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1 | INTRODUCTION
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Abstract

In the recent days, for the traction and electric vehicle (EV) applications, multiphase
machines with pole phase modulation (PPM) technique have been proposed. The
smoother operation during pole changeovers as well as steady-state operations is a sig-
nificant constraint while adopting the PPM-based multiphase induction motor (PPMIM)
drives for EV and traction applications. So, in this paper, the PPMIM dynamic model and
associated vector control are proposed for attaining a smoother operation of the machine.
The machine modelling equations and transformation matrices are implemented in an arbi-
trary reference frame by considering the different pole phase combinations. Based on the
modelling equations, the indirect field-oriented control (IFOC) is proposed for PPMIM
drives by reflecting the associated changes in parameters for different pole phase modes. In
the IFOC, for regulating the d-axis and ¢-axis current components, single PI control loops
have been implemented for all pole-phase combinations. The proposed IFOC scheme is
robust and applicable for adopting any type of pulse width modulation. The experimental,
as well as simulation results, are given to illustrate the potentiality of the proposed dynamic
model and IFOC. The PPMIM machine performance during the steady state as well as
pole changeovers in different pole phase modes are analyzed and associated. Simulation
and experimental results are presented.

changeable 9-phase machine, 1:3:5 pole changeable 15-phase
machine, 1:3:5:9:10 pole changeable 45-phase machine and

HE multiphase inverter-driven multiphase induction motors
have seen a predominant growth in the present century
due to higher efficiency, highly reliable operation, lower-rated
resources, lesser torque ripple, and better power/torque shar-
ing [1-06]. In addition to this, the technological advancements
in power electronics and the necessity of efficient systems have
further boosted the interest on multiphase machines in high
power applications as a substitute for traditional three-phase
systems [2]. Typical examples include wind energy systems with
arbitrary power-sharing [3], electric traction with gearless oper-
ation [4], AC on-boatd fast charging for electric vehicles (EVs)
[5], and ship propulsion systems with improved fault tolerance
[6] and electric aircraft [2].

In [7-13], pole phase modulated induction motor (PPMIM)
drives for electric traction are reported with the advent
of multiphase machines, where the flexibility of an addi-
tional degree of freedom is effectively used. A 3:1 pole

other multiphase machines are presented based on pole phase
modulation (PPM) techniques [7—13]. The multiphase PPMIM
drives offer a speed-torque profile similar to the conventional
‘IC engine + gearbox’ system, which results in the removal of
the gearbox system for EVs and traction applications [4, 9]. The
speeds, as well as torques of a machine, ate changed appropti-
ately by regulating the number of poles as well as phases without
changing the stator winding terminals [7]. The torque generated
by the induction machine is directly proportional to the num-
ber of poles of the machine (T & P) [2]. Based on this relation,
in high pole mode, the PPMIM drive delivers higher torque as
compared to low pole mode, but the increment in the num-
ber of poles results in a reduction in magnetizing inductance,
higher magnetizing current, higher torque ripple, lower power
factor as well as efficiency [14, 15]. The performance improve-
ment of the PPMIM drive with different multilevel inverter
structures, phase grouping concepts and carrier phase shifted
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PWNMs are presented in [10-13]. In these works, the control of
PPMIM machines during pole changeovers has not been dis-
cussed. Therefore, there is a necessity to implement a simple
control technique for controlling the PPMIM drive with smooth
transitions during different pole-phase changeovers.

The modelling and control techniques of multiphase
machines are similar to the 3-phase machines reported in [2],
[16—23]. For sinusoidally distributed machines with any num-
ber of phases the modelling equations, as well as vector control
techniques, are the same, that is, the first fundamental dg com-
ponents are responsible for the torque production and drive
control [2], [16, 17]. However, the transformation matrix for an
m phase machine is # X m, where the matrix consists of (w —
1)/2 and (m — 2)/2 sub-planes for odd and even numbers of
phase machines, respectively. The mathematical modelling and
different vector control techniques for 5-phase machines [17,
18], 6-phase machines [19-21], 7-phase machines [22], 9-phase
machines [23], and other multiphase machines are presented
in [2], [16-23] for accurate and fast control of torque/speed.
In this literature, the authors have focused on indirect field-
oriented control (IFOC) because of its simplicity in control,
ease of extension for a machine with any number of phases,
decoupled control of torque and speed, robust nature, etc. [2,
106]. Based on this literature, an IFOC is implemented for a 9-
phase PPMIM machine with a 1:3 ratio of torque/speed change
n [8], [24—26], where the basic modelling and control are pre-
sented according to 3-phase machine analysis that is presented.
However, in this literature, the authors have implemented indi-
vidual control loops and modelling equations for 9phase 4pole
mode (9PH-4PO) and 3phase 12pole (3PH-12PO) modes, that
is, two models have been implemented. Moreover, the transfor-
mation matrices are not symmetrical (i.e. 4-9 is implemented)
and the control, as well as the behaviour of the machine dut-
ing the pole changeover, has not been explored. In addition to
this, the control is implemented with multiple PI control loops,
which results in sensitive tuning as well as huge currents in
transients. In [27] modelling and hysteresis control for 9-phase
machines are implemented, but, the limitations are unregu-
lated switching frequency, current-based control, and transient
behaviour.

