
— SIDE VIEW Front VIEW
17,83
325 <
i) S
c “ Top VIEW ol
3
B 8
Front VIEW
17,83 e
i g
ol
E
S T
v, e | J—QH{B—{D‘ A o oescRrToN ‘[ coLor s | nore
Comer | % 005 wn | £ Er=—— oo | T pals
= e % 30 5-Pnase Interor PUSH
ANGULAR H H APPROVED OWE NO.
Texas AR University |~ 1™ Seno
2 T 1




LRI T DA W i
o s Uy S B AOCAED
e 6 e s
AL FATS WUSTNOTCo AN PROTHE SIBSTAES NLIDNG oS
AT SIESTGESPo At 7557
Phase A
D
) 0o
30 turns 30 turns
CleleldlllklekkoerkekrkREeRER]
30 turns 0 tuns
) )
Phose C CERERERRREEREREEERERREREREE]
30 turns. 30 turns
ClelRRERRRE! Eeel [eloRREE]
30 turns. 30 turns.
Phase E
B Y5} e B
ITEMS Description PREMARKS
Coil ANG 13 ( Cooper ) AW, PT-30
| External connection Method Concentrated No neutrual point | -
No. of turn 60 turns per slot / 30 turns per tooth
Terninals 20 lead wires. It should be |abeled.
e e w‘ PRI N DESCRPTON | WATERAL | COLOR FNSH | NOTE |
W ; N v I ] T
= A RELATED P, SIS w19, 201 Winding Nethod
¢ e (o3 i, 0] oot
— g 4B Par 3l 5-Phase Interior PUSH
ANGULAR N i H AFFROVED aug. 19| 0w N
Texas AN University ™, = 2™ g
3 B T 1
. . . . .
Fig. 71. Winding design drawing
3 2 1
LRGeS 2]
ot Uy S B OO @
oG 5 e s
AL AT W51 10T COT AN PROTRTED SIBSAGES NLIDNG oS
AR SIESTOGESPo At 6 PSS P)
= 49 dol=ng B W
7 ) s §
3 S
3 « co g i 4 g
8 |col :jl
c| = co 5 G Gl ¢
\ T bivd — - G
N | T
\ i {
~
es s s
&0 24 20 68 25 15 7195 40
B B
84 13t0.02 ns
2685
7 DETAIL-C Detailed CENTER Part I~
S=5:1 =2:
s
f E = WATERIAL AEMAKS
r g
|
3 <
o g
Sl 3
N 9
sl K
DIMENSIONAL TOLERANCE clBlA A = ATERIAL st
Al o o ] e sscrenon s [couon s [ nare [y
- K ReweD EZIE L L e
— < e | V| ™ [GReeken WoDEL A
— € 3K 5-Phase Interior PUSH
ANGULAR H H APPROVED OWG NO_
Texas A University 5= L 1™ ‘o
3 2 T 1

Fig. 72. Shaft design drawing
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Fig. 73. Housing design drawing

After the optimization, each dimension was evaluated by FEA and resized based
on the flux saturation in the magnetic path from Fig. 67 to Fig. 73. Fig. 67 shows the
stator core design which has 18mm tooth width and 2.5mm slot opening. Rotor core was
optimized with Response Surface Method in Fig. 68, and the core plate is designed to
cover the magnets in the rotor core in Fig. 69. Fig. 70 shows the magnet dimension with
the magnetization information, and the winding method without neutral point is shown

in Fig. 71. Shaft and housing design drawings are illustrated in Fig. 72 and Fig. 73.
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3.7. Modifying the existing 5-phase interior PMSM

The existing 5-phase interior PMSM was modified. After removing the neutral
point shown in Fig. 74, each phase became independent with 10 leads instead of having
5 leads and one neural point inside of the motor. Fig. 75 shows each part of the motor,

and the stator has two sets of the terminal which has 10 leads.

Fig. 75. Modified 5-phase 10-lead interior PMSM.
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Winding method is shown in Fig. 76. The motor has distributed winding method
with 3 coil spans, and the magnets are inserted in the second layer of the rotor pole in
Fig. 76. The winding factor of the motor is 0.937, but the distributed winding method
based on the stator slot and rotor pole combination makes the air-gap force distribution
unbalanced as depicted in Fig. 77. As a result, the motor has a lot of harmonics in the

back-EMF. Vibration and noise will be an issue too.

