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Abstract--The dual stator winding induction motor supplied by
redundant Variable Frequency Drives (VFDs) finds its
application in ship propulsion, locomotive traction, and
aerospace. Theredundancy of VFDs leadsto reliability and safety
for a continuous availability of the system even when one VFD
has failed. This paper proposes the modeling in an arbitrary
reference frame of dual stator winding (with an arbitrary
displacement between the two three-phase winding sets) induction
motor with saturation of the main flux for the EMTP-type
solution. The Indirect Field Oriented Control based on the two
axis d-q model of the dual stator winding induction motor is
investigated and can be extended to any number of phases, which
are a multiple of three. The control can be implemented using two
VFDs built as an Active Front End (AFE) Rectifier followed by
Voltage-Sourced Inverters (VSIs) based sinusoidal PWM or
current hysteresis controller. The proposed modeling and control
was simulated by using the Engineering Suite V6 software and
the simulation results show the simplicity of the control scheme.

Keywords: Dual Stator Induction Motor (DSIM), Indirect
Field Oriented Control (IFOC), Variable Frequency Drive, AFE
Rectifier.

I. INTRODUCTION

one or more windings under balanced conditionsoif dny
reason some of them cannot be supplied. The mainsfof
this paper is to develop a dynamic model of theND&ir any
arbitrary angle of displacement between the twodmig sets
for the EMTP-type solution. The d-q model in anitaby
reference frame model has been developed and caseoeto
analyze the behavior of an induction motor in aeference
frame. A simple IFOC scheme control for an unsatata
DSIM is implemented using two VFDs built as Acti#eont
End (AFE) Rectifiers followed by VSIs based hyssise
current controller. Since the DSIM is not availaliestandard
library of most electrical software, the validatiand proposed
control of the Engineering Suite V6 software mogther in
steady state or transient) were compared with tbdemmbuilt
in the MATLAB/SIMULINK environment. However, oniyhe
results obtained from the Engineering Suite V6pesented.

Il. MODELING OF DSIM

A. Assumptions

The DSIM is designed as an electromechanical system

composed on the stator side by two wye three-phastings,

THE concept of multiphase (more than three-phasghich are grounded through two separate neutraéitapces,

machine modeling and drive is not new. There areadly
lots of examples in literature describing multipdhasachines

referred to as stator 1 and stator 2 and on trer sitle by a
common squirrel cage. The squirrel cage is repldmedin

[2]-{4], which are just a representative samplecéRély, more oqyivalent three-phase winding. The DSIM is depicte
attention has been given to modeling and control aof Figure 1.

multiphase motor, especially multiphase inductiolotars.
Generally, a multiphase induction motor drive haanyn
advantages over the conventional three-phase dtich as
high power capability by dividing power between tipié
phases, reduced torque pulsations and higher itéiabn
particular, with the loss of one or more stator dimg sets, a
multiphase induction motor can continue to operdthe
modeling and drive of a multiphase induction matan use a
variety of transformations. The symmetrical comptrteeory
and the matrix theory serve as theoretical foundafor these
transformations. As an advantage, by segmentinglqthe
applied power in multiphase induction, it is possito supply
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The modeling of this motor uses the following asptioms:

« Stator windings are sinusoidally distributed around
the air gap,

* The two sets of stator windings are spatially skiift
by an electrical angler ,

e The symmetry of the windings and only the saturatio
of the main flux are considered,

e The magnetic coupling between stator windings 1 and

2 is considered through the main flux; the coupbifg
these windings through the leakage flux is negtécte

« All the electromagnetic variables and parameters of

the motor are referred to the stator side.