To address the concerns of modelling and control during the
pole-phase changeover, this paper presents a single mathemati-
cal model and control of a 9-phase PPMIM drive is presented.
The key contributions of this paper are,

> Modelling equations in an arbitrary reference frame are
presented, where both 9PH-4PO and 3PH-12PO mode
equations are combined into a single mathematical model
in accordance with the control variables.

> A simple voltage-based IFOC for a 9-phase PPMIM drive is
implemented for controlling the torque/speed.

> Control is implemented with a single PI loop for torque
as well as flux control of a machine in all pole phase
combinations.

> Robust IFOC structure with less sensitivity on PI tuning due
to the lesser number of PI loops over control schemes is
given in [8, 24, 27].
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FIGURE 1  Vector distribution of 9-phase PPMIM (s represents stator
side and rrepresents rotor side), (a) & = 40° for YPH-4PO mode, (b)

a® = 120° for 3PH-12PO mode, (c) machine winding details for 50% of stator
circumference. PPMIM, pole phase modulation induction motor.

> Transient current magnitudes during pole changeover are
minimized over [8, 24, 27].

> Fixed switching frequency of operation, which is applicable
to implement any PWM.

> The transient operation of the PPMIM drive during pole
changeovers is accurately controlled.

The proposed modelling equations and IFOC are validated in
both simulation (MATLAB) and hardware (on a 5 hp laboratory

prototype).

2 | MULTIPHASE POLE PHASE
MODULATED INDUCTION MOTOR
MODELLING

The schematic vector distribution of the 9-phase PPMIM drive
is shown in Figure 1. The winding design of the 9-phase PPMIM
machine is presented in Figure 1c, and the detailed generaliza-
tion, and guidelines of PPM are given in [7-13]. In a 36-slot
PPMIM drive, the stator windings are designed for 9PH-4PO
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operation, that is, sinusoidally distributed with a phase shift of
40°, as shown in Figure 1. In this figure, it can be visualized
that, the same phase windings are excited with 120° phase shifts
to obtain the 3PH-12PO winding configuration. In the litera-
ture [10—13], phase grouping concepts are reported to PPMIM
drives for enhancing the performance of the drive as well as
for simple visualization of operation. According to this phase
grouping, in 9PH-4PO mode, the stator windings are grouped
as three-phase winding sets (each group has three 120° dis-
placed windings). In 3PH-12PO mode the windings in each
group require the same fundamental voltage, that is, 4, 4, and
g windings are identical voltage windings. The resultant voltage
vectors for stator windings are shown in Figure 1b, that is, R-
phase with 4, 4, g windings, Y-phase with &, e, 4 windings, and
Z-phase with ¢, f; / windings. Similar to the stator, rotor wind-
ings are also distributed sinusoidally with the respective phase
shifts in different pole phase modes. In the paper, a squirrel cage
rotor induction motor is considered, that is, the rotor bars are
shorted, and the voltages of rotor windings are zero.

In the designing of modelling equations for PPMIM drives
the following assumptions are considered: (i) All phase wind-
ings are symmetrically distributed over a stator circumference
with an angle of 277/9 degrees in 9PH-4PO mode and 277/3 in
3PH-12PO mode and (ii) machine has uniform airgap, MMF, as
well as flux distribution in the air gap of the machine is purely
sinusoidal without any harmonics. The other assumptions (i.e.
slotting effects, losses, non-linearities of core, and others) are
considered the same as conventional machine modelling [1,
16-28].

where §; and S, define the mode of operation, that is, §; = 1,
§, =0 for 9PH-4PO mode, §; =0, 5, = 1 for 3PH-12PO mode,
and §; = 1, 5, = 1 both modes will exist at the same time during
pole changeovers (transient condition). The variables xand yare
mathematical equations of the respective pole phase mode.

The voltage equations in the phase variable domain for the
PPMIM drive are,

D . z z 2
l T/w{r l |‘R///Ar ] |‘Z§/x ] +5 []‘J] mxm []‘J " ] mkm |‘Z;1;r ]
= . ) A . P
Vi R, | |is [[1,3,]?* ] [0 | L

2

In Equation (2), voltage and currents are column matrices,

=5l £ 22 s fl)

T
+ S £ fo [ e 1 3)

where m represents phases, 7 = a, b, ¢ ...I, and z represent
either stator or rotor variables, #» = s, ». The upper subscript
g in the inductance, currents, and voltage matrices matrix
indicates that equations consist of both 9PH-4PO and 3PH-
12PO mode terms (i.e. ¢ = 9,3). The mutual inductance of
the stator-rotor matrix [L,]5,, and torque developed by the
machine is depending on the angular displacement between the
stator and rotor, that is, 8,. The symbol p defines the derivative
operator, p = d/dz