(2) (b)

Fig. 76. Existing S-phase interior PMSM. (a) Distributed winding. (b) Rotor core and magnets.
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Air-Gap Force Distribution

—radial force —tangential force

Fig. 77. Air-gap force distribution for 5-phase 10-lead interior PMSM.

To understand the modified interior PMSM, the back-EMF and cogging torque
were measured by the test set-up in Fig. 78. The motor is connected to the torque meter
and the torque meter has a connection with the 6kW induction motor though the
coupling. When testing the PMSM, the secondary motor should not have harmonic
component because it affects the main motor’s performance. Usually, skewed or slotless
induction motors are mainly used. The induction motor has slot harmonic, so it is

expected to see them in the waveforms of the interior PMSM.
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Oscilloscope

o

Lo B0 \"

Fig. 78. Back-EMF and cogging torque test set-up.

While controlling the induction motor by V/F, the back-EMF waveforms were
measured from the motor terminals. The back-EMF waveforms show 72° phase shift and
a lot of harmonic components at low speed. Even at high speed, the back-EMF has wired
peak waveform because of the magnet position in the rotor core in Fig. 79. It can be
expected that the control current will have much harmonic as soon as the motor
generates back-EMF even though applying a certain reference value. The current will
follow the reference, but the phase current will have harmonic components from the

back-EMF.
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Fig. 79. Back-EMF waveforms. (a) At low speed. (b) At high speed.

Fig. 80 shows the cogging torque waveform which has slot harmonic
components from the induction motor as mentioned previously. The maximum cogging

torque is 0.63 Nm.
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Fig. 80. Cogging torque waveforms. (a) At low scale. (b) At high scale.

3.8. Summary
Aspects of interior PMSM design were investigated in this chapter. Design
procedure was proposed and applied. Fractional design method was mentioned to find

main design parameters in the process of the screening design. An optimization method
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called response surface method was discussed and used in the design. Force distribution
analysis was discussed to find a best stator slot and rotor pole combination. Each case
were compared and evaluated by FEA. Stator design parameters were defined in detail.
Rotor design parameters were optimized by response surface method and FEA. All
design drawings are shown in the design results section. An existing 5-phase interior
PMSM was modified to check the control methods, and its back-EMF and cogging
torque were measured after making a test set-up. It is shown that the existing motor can

be used to confirm the control method proposed.
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4. 5-PHASE 10-LEAD INTERIOR PMSM INVERTER DESIGN

4.1.

To control the motor, the commercial Semikron boxes and TI Delfino DSP is
used through the newly designed interface board. Fig. 81 shows the block diagram of the
control system. After generating control signals from the DSP board with TI’s F28335,

the interface board regulates the voltage levels for the gate drives, and the gate drives

Introduction

control the 20 IGBTs in 5 H-bridge inverters. Finally the IGBTs power the motor.

DSP

T™MS320
F28338

Board

PWM
12 ea.

ADC
S en,

8
8
8
8
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Board

QEP
3en.

WM
12 ea.
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il
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Fig. 81. 5-phase 10-lead interior PMSM invertor block diagram



The interface board has 7 parts: DSP boards connector, a current sensing circuit,
a PWM signal circuit, a QEP circuit, a hardware protection circuit, a power supply
circuit, and an inverter gate signal connector part. Fig. 82 shows the interface board
circuit which has been designed and fabricated.

In the PWM signal circuit, a new gate control signal generation scheme capable
of achieving both fixed and variable switching frequency modes was proposed and

realized with two PWM signals, two GPIO signals, and four MUXs as shown in Fig. 83.

==1=3

PWM Signal = |-

\

NENEN sesEs

Fig. 82. Interface board circuit.

For the fixed switching frequency mode, two PWM signals will control the gates;

whereas in the variable switching frequency mode one GPIO signal and one PWM signal
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will control the gates. The active operating is determined by the mode selector which is

controlled by one GPIO signal in a programmable manner.

PWNMH a
PWML a

X ]

GPIO A

L
H

GPIO B

!

IGBT Module T IGBT Module

— g
~(F=

a G "
= VTR
| = 3]
i CAEY
SKMS0GB13D % SKMS0GBIBD
o | svar | swa
Low Fixed Switching Freq. PWMH a PWML a PWML a PWMH a

GPIO B
High Variable Switching Freq. +(GPIO A) -( GPIO A ) AND PWMH a -(GPIO A) +( GPIO A) AND PWMH a

Fig. 83. Concept of gate control signal generation.