¢dr = LLrﬁsatidsl + LLrﬂmtidsz + eridr +A¢n‘d (16)
Where

AP Adrq  d-g magnetizing flux correctionri@s
R, L, Neutral resistance and inductan

The mechanical equation is given as follows:

d
I =T =y T an
3(p)L . . . .
Tem :E(_ZJL_:[¢dr ('qsl+|q32)_¢qr ('dsl+|d32)i| (18)
Fig. 1. Windings of DSIM 2
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B. DSM equationsin dg0 Reference Frame p

The modeling of the DSIM starts with the classicalVhere

approach of modeling the three-phase induction mdtbe

DSIM is considered as two independent three-phas®m ., w Mechanical and electrical speéd rad/s
coupled through a common rotor winding. The Parlﬁ K
transformations transform abc reference frame geltnd flux d )
equations into an arbitrary dq0 reference framekirigainto  Noad Tem Load and electromagneticrepe
account the main flux linkage saturation by addihg d-q
magnetizing flux correction terms [10] to the mdlnx, the
voltage and flux equations into an arbitrary dg@emence
frame are as follows:

Number of poleand damping factpr Nm s/

C. Transient Modeling
Since vy =0andv, =0, equations (15) and (16) into (7)

_ d¢qsl and (8) and applying the trapezoidal rule, the xdtrm of
Vos = Relgs1 * stl-"T @ rotor d-q currents in an arbitrary reference frasnas follows:
: dg
Vst = Rilasy ~ w¢qsl+ d;isl ) igs1 (t)
 de, ige (1) ] - 4l iga (t) | [histy (t-AT)
Voo = (R, +3R igey + —25L 3 . =(C||. + . (20)
ost = (Re +3Ry Jigs1 at ®) Lf (t) [] ige (t) | [ Nister (t-AT)
. dg igso (t
Vgs2 = Relgsz + WWyso + 2 (4) a2 (t)
dt Where
- ddyso
Vgso = Relgso — + 5
sz = Relosz = Wz dt ©) histy, (t=AT), histy (t—AT) Rotor d-q history term
Vosz = (R +3R, Jigs2 + d‘gfiﬂ (6) AT Sample time
dé [C] 2-by-4 matrix
Vgr = Riigr _(C‘)_a‘% )¢qr + dtdr ()
dg Replz?\cing (9) to (14) into (1) to (6) and applyitige
Vg = Rig +(0)‘wr)¢dr + dtqr @) trapezoidal rule, we have:
¢qsl = Lsiqsl+ Llrjgwtiqsz"' LlrJrTsaqur +A¢mq (9) —idsl (t)—
P = Lasigsr + L igs2 + L g + Mg (10) Vs (1) 'Iq51 (t) :?Stdﬂ(t _AI)
ot = los +3Lp st @y Ml ()|, | e (taT) 1)
Pys2 = Lsslgs2 + Llrjm?wiqsl"' L‘#"miqr + APy (12) | Vo2 (t) ‘o2 () h?Stdsz (t=aT)
— H unsat ; unsat; Vqsz (t) idr (t) hISthZ (t - AT)
¢d32 - L$|d32 + I-m 'dsl+ I-m lgr +A¢md (13) i (t)
Pos2 = (los +3Ln Jios2 (14) LA

b = LinPigg + LinPiges + Ly + A (15)



[voSl(t)}_{RoS 0
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}P$KQ}+[ma&Kt—AT)} 22)

igsa(t) | | histgo(t—AT)

Where
2. +3L.)
- +3R )+ S\os n
Ros = (R +3R;) AT
[Z] 4-by-6 resistance matrix
hist; (t—AT)  Stator dgO history terms for i = dsks2j gs1
gs2,0s1,0s2

The elements in matricd€| and [Z] are a function of the

motor parameters and the speed deviation. Sincesgked
changes slowly, in comparison with the electricahmjities,
and speed at time t is unknown, the equations4@8)(21) are
linearized by using the predictor corrector methigfl The
following prediction is used:

@ (t) =20 (t-AT)-a (t-2AT) (23)

The stator and rotor d-q history terms are not on

dependent on previous d-q currents and speed teviatt
also on previous and actual d-q magnetizing flukrexion
terms. Since d-q magnetizing flux correction teahme t are
unknown, the three-point predictor formula will beed (see
saturation modeling).