4 cos 6 cos(@ — a?) cos(® — 2a”) cos(® — 3a”) cos(® — 8a”) |
sin @ sin(@ — a”) sin(@ — 2a”) sin(@ — 3a”) sin(@ — 8a”)
ql cos 26 cos2(6 — a?) cos 2(0 — 2a”) cos 2(0 — 3a”) cos 2(6 — 8a”)
77 = g1 )2 Xl sin 26 sin2(6 — a”) sin2(6 — 2a”) sin2(6 — 3a”) sin2(6 — 8a”)
[77] = 5 9 JZ cos30  cos3@—a’)  cos3@—2a’)  cos3(0—3a’) cos 3(0 — 8a’)
X
0 — — — —
v N NG
[ cos 6 cos(® — a’) cos(® — 2a°) cos(® — 3a’) cos(® — 8at?) |
d || sin® sin(@ — a?) sin(@ — 2a’) sin(@ — 3a?) sin(@ — 8a?)
1 1 1
q —- — — —-
| YR v V5
+5, 57 dl || cosB cos(@ — a?) cos(® — 2a’) cos(® — 3a’) cos(0 — 8a’) “
g1 || sin® sin(@ — a?) sin(@ — 2a’) sin(@ — 3a?) sin(@ — 8a?)
o | L 1 il i
| V2 V2 V2 V2]

The modelling of a 9-phase PPMIM drive consists of 9PH-
4PO as well as 3PH-12PO mode equations, that is,

9 — Phase PPMIM Drive = S;x + S5y 1)

2.1 | Transformation matrix

For implementing accurate control as well as for eliminating the
time-varying components in modelling equations of a machine,

85U80|7 SUOWILIOD BAIIER.D 8|qed![dde 8Ly Aq pausenob ae Sspiie YO 8N JO s3I 10} Akeid1 78Ul UO A8]1M UO (SUOTHIPUOO-PUB-SWLBY W0 A8 | 1M ARIq U UO//:SdNY) SUOIIPUOD pue SWe 1 8y 8eS ' [£202/50/TZ] Uo AkeiqiTauliuo A8|im ‘Aisienun eed Aq T8EZT Zed/6r0T 0T/I0p/wod A8 | im Aleiq1jeuljuo yoeesa.iel//:Sany Wwolj papeojumod ‘Z ‘€202 ‘evSvSs.LT



IQBAL ET AL.

| 271

the phase variable model equations have to be transformed into
two-dimensional orthogonal sub-planes (dg). The transforma-
tion matrix for the 9-phase PPMIM drive is given in Equation
(4). In this equation, 6 is the phase shift between the d-axis with
the a-phase axis of the stator. The transformation matrix has the
following properties,

@A) 9PH-4PO mode:

> The dg components in the first orthogonal plane
(first two rows for Equation (4)) are responsible for
torque production as well as airgap flux. In this
plane, the dominant harmonics ate of order 184 + 1
(£=1,23,..).

> Other three orthogonal planes are responsible for the
harmonic torques and are not responsible for airgap
flux. The second, third, and fourth orthogonal planes
consist of the harmonics 144+ 1,10+ 1, and 6& + 1,
respectively (£ = 1,2, ...).

> Only one zero sequence component exists.

(i) 3PH-12PO mode:

> Each effective phase consists of three identical wind-
ings, that is, the R phase is a combination of 4, 4, and g
windings. So three in-phase dg components, that is, only
one resultant orthogonal plane exists.

> The torque of the machine is directly proportional to
the number of poles (7&F). Based on this relation, the
torque in this mode will be increased by three times as
compared to the 9PH-4PO mode [7-13].

> The torque, as well as air gap flux, is produced with
the three dg components, that is, with one resultant
component.

> The dominant harmonics ate of order 6+ 1 (£ =1, 2,
3,00

> Three zero sequence components exist.

The equation for converting stator phase variable equations
into dg domain and vice versa is as follows:

< = 2
[frl,q,xl,xz...()] - [];] [‘fﬂ,//,[,d...z'] (5)
T
[]i:b,v,d....z] = [7] [ f{iq,xl’xzmo] ©
Here [7] is Patk’s transformation matrix and [];]—1 — [7;]T

is the inverse transformation matrix. In Equations (5) and (0),
the matrix [qu’XLszO] is the two-dimensional orthogonal plane
representation and [f, ;. ;] is the actual phase variable matrix.
For transforming the rotor phase variable equations into the dg0
domain, the phase displacement between the rotor axis and to
dq0 axis is § = 6 — 0, is to be considered in Equations (4), (5),
and (6).

2.2 | Modelling equations in the arbitrary
reference frame

The dynamic modelling of an electrical machine consists of volt-
age, flux linkage, electromagnetic torque, and mechanical torque

equations. The stator and rotor voltage equations of the 9-phase
PPMIM drive in the atbitrary reference frame are given in Equa-
tions (7) to (15) and (16) to (24), respectively, which are derived
by using Equations (1) to (6).