On the left in Fig. 84, it is the top and bottom layer of the PCB layout design
using Altium Designer v14.

On the right is the combined layer. 15 or 20 Mils are used for the signal line, 30
or 50 Mils are used for the power line, and 350-400 Mils are used for the current sensing
line because the maximum current flowing is 30A.

To avoid the signal noise issue, ground line was divided into three sections:
DGND indicates digital circuit ground, AGND indicates analog digital ground, and
GND indicates the ground except the digital and analog circuit. These three grounds are
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connected though a zero resistor which can protect the noise signal circulation one
another.
Fig. 85 demonstrates the fabricated interface board without the components and

with the components soldered on.

7T U

PiYAXiYaYa

Fig. 84. Interface board PCB layout design.
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Fig. 85. Fabricated interface board with DSP board.

4.2. Interface board circuits

This section illustrates each circuit drawing from Fig. 86 to Fig. 91. The power
supply circuit provides 3.3V, 5V, and 15V for the ICs and gate drives on the board with
the 48Vdc input in Fig. 91. The interface board has connectors which access the GPIO or
PWM signals from the DSP board, QEP signals from encoder, ADC signals from current

or voltage sensor outputs as shown in Fig. 86.
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Fig. 86. DSP board connection.

In the current sensing circuit, Fig. 87, LEM’s LTS 15-NP current transducers are
chosen, and the measuring range is set to £ 30A. 1st order low pass filters are
implemented with OPA 2350, and the switching frequency is 20 kHz with 362 kHz
cutoff frequency. These values are for general purpose, so users can change the gain
after replacing the resister and capacitor values on the board. QEP circuit in Fig. 88 has

the voltage level converter that DSP can accept the signal from 5V output of the encoder.
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Fig. 88. QEP circuit.

To protect the interface board circuit from the motor phase current, the hardware
protection trip signals are sensed from the output of the current sensor and disable the
PWM signal as soon as any phase current is over 30A as depicted in Fig. 89. PWM
signals and phase signals are generated from the DSP board and control the gate drives

though MUXs, AND gates, and inverting buffers in Fig. 90.
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Fig. 89. Hardware protection circuit.
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Fig. 90. PWM gate signal circuit.
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Fig. 91. Power supply circuit.

4.3. Summary

A newly designed invertor system was introduced, and an interface board was
designed and fabricated to control the 5-phase 10-lead interior PMSM. Each circuit part
is explained in detail and the fabricated interface board without the components and with

the components soldered on is shown in this section.
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5. 5-PHASE 10-LEAD INTERIOR PMSM CONTROL

5.1. Introduction

This chapter reports on the fabrication of a reconfigurable control set-up, and the
results of the experiments performed on the set-up. An effective switching method was
proposed and confirmed through various control methods. Moreover, closed loop speed
control was implemented using 10-step VSI control, SPWM, and hysteresis control

methods [64].

5.2.  Reconfigurable motor control set-up

Basic performance of the 5-phase 10-lead interior PMSM was measured with the
test set-up as shown in Fig. 92. The 5-phase PMSM is connected to the torque meter and
induction motor though the couplings. While controlling the 3-phase induction motor,

the basic performance of the 5-phase PMSM can be measured form an oscilloscope.

3-Phase . 5-Phase 10-lead *"

Induction Motor | lnterlor PMSM -‘-Wo'?i"'u y

TN ’o'o'o’o'w'l 3

4 ﬂ | il DUOOOR
%o —"h il

w'mmum 1lmnm--

Fig. 92. Back-EMF and cogging torque test set-up connection.
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To control the 5-phase PMSM, encoder and 3-phase loading motor were added
instead of the induction motor, so the motor can be controlled after detecting the position

of the rotor while adding the load in Fig. 93.

5-Phase 10-lead 3-Phase
Interir PMSM Loadin Mr

N |
A = -
N

Fig. 93. 5-phase 10-lead interior PMSM control set-up connection.

Fig. 94 illustrates the entire control set-up for bipolar voltage switching method.
The modified 5-phase 10-lead interior PMSM is connected to the encoder and torque
meter. The 3-phase IPMSM with the resisters is loading the 5-phase 10-lead interior
PMSM. The DSP board generates the gate signals and controls the IGBTs in the 5 H-
bridge inverters through the interface board designed. As a result, the IGBTs power the
5-phase motor.