Replacing (20) into (21), we have:

Vs (1) igsa(t)] [ewt-AT)
Vot (t) _ Iqsl(t) € (t—AT)
Vis2 (t) ) |:qu ] lgs2 (t) Sis2 (t-AT) (24)
Vgs2 (t) Igs2 ()] | Cus2(t=AT)

Where [ qu] 4-by-4resistance matr

Applying Park’s inverse transformations (see appenthe
voltage equations in abc reference frame are ksl

Vabest (t) =[ Zacs Jiabest (t) +[ Zaperz Jiabes 2(t) *+Eapes 1 (25)
Vabes2 (t) =[ Zapeza Jiabos1(t) +[ Zabes Jiabos 2(t) + atcs 2 (26)
[Zapes) Self-resistance matrix

[Zapesiz] [ Zabes21)  Mutual resistance matric

€hest Cabes2 Voltages behind resistant

D. Interfacing DSM with EMTP-type network solution

The complete model of the DSIM for the EMTP-type

solution is obtained after combining (25) and (26)the

conductance equation form as follows:

1 e

I e

(27)

Where[

[Gabeor] [Gaves] | |[Zabezr] [Zats]

6-by-6 conductance matrix

[ (t)] = {i“ﬂ(ttﬂ =[] E:bb:l(t)} 6-by-1 current histor

inss ( 2(t)

The modeling in a rotor, for a synchronous andataty
reference frame, are obtained respectively byrggtti

oft) = e (1) oft) =

Given a power system network described by the \iolig
nodal equation:

e (1)] =60 T Varen ()]

Here, [ihn(t)] represents the network’s history current

w (t),w(t)=0

(28)

sources,[Gn]denotes the overall conductance matrix without
the DSIM conductance and
[ Vaben (t) | represents the nodal voltages. A single DSIM is

incorporating matrix

interfaced with the above power system network blyisg
(27) for the stator currents and then substitutingm into
(28). The final linear system of equations in terofisnodal
voltages has the following standard form:

|:ih (t)J = [Geq ][Vabcn (t)]

Figure 2 illustrates the formulation of (29) whétrés shown
that [ G, Jand [iy, (t) ] are modified by including the 6-by-6

(29)

motor equivalent conductand€] and [ iy (t) ] 6-by-1 motor
current history terms to the corresponding motateso

Column for stator 1’snode  Column for stator 2’s node

[G{Ibcs] ’[Gabglz]
rs

Row for stator 1°s node

e i (1)

(G [
A A

Row for stator 2’s node |

—ing2 (1)

Fig. 2. Contribution of the DSIM to the network mb@quation.



E. Saturation Modeling

(1) = L i (1) O
The characteristics of nonlinear inductance currenfynsat (t)—L“’mtl (t) (37)
dependent can be represented as a multi piecewisar| ~9™ Somoam

inductance with more slopes. Let's assume thafltixeversus

magnetizing current is provided (Fig. 3.), whicHyothe first
quadrant is shown, and supposed to be symmetrical.

Py
L= Y A .
P2 —F

Fig. 3. Magnetizing Flux vs current of the DSIM

3. Determine the appropriate piece of saturated line
usingi,(t)and calculate the magnetizing flux

correction term:
Agn(t) = g™ (t) [ Liim(®) +1 ] (38)

4. Calculate d-g magnetizing flux correction terms as

follows:
A (0) = -ag (9 39
a0 =-0000 S (39)
Ao = 00 21 (40)
¢m (t)

The magnetizing fluxg,, (t) for a given magnetizing current

i (t) is given as follows:
gt (t) = Ly (1) + Ad (1) (30)

Where Ag,, (t) <0is the magnetizing flux correction term.