SV + SV = R(Siig + %) + p(514, + H45)

— oS+ 5A5) ©)

SV 4+ 515 = R(Siigs + $i) + p(5i120, + $H45,)

+ (54, +51),) ®)
9 3 _ -9 -3 9 3
5‘1 VXLV + 5‘2 VO& - Rf(sl ley + ‘S‘ZZOJ) + p(‘gl/lxlf + 52/104') (9)

SV 45170

— 9 3
e D= RS2+ S

Ils r/l;)

+ p(Sl/I;),l_r + 540, ) — S0l (10)

qls

SV 0+ V0 = RSy, + $60)

x2¢ qls

+p(5i1270,, + Sz/l;h) + S, (11)

Y Vﬁf + 51 =R (5 ?';?2; + 50 ) + p(Sl/lej +54) (12
SV, + 8V, = R(Siis, + i)

+ pSIAL, + $HA5,) = SHed),  (13)
Y VJ?J +5, I/qgj = R(5 ?fs; + 521';2;)

+ p(&lllj‘% + 52/132) + S0, (14

SV 4+ 5V =R (S0 + 50 ) + p($14), + $42.) (15

9 3 _ — -9 -3 9 3
S V//r + SZT/;lr =0= R”(Slzdr + Szzdr) +p(§1/ldr + 5‘2/1:/7")

—(@—,) (S + 5A,,) (16)

SV + 85V, =0=R (S + Si) + p(5145, + 525,

+(@—w)(54, +52,) 17)

(18)
SV + SV, =0=R (54, + Siy,)
+p(SiA), + 5AY,) = (@ —w)d),
19)
SV + 5‘2V;, =0=R (5, + 5‘21317)

(5140, + HA0,) + Sw =0,

(20)
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9 3_0— 9 3
SV, + SV =0= R,(Slz L+ i) + p(Sl/lﬂr + 5240 )

1)
SV + 9V, =0 =R (S5, + Sip,)
+p(512%, + $H45,,) = Hw—w)d),
22)
SV, + 5V, =0=R (S, + 50, )

+ p(S; A W+ Y2/13 D+ SHw—w)d,
23)

SV +5V0 =0=R(S4 + S0 ) + p(5i14], + $4,,)

(249

In Equations (7) to (24), w and w, are the speed of dg0 ref-
erence axis and rotor reference axis, respectively. The detivative
operator is p. The flux linkage is the product of inductance and
currents. The stator and rotor flux linkage equations of the 9-
phase PPMIM drive are given in Equations (25) to (33) and (34)
to (42), respectively.

SIA 4+ 50, =5 (L) + L)

9 3 33
M) ot S+ Ly,

+ 85138 (25)

+ 51[‘ Mar

‘M ﬂ’r

Sihge+ S0 = S (L] + L, )igs + (L) + L3, i,

+ 8L g+ 100, (26)
S22, + 545, = 85 (15) 2, + (1), @7
9 3 _ 9 3 313

/‘l}lr+5‘2/‘ld Sl (L/y)61r+52(L +L1W) dl +5‘2L1] dlr

(28)
3 _ 3 313 3

Jlﬂ'er + Sz/lql.r - Sl (Ly) x2r + SZ(L + L ) qlf + S2LA/1 qlr

29
3 _ (
51/1}2r + 54, =5 (L/I)J,2§+52(L )i, (30)
3 _ 3 3

fl/lm + Y2/142; =5 (L/;) gt YZ(L +L ) + YZLu d2r

@31
9 3 _ 9\ .9 3 3 33

/B3J + S‘zquV - ‘S\1 (L/:)ZJ‘Sf + ‘S\Z (L + L ) qZJ + YZLM q2r

(32
9 3 _ 9.9 3\ 3
Sidg, + S5, = 5 (L/;)ZOy +5 (L/:)Zo; 33)
9 3 _ 9 9\.9 3 3
Slldr + SZ/ldr =3 (L + LM) w1 SZ(L + LM)

+Y1 ", dj + S“ZLU o (34)

Sihgr + S50, = S| (L) + L, )ig + 5,(L) + L, )iy

+ LY i+ 10 (35)
9 3 _ 9\ 9 -3
‘S‘l/‘lxlr + SZ&Or - Sl (L/r)lxl + ‘S‘Z (L ) Yoy (36)
3 _ 919 3 3\.3 33
51/1)” + 854, =5 (L/r)’ﬂr +5 (L/r + LM)Z,m + 5Ly,
37)
3 _ 9\ .9 3 3\3 3
§1/1><2r + Szllqlr =5 (L/I)ZXZI” +5 (L + L ) qlr + 80 ‘M ql;
(38)
9 3 3
A}Zr + S‘Z/‘t - Sl( /r)JZr + S‘Z( ) (39)
“ﬂ’l\% + 52/142r =5 (1‘ ) lg T 52 (1‘ + ]‘M)Zer + Szl‘wz,/zf
(40)
- 13 _ ¢ 91,9 ; 3 3\3
S, /1)3r + “521727 - 51 (]‘/r){y?}r + ‘52 ([‘/7" + ]JzW)Zng + 52]‘1[ q2s5
(41)
- 19 - 13 _ ¢ 919 J 3\,3
‘Sl/l(ﬁ + Lszlﬂr - ‘Sl (L/r)l()r + 52 (L/r)l()r (42)

In Equations (25) to (42), L; and Lj{ are the leakage
and mutual inductances of the PPMIM drive, where 7 = 3,9.
The mutual inductance of the PPMIM machine in 9PH-4PO
(9/2)L,; and in 3PH-12PO mode is L, =
9/ Z)L;Z,I. The value Lj,j is the magnetizing inductance of
the PPMIM drive. The generated electromagnetic torque and

. 9 _
mode is LM =

mechanical torque equations of the PPMIM drive are given in
Equations (43) and (44), respectively.