Proposed unipolar voltage switching method was implemented with the gate
signal inverting board which was hand-constructed in Fig. 95. The switches in each
inverter leg should be controlled independently of the other leg, so switch 2 and switch 4

are inverted and PWMI1A only controls the leg “A”. Likewise, PWMIB controls the leg
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“B”. The inverter IGBTs are controlled by the floating point DSP, Delfino (F38225),
though the interface board and the gate signal inverting board.
Fig. 96 shows the entire control set-up for unipolar voltage switching method.

The gate signal inverting board is added to the set-up after the interface board.
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e e
& %
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Fig. 94. Control set-up with bipolar voltage switching method.
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5.3. PWM switching methods: bipolar and unipolar switching methods
5.3.1. PWM with bipolar voltage switching method
In this voltage switching method, switch 1 and switch 4 and switch 2 and switch

3 are paired and simultaneously turned on and off. One of the pairs is always on.
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TBPRD ;
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] 2
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SW3 4
1
4] >
Ts/2 Ts 3Tsi2 aTs ¢
swWa 4
1
¢
Ts/2 Ts 3Ts/2 2Ts
[ SW1/SW4 pem— }{ pep— ]{ prm— ][ SW1/S5W4 ]
ON: +Vpe ON: Vpe ON: +Vpe ON: Vpe ON: +Vpe
Vo 4
+Vpe
(A%
Vo t
v
Ts/2 Ts 3Ts/2 2Ts

Fig. 97. Bipolar voltage switching method when CMPA > 50%.
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Fig. 98. Bipolar voltage switching method when CMPA = 50%.

The phase voltage is either positive V4. or negative V4. Even in a zero voltage

state, there is the positive and negative Vg4, phase voltage, and the current is flowing as

shown in Fig. 98. The average current is zero, but rms current is not zero. It makes to
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control the motor difficult. Fig. 99 shows the experimental result which confirms the

bipolar switching scheme explained.
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Fig. 99. Bipolar voltage switching method when CMPA = 50%. (a) Gate signal connection. (b)
Experimental phase voltage and current.

5.3.2. PWM with unipolar voltage switching method

PWM with unipolar voltage switching is also referred to as the double-PWM
switching. The switches in each inverter leg are controlled independently but
complementally. When the CMPA value is over than 50%, there is the positive Vi
phase voltage switching. Conversely, there is the negative Vg4, phase voltage switching
when the CMPA value is less than 50%. Because of the switching operations, the
effective frequency of the output voltage waveform is doubled, and the current ripple is
reduced. It results in a better output voltage waveform and a better frequency response
[65]. Fig. 100 shows the switching voltages and the motor phase voltage when CMPA
value is greater than 50%. Likewise, Fig. 101 depicts the ones when CMPA value is less

than 50%.
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Fig. 100. Unipolar voltage switching method when CMPA > 50%.
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Fig. 101. Unipolar voltage switching method when CMPA < 50%.
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In a zero voltage state, there is no phase voltage and no current as shown in Fig.
102. Again, Fig. 103 shows the experimental results, and it confirms the switching

scheme shown in Fig. 100, 101, and 102.
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Fig. 102. Unipolar voltage switching method when CMPA =CMPB = 50%.
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Fig. 103. Unipolar voltage switching method when CMPA =CMPB = 50%. (a) Gate signal
connection. (b) Experimental phase voltage and current.
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5.4. 10-step VSI control
5-phase 10-lead inverter has 5 independent H-bridges as illustrated in Fig. 104.

Each phase is separated from the others. Switching actions can have either bipolar or

unipolar conditions. Based on the rotor position, an appropriate voltage vector needs to

be applied to the motor in Fig. 105.
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F O O S S <
Ra : Rb Re Rd Re
vae (&) = La Lb A Le A Ld Le
AEP AR P dpp

S

Fig. 104. Equivalent circuit diagram for 5-phase 10-lead interior PMSM.
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Fig. 105. Voltage vector diagram for 5-phase 10-lead interior PMSM. (a) Electrical angle. (b)
Mechanical angle.
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Fig. 106 shows phase voltage waveforms which result in 180° conduction for
each IGBT in the inverter. The number of steps depends on how the encoder value
changes. The switching conditions for each voltage vector are listed in Fig. 107.

From Fig. 108 to Fig. 118, the circuit currents flows are visualized between each

switching transient.