Since the magnetizing flux versus current can lpF@pmated
as a multi piecewise linear curves ¢gs (t) = Ljin(t)+¢;,

where ¢, is the knee point flux, the iterative algorithnr fo

calculating the d-q flux saturation effect is akbofes:

1. Calculate the magnetizing currenf,(t) using the
three-point predictor formula:

ik(t):%ik(t—AT)+%ik(t—ZAT)——jik(t—%T) (31)
fom (t) = et (1) +ias2 (t) +ir (t) (32)
fom () =i (1) #igs2 (1) +igr (t) (33)
im (1) = [ (0] *[ian ()] (34)
Where

iamigm  Represent d-q magnetizing cemt

ik May beidsl idszviqsl iqsz idr i'qr

2. Calculate the unsaturated flux (air gap straigte)li d
and g mutual flux using the predicted d-q current:

e (1) = s (1) (35)

I1l. INDIRECT FIELD ORIENTED CONTROL

Neglecting saturation and if we choose a new d-ip ax
rotating at a synchronous speed and aligned wih rétor
field, that meang, =0, and the electromagnetic torque will

be:

3(p)\L .
Ty =—| = |- @y is 41
- 2[2JLN¢‘“‘”S “
Where g Zigg +igsa
If ¢y is constant, which implies thgt =0, the

electromagnetic torque will depend only i@;l Hence,
equations (8), (15) and (16) give:

iS
o = (42)
erlds
¢dr = I-mids (43)
Where ig =igg +igso

If the magnitudgfy has to be changed,
knowing thaip, =0, we have:

L

(7), (16) and

=—" 3 44
¢dr 1+ ST, ds ( )
Where 1, =



A. VS Based Hysteresis Current Controller

Since the inverter is controlled by a hysteresisrezu
controller, only the speed and flux controllers ddobe
designed.

1) Flux PI Controller Design
The following controller will output the d axis cent

(referencebj; Using (44), the open loop transfer function is

given as follows:

(e okl as)
(1+7,5)Tys
Where

T, andk; are respectively the time constant anopprtional
gain of the flux ontroller.

Ko

_Tn(Ptpy)-1
rmplpz

kps - km S

The sum of stators q axis current is obtained bgguétl),

where torque and flux are respectively the outmitspeed

and flux controllers. For both stators having eqgabxis
current, we have:

s
Iqs

T 49
ast Tlas2 T (49)

B. Variable Frequency Drive and Control

Figures 3, 4 and 5 summarize the implementatichefwo
VFDs drive DSIM. Parameters of the DSIM and loaddeie
are given in the appendix. VFDs have been designed
Engineering Suite V6 with unity power factor AFEctiéers.
DC voltage controls are based on hysteresis cucanttoller
and voltage controllers are designed using abc rRede
Frame method.

For a givenay, time constant of the flux closed loop transfer

function, the flux controller parameters are calted using
the Internal Model Control (IMC) and the transfandtion is
given as follows:

r_+

= 46
" (46)

Lnays

Since both stators must have equal d axis curmkrdxis
current (reference) for each stator is obtaineflsys:

g
- lgs

g = luso 5 47)

2) Speed PI Controller Design
The following controller will output a referencermeT;“.

Using (17) and (41), the open loop transfer funcii® given
as:

T(s)

Where

 kipKps (1+T;S)

(1+7,8)Tss (48)

Ts and k,; are respectively time constant and mdjonal gain
of the speedantroller.

3(p)Lny ki J
— = [/ k.o =— 7 =—
Z(ZJLN ¢dr " kd "

kt =

By using the pole placement method, one can plabespat
s=-p, ands=-p,, and it will be assumed thap,is the
dominant pole. Thus, the speed controller parammetee
calculated as follows:

Reference DC Voltage

[ lapes Pulses For AFE Reoifier
Voltage dq to abe resis
Controller Transform roller [

PN

Measured DC Voltage

Labos

Vabcs 4
PLL

Fig. 4. Diagram block of an AFE rectifier DC voltagontrol

IV. SIMULATION PARAMETERS

A. AFE Rectifier Controllers and Design for Unity
Power Factor

Two separate 3-phase voltage sources 460 V, 60 Hz,
R,=0.15Q,L =8 mHsupply two AFE rectifiers that feed the

inverters. The DC reference voltage is set to 1960Ms. The
IGBT (modeled by ideal switch in parallel with aode) is
triggered by a hysteresis control which is sethtat0.1 A.
The diode snubber RC ar€,,=0.1pF andR,, =502 .The

capacitor is initially charged at 1000 Volts ahd 5000uF .