7 = (SlL + 505

C 3

([le;i + 5 (z',j; + 7+ )] *>

[Slig + 52 ('3 31r + Zer)]

X 3 - (43
[‘512 +52< ;1J+Z:12r)] ( )
* [5‘11';3 +5 (z; +i, + z;2>]
dw
o= (5) g ee(p)e @

where 7, is electromagnetic torque, 7; load torque, /is the iner-
tia of moving parts (kg.m?), Bis the friction coefficient (Ibm.ft?),
Pis the number of poles, and w is the angular speed of rotation.
In Equation (43), dg currents of the PPMIM drive are

5‘11 +52( +Z

) (45)

where a=dqgb=sr
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3 | IFOC OF PPMIM DRIVE

The vector control of the induction motor is derived from
the DC separately excited machine torque equation, where the
armature and field windings are designed in such a way that
the currents will be orthogonal to each other with a decoupling
nature. Similar to this concept, the IM is controlled with the o
axis flux component and g-axis torque component. The &4’ axis
of a stator is fixed with the stator axis, and the ¢ axis of the
rotor is fixed with the rotor axis and that is rotating at a speed
of w,. The synchronous rotating &¢° axis is rotating at a speed
of w,, which is leading by an angle of 6, and 8, with respect to
the stator and rotor reference axis. In the rotor field-oriented
control, the field is aligned with a synchronously rotating &¢°
axis, with the knowledge of a field position. The relative speed,
as well as the phase shift between the rotor reference axis (#¢)
to the rotor filed axis (£¢), are,

Wy =W, — W, and 6.(/ = ee - er (46)

The rotor field axis is always in-phase with a synchronously
rotating d-axis, that is, the orthogonal component is zero.

A% =27 and A5 =0 (47)
A5 pA; = Constant, i.c.,= 0 (48)

Equations (47) and (48) are standard equations for the indi-
rect field-oriented vector control of the induction machine [2,
19]. These equations are derived based on the steady-state rela-
tions, and may not be valid for the transient conditions. For
deriving the modelling equations for IFOC, machine modelling
Equations (7) to (44) are analyzed in synchronous reference
frame, that is, @ = @,. Substituting Equations (47) to (48) in
the voltage and flux linkage equations of the rotor (16) to (24)
and (34) to (42) gives the

S, + 5, = 0,5, =0and $i), =0 (49)

SA, + A =S L5 + 5000 (50)
3 _ 33

/1,11, = $2Ly7, G
3 _ 33

/1,/2, = $2L 75, (2

R, (Siiy + 5i0) + w0y (Si4, + 547) =0 (53)

R szqu + 50,0, =0 (54)

R,Syi> ot SwyA0, = (55)
S+ L3, ige + 82 + 13,) iy

= —(SiL)iy + L0 00)AU (56)

S (L3 + L% ) qlr - _S2LM qls (57)

3 3\,3 _
$ (L/r + LM)Zqu - _‘S‘ZLWZqZJ (58)

In order to design a single control loop for regulating the
flux of the 9-phase PPMIM drive, Equations (49) to (58) are
rearranged as follows:

F =0 (59)

S+ S A

3\ M 1
(; dy) 3 = where G| = - (60)
51] T 82Ly, LM M
R,zq,
@ =% (61)
_JiR
Ed ‘M q‘
lgr = T (62)
T
The final slip equation is
R Ly + RLy 11
W, = % e quhCIC G4 = —{/1{ = ‘[_? (63)
M - Ay " gy
N} = Gw} where G, = Pt /60 (64)

The speed NS, = 120f/P, that is, 500 tpm for 3PH-12PO
mode.

e ek
() =G31, (65)
where
2L 1
S (66)

‘MM

In the above Equations (59) to (60),
k¢

L, = S, +L9I) + 50 4+ L), b= 51, f3 =

S U+ S (%) where function f w1ll be 1., Ay and other.

In Equations ('39) to (60) other cross-coupling terms (like

15515 d: 15,1, o 3 and other) presented in Equations (49) to

(58) are neglected.

The forward gains for d-axis component and g-axis compo-

nents,
2 2
(le) 3\
IGy=-w,|1-= L;{Lr{ L?(Z;r) ©7)
G, =w,1.5(i%)" (68)

As discussed earlier in the 9-phase operation the windings
are grouped into three sets of 3-phase windings. So in the
implementation of IFOC for PPMIM drives, six currents are
measured and other three currents are derived from the relation,
1=abc

i3 = —(i) + ip) where 3 = g, b, 7; 2=d,e f

(69)

The complete block diagram of the IFOC of the PPMIM
drive is shown in Figure 2. The vector control model is driven
by the reference speed, and reference flux. From these inputs,
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FIGURE 2

the controller generates the mode of operation, torque, and
flux components. Here the torque and flux reference values are
compared with actual values to generate tracking error. These
errors are passed through respective PI loops to give stator ¢-
axis and d-axis reference currents. These reference currents are
compared with actual dg currents and the error is processed
through the PI controller to attain the stator g-axis and d-axis
voltage vectors. These voltage vectors are used to obtain refer-
ence stator phase voltages for driving the machine. For adding
the compensation, the cross-coupling terms and transforma-
tions of variables have been used before generating actual stator
phase voltages. These reference voltages are used to generate
the PWM pulses for the 9-phase inverter-fed PPMIM drive.