“Va vb ! Ve Vb | 4Va Wb | Ve b ! ohe Vb | iV Vb L Ve Vb iNa Vb | v Vb | iVa Vb
Ve, -Ve, Ve, Ve Ve, Nc, Ve, Ve, Vo,
VA PVe | eVd the | N Ne | BVd TVe ] sV oV | BVd PV | RV tVe | BV BV | EVd BV | v Tve

Fig. 107. Switching conditions for each voltage vector.
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Fig. 108. Current flows at STEP 8.
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Fig. 111. Current flows at STEP 1.
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Fig. 116. Current flows at STEP 6.
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Fig. 117. Current flows at STEP 7.
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Fig. 118. Current flows at STEP 8.

Gate signals for 10-step VSI control is compared under the same operating
condition in Fig. 119 and Fig. 120. For the bipolar switching method, the phase voltages
show the bipolar switching between the positive V4. and negative V.. For the unipolar
switching method, the phase voltages show the unipolar switching either between zero
and the positive V4. or between zero and the negative Vg4 in Fig. 120. There is a

significant current ripple difference between two switching methods.

50X 2004A MY51137520 SunFeb 220034 2 2015
100V/ 200V 100V/ 4 200V/

14.0v

(@) (b)

Fig. 119. Comparison of Gate signals. (a) Bipolar switching method. (b) Unipolar switching method.
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Fig. 120. Comparison of phase voltages and currents. (a) Bipolar switching method. (b) Unipolar
switching method.
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5.5. SPWM control
5.5.1. In a-b-c-d-e reference frame (Stationary Ref. Frame)

The gating signals are generated by comparing a sinusoidal reference signal with
a triangular carrier wave of frequency. The frequency of reference signal determines the
inverter output frequency and its peak amplitude controls the modulation index and
output voltage.

In the diagram shown in Fig. 121, the current references are generated from the
speed loop with the advanced current angle (6,,), and then they are compared with each
phase current from the current sensors. Each PI controller generates the voltage

commands, and they control the motor.
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Fig. 121. Diagram of SPWM control method in stationary reference frame.
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Fig. 122 shows the response of the phase current following the reference. At low
speed, there is almost no back-EMF, so that the phase current corresponds to the
sinusoidal reference current perfectly. However, the phase current exhibits harmonics
from the back-EMF at the high speed, but it still follows the reference.

Gate signals are compared in Fig. 123, and the inverter legs are working
independently in unipolar switching method.

In stationary reference frame, the reference current is sinusoidal, and the phase

current is following the reference current shown in Fig. 124.
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Fig. 122. Current reference response. (a) At low speed. (b) At high speed.
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The phase voltage shows the bipolar and unipolar switching actions, and there is
significant current ripple difference in Fig. 125. Torque is measured under 560W loading
condition at 1200rpm in Fig. 126. Fig. 127 indicates that the real speed follows the

reference speed with a ramp function implemented after closing the speed loop.
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switching method.
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5.5.2. In d-q reference frame (Rotating Ref. Frame)

In the diagram for rotating reference frame shown in Fig. 128, the reference i,
current is generated from the speed loop, and the i; and i, currents from the
transformation are compared with the reference currents. These PI controllers generate
V4 and ¥V, voltage commands, and each phase command is obtained after the inverse

transformation. These commands control the motor.
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Fig. 128. Diagram of SPWM control method in rotating reference frame.

Gate signals are compared in Fig. 129, and the inverter legs are working
independently in unipolar switching method.
In rotating reference frame, the reference current is a DC, and the i, current is

following the reference current shown in Fig. 130.

112



DS0-X 20244 MY51137920: Sat Feb 21 0207432015 DX 20244 MY51137520 SnFeb 22015235 2015

100V 2 200V 3 10.0v/_4_200v/ LUEL__SI0EE__s& £ s 100v/ 2 200/ 3 100V 4 200V 50005/ 5000 Sop  § 108
i l ] i Agilent i 4444L4A44} : i i& Agilent
. Boquist
S1_csig , i P S1_csi
. o _Gsig [ ] I | Figh fes
’ 6.25MSals Ll 25.0MSals
f = = I
i i 1 Channels "\ i f i i Channels
S; Gsi S; Gsi
< L 1 ] 2,GSlz 48 I ] I ]
i — oc 1001 } oc 1001
2 o - < Ven ll N Weasurements
N = —_— req N Freq(
L. %/ \ 4.996kHz S 6s Pz : 4.987kHz
4 Max(1) | Max( 1}
14.0v 14.2v
']_S N Freal?) . I—I\-‘\ Freall)
; 5.000kHz S 4.987kHz
“‘ G Sig. Z== Max(2) “—47‘;%/ I Max(2)
T V 14.0v ¢ [ I 14.9V