TABLE |
AFE RECTIFIER VOLTAGE CONTROLLER PARAMETER
kpv I(iv

Voltage controller 0.32 15.45

Where

ko, andk;, are respectively the proportional antegral of

the rectifier voltageontroller.
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Fig. 5. Diagram of VFDs drive DSIM

Pulses For Inverter 2

las2

Pulses For Inverter 1

Fig. 6. Diagram block of the DSIM speed contrahwiFOC

motor driving load model 1. Figures 7 and 8 show $peed

) (rad/s) and electromagnetic torque (Nm) of the redta and
The two inverters that control the DSIM are core@dlby a |, saturated motor using the model implemented i@ th

hysteresis current controller. The hysteresis obnis set Engineering Suite V6. Figures 9 and 10 show thdosta

toh=+05A. Using the formulas developed f°T speed ang,rrents (A) of both stators (case of unsaturatetbri

flux controllers, the following table summarizese trPI The second scenario was carried out using VFDsite d

Controllers parameters. the DSIM connected to the load model 2. A referesped of
120 rad/s and -120 rad/s are applied respectively® s and

B. DSM Controllersand Design

TABLE Il t = 1.6 s. Figures 11 and 12 show control of etentignetic
DSIM FLUX AND SPEED CONTROLLER PARAMETERS . L.
K k torque and speed. Torque is limited to 500 Nm gaeested.

P Figures 13 and 14 show transient and steady sfatmth
Flux controller 449.57 2881.884 stator currents (A). Both currents are equal inmitage since
Speed controller 23.54 107 d-q current controls are equally shared betweeh btators.
Figure 15 shows control of the flux (Wb) versusréterence.

Where The third scenario studies the behavior of losing of the
inverters when the system is connected to load madé\
kp, andk; are respectively the proportional anteigral of reference speed of 120 rad/s is applied and inverie lost at

the flux or speed atroller. t = 1.4 s. Figures 16 and 17 show speed (rad/s) and

electromagnetic torque (Nm). As expected at t =slwhen

V. SMULATION RESULTS inverter 2 is disconnected, speed and torque drbe.torque

falls to half of the steady state value beforeaasing to the

The first scenario was carried out to compare entitart- . .
P desired value requested by the speed controllesrdier to

up of the saturated (black color) and unsaturaltdake(color)



meet the reference speed. As a consequence, FiRieesd 19
show transient and steady states of both statoemtsr (A),
where stator 1 current is double the steady stigey Figure

20 shows the transient of flux (Wb).

7
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Load Models
VI. CONCLUSIONS

The modeling of the DSIM for the EMTP-type solutiand  Tieaq; = 0.5, Tioad 2 = Sign(awy,) *0.01Baf;
a simple approach to the IFOC has been presented. T
validity of the model and control was verified bgveral
informative simulations. The modeling and contrdl the
DSIM are based on a two axes d-q model, and cagabiy siny cosy 1

extended to any number of phases, which are a plaultf _Nainl,,_271 o
three. The DSIM can be modeled in any referencadrand [fabc]_ sm(y A) cos(y é) [quo]

any arbitrary angle displacement between the tweetiphase . ( 27T ) 5( 277 )
winding sets. s\ /3 coqr+ A’

The redundancy of the VFDs improves reliability antVhere
availability of the system even when one VFD haiteda
Within the acceptable limit for the DSIM currentietsimple For the rotory=8-6, , for the stator 1y =8 and the stator 2
IFOC presented allows control of the DSIM underabakd
conditions and required torque even when one ofrtherters
is out of service.

Park’s inverse transformations

y=60-a.

f : Voltage or curren

6,: Angle between stator and rotor ideatiphase
VII. APPENDIX &: Angle between q axis and stator phas
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