4 | SIMULATION RESULTS AND
DISCUSSION

A 5 hp 9-phase 4-pole PPMIM drive is implemented in MAT-
LAB for validating the machine modelling equations presented
in Section 2. The machine modelling is carried out in a station-
ary reference frame, that is, the speed of the dyg axis, w = 0. The
IFOC for the PPMIM machine has been implemented accord-
ing to the equations given in Section 3 and the block diagram
as shown in Figure 2. The 9-phase machine parameters used
for the simulation are presented in the Appendix, which is the
same for the experimental prototype. In the simulation study,
a fixed step of 10 us and the Runge Kutta, order-4 method is
used for implementing the IFOC of the 9-phase PPMIM drive.
A 9-phase two-level inverter presented in [28] is controlled using
sinusoidal pulse width modulation (SPWM) at a switching fre-
quency of 2 kHz. The PPMIM machine is controlled according
to the speed reference input, which can be observed in Figure 2.
The control logic for mode selection is as follows: if the ref-
erence speed NV, * satisfies the relation ‘“=NS, < IV, * < NS’
(synchronous speed for 3PH-12PO mode is NS, = 500 rpm)

Block diagram of IFOC for 9-phase PPMIM drive. IFOC, indirect field-oriented control.

then the machine will be operated in 3PH-12PO mode, that is,
S1 =0and 5, = 1. Otherwise, the machine will operate in 9PH-
4PO mode, that is, §; = 1 and §, = 0. During the transient
condition, both pole phase modes will exist at the same time,
thatis, §; = 1 and §, = 1 for a predefined period of time.

In the MATLAB simulation, the speed teference is changed
in the following order: (a) From #= 0 to 0.2 s, speed reference
is kept at 0 rpm, (b) from #= 0.2 to 1 s, the speed reference is
increased from 0 to 400 rpm, (c) from 1 to 2 s, the speed refer-
ence is increased to 1200 rpm, (d) from 2 to 2.7 s, the speed is
reduced to 400 rpm and finally it is reduced to zero. According
to the control logic, the drive will run in 3PH-12PO mode from
0to 1sand from 2 to 3 s. From 0.2 to 0.25 s the machine speed
is increased linearly by applying maximum torque of 1.5 times
of rated motor torque (dictated by the control algorithm). After
0.25 s, the machine speed increases lineartly from 0 to 400 rpm
and reaches the steady-state operation of 3PH-12PO mode that
is shown in Figure 3. At 0.5 s, a step-change in load torque of
45 Nm is applied to the machine. This invokes the proposed
IFOC and the machine torque accurately tracks the reference
torque. The enlarged version of steady-state results for the 3PH-
12PO mode is presented in Figure 4a, where the machine is
operated at 400 rpm with a load torque of 45 Nm.

At 1 s, the speed reference is changed to 1200 rpm, that is,
the mode of operation of PPMIM drive will change to 9PH-
4PO mode. For maintaining the power constant in both pole
phase modes, the torque is reduced to 15 Nm at 1 s. In MAT-
LAB, it is not possible to emulate the magnetic behaviour of the
machine, so an appropriate time for the reformation of poles,
(i.e. 12 poles—4 poles) must be given. For this reason, the period
of one electrical cycle is allowed for the torque, as well as speed
commands to change linearly. The transient period for 3PH-
12PO to 9PH-4PO modes changeover occurs during 1 to 1.04 s.
During this period, both pole phase modes coexist. With the
proposed IFOC, the torque/speed of the machine is controlled
smoothly, that is, shown in Figures 3 and 4b. The steady-state
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results for the 9PH-4PO mode are shown in Figure 4c, where
the drive is operated at 1200 rpm for a load torque of 15 Nm.
A step-change in speed reference is applied at 2 s, that is,
speed reduced to 400 rpm and the drive operates in 3PH-12PO
mode. The pole phase changeover period again exists from 2 to
2.04 s. The resulting waveforms are shown in Figures 3 and 4d.

1.6 1.62 164 1.66 1.68 17198 2 2‘02. 2.04 2.06 2.08
Time (Sec) Time (Sec)

(© (d)

Enlarged view of 9-phase PPMIM drive simulated results at different instants with IFOC

After the transient period, the steady-state of the 3PH-12PO
mode exists from 2.04 to 2.7 s. The speed reference is changed
to 0 rpm at 2.7 s but the load torque 45 Nm is applied, and the
machine will decelerate linearly with 1.5 times of load torque
(reverse side). During 2.7 to 3 s period, even though the refer-
ence speed is 0 rpm, the machine will run at very low speeds
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FIGURE 5 Laboratory prototype of 9-phase PPMIM drive

because of the load torque and inertia, that is, the slip fre-
quency can be observed from the cutrrents in Figure 3. From
the results (shown in Figs. 3 and 4), it can be noticed that the
PPMIM machine is accurately modelled and controlled during
the steady-state as well as transient conditions of different pole
phase combinations.