(2) (b)

Fig. 129. Comparison of Gate signals. (a) Bipolar switching method. (b) Unipolar switching method.
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The phase voltage shows the bipolar and unipolar switching actions, and there is
significant current ripple difference in Fig. 131. Torque is measured under 560W loading
condition at 1200rpm in Fig. 132. Fig. 133 indicates that the real speed follows the

reference speed with a ramp function implemented after closing the speed loop.
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Fig. 131. Comparison of phase voltages and currents. (a) Bipolar switching method. (b) Unipolar
switching method.
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5.6. Hysteresis control

Among the various PWM techniques, the hysteresis band current control is used
very often because of its simplicity of implementation. Also, besides fast response
current loop, the method does not need any knowledge of load parameters. However, the
current control with a fixed hysteresis band has the disadvantage that the PWM
frequency varies within a band because peak to peak current ripple is required to be
controlled at all points of the fundamental frequency wave. For some applications such
military traction or ship propulsion systems, the hysteresis control is mainly used.

Therefore it is necessary to evaluate the control method.
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Fig. 134. Diagram of Hysteresis control method.
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In Fig. 134, the control diagram is very much like the SPWM in stationary
reference frame, but the hysteresis switching method was used with a 5% hysteresis
band at S5kHz sampling frequency instead of using the PI controllers.

For the both switching method, the gate signals are compared, and the signals
shows the phase voltages are applying correctly in Fig. 135. The speed loops are closed
and the phase is following the reference closely. The phase currents flow depending on

the applied phase voltages as depicted in Fig. 136.
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Fig. 135. Comparison of Gate signals. (a) Bipolar switching method. (b) Unipolar switching method.
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Fig. 136. Comparison of Gate signals. (a) Bipolar switching method. (b) Unipolar switching method.
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5.7. Summary

A reconfigurable motor control set-up was built with an encoder, a torque meter,
a 3-phase interior PMSM, register load, a 3-phase induction motor. An effective
switching method was proposed and implemented in the motor control drive. 10-step
VSI control, SPWM in stationary and rotating reference frames, hysteresis control

methods were evaluated with the 5-phase 10-lead interior PMSM.
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6. CONCLUSIONS AND FUTURE WORK

In this dissertation, a 5-phase 10-lead Interior PMSM was designed with the
proposed design method, and an optimization theory called “Response Surface
Methodology” was introduced. Moreover, an inverter board block diagram and a concept
of the control signal generation were introduced, and then a multi-phase inverter
interface board was designed and evaluated with the TI floating point DSP, Delfino
(F28335). To evaluate the 5-phase 10-lead interior PMSM systems, a reconfigurable
motor control set-up for both a multi-phase and a 3-phase motors was built with the 5-
phase IPMSM, 3-phase IPMSM motor, encoder, torque meter, resister heat materials,
and induction motor. The test set-up could be for either a multi-phase control system or a
3-phase control system. An effective switching method was proposed and implemented
in the motor control drive. Step VSI control was applied with bipolar and unipolar
switching methods and the speed loop was closed with PI controllers. Reference frame
transformation for S5-phase motor was discussed and used in the SPWM current
regulation. Sine PWM control method was implemented in both stationary and rotating
reference frames. Both bipolar and unipolar switching methods were used for the SPWM
current control method and compared. Hysteresis control method was also implemented
with PWM and GPIO switching methods.

Overall, the proposed multi-phase fault tolerant PMSM drive systems could be

the future of the electric vehicle traction and ship propulsion systems.
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5-phase 10-lead interior is a unique structure for EV traction or ship propulsion
applications, and a unique structure machine comes many research opportunities. A few
potential paths of research are suggested here:
- High power multi-phase PMSM needs to designed and its control methods needs
to be researched
- More current control methods need to be researched to minimize the torque
ripple, vibration, and noise: SVPWM, Random SPWM, etc.
- The inverter part needs to be optimized.
- Various control methods needs to be researched under each fault condition
- Sensorless control also needs to be researched for this multi-phase interior

PMSM.
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