5 | EXPERIMENTAL RESULTS AND
DISCUSSION

The experimental validation is performed on a 5 hp 4-pole
9phase 4pole IM laboratory setup. The machine design details
and parameters are presented in the Appendix. A 1-kW DC
machine is coupled with the 9-phase IM for loading, For sens-
ing the speed, a tacho-generator is connected to the 9-phase IM
shaft and its output is fed to the voltage sensor. For regulat-
ing the 9-phase IM speed/torque, a 9-phase 2-level inverter is
designed in a laboratory with the help of 3-phase silicon carbide
modules (CCS050M12CM2) and associated gate drives. In the
experimental validation, six current sensors are used to achieve
the nine currents of the machine. These currents are the feed-
back to the controller. The sum of three-phase currents related
to the same 3-phase winding set is zero in 9PH-4PO mode, that
is, the third current is realized with the equation 7, = —(7,+4,).
Whereas in 3PH-12PO mode, the winding currents in the
same phase group are in-phase, so there is no need to real-
ize third phase current. The proposed IFOC is implemented
with the help of FPGA Vertex-5(XC5VLX50T), PMOD ADCs
(AD7476A), DACs (AD5541A), and USM-31V current/voltage
sensors; the experimental prototype is presented in Figure 5.
The base values considered for designing the control in FPGA
are, 17, = 150V, current/phase (peak) = 10 A, IV, = 3000 rpm.
The inverter is modulated with a 2-kHz switching frequency and
SPWM.

The open-loop results of 9-phase PPMIM drive in both pole
phase modes with 17/ control are shown in Figure 6, where it
can be observed that the transient current magnitude is twice
that of steady-state current. In addition to this, current magni-

YOKOGAWA 4 2020/01/07 2054:46 - Normal
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St 12.5kS/5. Auto

€ 10.0 A 0 100 Voge b FO 100 A8
Mo 1 125 & 1s/div
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A——

FIGURE 6 Experimental results of the PPMIM drive with open-loop 17//
control

Wain = 1.25 M

Phase Voltage

I 100V/div

o A e —
| .
GBS S, (P2 Sq- {Z.} Sy
T e
| 5 D i .“\‘,f\‘;l‘;\"‘l‘,“”"“‘ iy
\

Il
(U n:‘v‘ M i

Phase Currents I 4A/div 2s/div

FIGURE 7  Experimental voltage and phase currents of PPMIM drive
with IFOC

tudes ate different in both pole phase modes due to the unequal
fluxes and magnetizing inductance in the respective pole phase
operation. This will degrade the machine’s performance as well
as lifespan. For improving the machine performance in both
transient and steady state, an IFOC is implemented for the
PPMIM drive (as shown in Figure 2). The experimental results
of the PPMIM drive with IFOC are shown in Figures 7 and 8,
where the phase voltage, current and speed (DAC outputs)
for different modes ate presented. The experimental current
waveforms have lower order harmonics due to the uneven
mechanical connectivity of the load DC machine.

In Figure 7, a speed reference of 400 rpm is applied at 3 s,
that is, the machine speed slowly increases. From 3 to 9 s, the
speed reference is 400 rpm, so the machine operates in 3PH-
12PO mode and the associated results are shown in Figures 7
and 9. From these figures, it is observed that the three-phase
currents in the same 3-phase winding set are in-phase with each
other. At 9 s, a step-change in speed from 400 to 1200 rpm is
applied, due to this perturbation, the machine shifts to 9PH-
4PO mode according to the control. The results during the
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transient period, that is, 3PH-12PO to 9PH-4PO mode pole
changeover are shown in Figure 10. From this figure, it can
be noticed that the current magnitudes ate controlled within
the rated per phase current limits. After the pole changeover,
the machine tries to pick up the speed from 400 rpm in the 9PH-
4PO operation, which can be observed from the frequency of
the currents shown in Figure 10. The steady-state results of the
9PH-4PO mode are shown in Figure 11, where the machine is
operated at 1200 rpm, that is, the frequency of the phase cur-
rents is 40 Hz and the phase shift between 3-phase currents
in each 3-phase set is 120°. At 15 s, a step change in speed is
applied, that is, from 1200 to 400 rpm, so the machine deceler-
ates and operates in 3PH-12PO mode. The phase voltages and
currents during the transient period (£5) of the PPMIM drive
are shown in Figure 12.

The experimental speed plots (reference N* and actual
N,) and reference stator voltages (1% 174" in stationary
reference frame) are shown in Figure 13. The experimental
Vg *=Vg* plots for 3PH-12PO and 9PH-4PO mode are shown
in Figure 14. In these figures, the magnitudes of 1%, [3* are
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FIGURE 10 Experimental voltage and currents of PPMIM drive during
transient mode Z; shown in Figure 6
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FIGURE 11  Steady-state voltage and currents of PPMIM drive in
9PH-4PO mode (§7) with IFOC

varied with respect to the variation in magnetizing inductances
and speed reference in different modes of operation. The expet-
imental d-axis (7% and 7;%) and g-axis (7,"* and 7;%) currents of
the 9-phase PPMIM drive with IFOC are shown in Figure 15.
In the vector control, the torque component is derived from
the g-axis component. From Figure 15, it is noticed that the
g-axis component has more ripple in the 3PH-12PO mode as
compared to the 9PH-4PO mode. This is due to the lower mag-
netizing inductance in the 3PH-12PO mode, which is inversely
proportional to the square of poles [15]. The detailed compat-
ison of the proposed IFOC scheme with the respective pros
and cons of different control techniques in the literature for
PPM multiphase induction motor drives is presented in Table 1.
From this comparison it can be noticed that the proposed con-
trol structure gives a better performance for variable pole phase
induction motor drives.

In [10-13], many multilevel inverter configurations have been
reported for 9-phase PPMIM drives which can be adopted for
improving the torque ripple. In Figure 15, the d-axis compo-
nents represent the flux component. From the results given
in Figures 7, 8, and 15, it can be observed that the flux
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component is maintained constant in the steady state of the
respective pole phase mode of operation. However, in the
transient state, the operating point changes continuously and
reaches a steady state. From this, it can be concluded that Equa-
tions (47) and (48) are not valid for a short period of time due
to a shift in operating point.

In the experimental setup, due to the limitation of power rat-
ing of external mechanical load (1-kW DC machine in this case),
the experimental results shown correspond to the rated power
for high-speed mode, that is, with no corresponding increase
in the output torque during the low-speed mode. However, the
power is constant in both pole phase modes ensuring that motor
current during high-speed mode is proportionally lower for the
same torque as compared to low-speed mode.

6 | CONCLUSION

Modelling, operation, and control of PPMIM drive duting a
transient as well as steady-state period is presented in this
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1 *=173* plots of PPMIM drive
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FIGURE 15  d-axis (3™ and j4") and g-axis (;;”* and i) currents of
PPMIM drive (DAC outputs) with IFOC

paper. The proposed mathematical model and control algorithm
enhance the performance of the machine during a transient
petiod by controlling the transient currents. This will help
in improving the thermal management and lifespan of the
machine. The modelling equations and IFOC are implemented
with all the pole phase modes and can be easily extended for
other PPMIM drives. The machine modelling equations of the
9-phase PPMIM drive are presented in an arbitrary reference
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TABLE 1

Comparative study of the proposed IFOC for 9-phase PPM drives with other control schemes presented in the literature

Literature Control scheme

Pros and cons

Results

[2] Indirect field-oriented control for
multiphase machines

[8] Double vector control-based
pole-changing control

[25] Dual motor rotor-flux-oriented control

[27] Hysteresis based IFOC of PPM based
9-phase IM drives

Proposed Voltage-based IFOC of PPM-based

9-phase IM drives

Pros

* Modelling for the z-phase machine is presented.

* Generalized IFOC control for any multiphase machine similar to

Cothe 3-phase machine is presented.

* Modelling is not applicable for variable pole phase machines.

* Control is not suitable for variable pole phase machines.

* The flux linkages and inductance matrices will not be the same in all
pole-phase operations.

* The vector control techniques and transformation matrices should
be the combination of all possible pole-phase combinations.

* The decoupling components (like torque and flux components (7,
and 7)) are different in magnitude.

Pros

* Pole changing has been done with double vector IFOC for 9-phase
machines.

* Speed and torque control are presented.

Cons

* Implemented individual control loops and modelling equations for
9phase 4pole mode (9PH-4PO) and 3phase 12pole (3PH-12PO)
modes

* Transformation matrices are not symmetrical (i.e. 4 to 9 is
implemented)

* The control, as well as the behaviour of the machine during the
pole changeover, is poor.

* Huge currents flowing in the transient condition.

* Higher number of PI loops used.

* Robustness of the control structure is less.

Pros

* Generalized dynamic mathematical model in phase variable as well
as arbitrary reference frame by considering all possible pole and
phase operations.

¢ Symmetrical transformation matrices for converting 9 to 2 phase
and 2 to 9 phase in both pole-phase modes.

* Transient control of torque/speed during individual pole-phase
modes as well as pole changeover conditions.

Cons

* Un-regulated switching frequency.

¢ Current-based control.

* Transient’s behaviour and slower response.

* Not applicable to do the different PWMs.

Pros

* Generalized single mathematical model in accordance with variable
pole phase machines, like 9PH-4PO and 3PH-12PO modes has
been presented.

* A simple voltage-based IFOC for a 9-phase PPMIM drive is
implemented for controlling the torque/speed.

* Robust control structure with less sensitivity on PI tuning as
compared to [8, 24, 27].

* Transient current magnitudes during pole changeover are
minimized over [8, 24, 27].

* Tixed switching frequency any PWM can be applied.

* The transient operation of the PPMIM drive during pole
changeovers is accurately controlled.

Not applicable for pole
phase modulated IM
drives. This scheme
is only applicable to
individual
multiphase machines

Presented in Figure 18
of the literature [8]

Presented in Figure 8
of the literature [25]

Presented in
Figures 9-11 of the
literature [27]

Presented in
Figures 7-13 in the
revised paper
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frame. The control logic for shifting the pole phase operation
is derived based on the speed reference, which plays a crucial
role in the proposed vector control. In 9-phase PPMIM drives,
the torque components, as well as flux components, are derived
with 1 dg component in 9PH-4PO mode and 3 dg components
in 3PH-12PO mode. In this paper, the control is implemented
with a single PI control loop for regulating the resultant torque
and flux of the machine in all possible pole phase modes. The
experimental and simulation results of the PPMIM drive show
the effectiveness of the proposed control in steady state as well
as pole changeover periods of different pole phase modes.
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