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MRAS Based Sensorless Control of a Séries-Connected Five-Phase

Two-Motor Drive System

M. Rizwan Khan' and Atif Iqbal*

Abstract — Multi-phase machines can be used in variable speed drives. Their applications include
electric ship propulsion, ‘more-electric aircraft’ and traction applications, electric vehicles, and hybrid
electric vehicles. Multi-phase machines enable independent control of a few numbers of machines that
are connected in series in a particular manner with their supply being fed from a single voltage source
inverter (VSI). The idea was first implemented for a five-phase series-connected two-motor drive
system, but is now applicable to any number of phases more than or equal to five-phase. The number
of series-connected machines is a function of the phase number of VSI. Theoretical and simulation
studies have already been reported for number of multi-phase multi-motor drive configurations of
series-connection type. Variable speed induction motor drives without mechanical speed sensors at the
motor shaft have the attractions of low cost and high reliability. To replace the sensor, information
concerning the rotor speed is extracted from measured stator currents and voltages at motor terminals.
Open-loop estimators or closed-loop observers are used for this purpose. They differ with respect to
accuracy, robustness, and sensitivity against model parameter variations. This paper analyses operation
of an MRAS estimator based sensorless control of a vector controlled series-connected two-motor five-
phase drive system with current control in the stationary reference frame. Results, obtained with fixed-
voltage, fixed-frequency supply, and hysteresis current control are presented for various operating
conditions on the basis of simulation results. The purpose of this paper is to report the first ever
simulation results on a sensorless control of a five-phase two-motor.series-connected drive system. The
operating principle is given followed by a description of the sensorless technique.
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1. Introduction

Multi-phase motor drives are not a new invention
(1969) but interest in their applications has risen
significantly during the last few years. The main reasons
for the development of this research are: large cranes,
railway traction applications, EV/HEV applications, and
‘more-electric  aircraft’ and ‘more-electric  ship’
applications. The purpose of multi-phase drive systems
vary from application to application. The multi-phase
machines reduce the inverter (VSI) per-phase rating in
high power drive applications (ship-propulsion, railway-
traction), improve the efficiency of the system (low power
drives and tegrated drives) [1], and to some extent
improve fault tolerance capacity [2-3].

The best application of multi-phase machines is
independent control of a group of series-connected
machines, which is fed through a single voltage source
inverter. This concept 1s explained in [4], where a five-
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phase two-motor drive was explained. The concept
originated from the theory that any multi-phase machine
requires only two currents for independent flux and torque
control. Thus, the remaining currents in a multi-phase
machine can be used to control other machines connected
in series. This implies that there are additional degrees of
freedom in a multi-phase machine. An appropriate phase
transposition is necessary when connecting the machines
in series. This logic is applicable to all machines having
phase numbers greater than or equal to five.
Generalizations to all possible machines having even and
odd phase numbers have been reported in [5-7], where
proper machine winding connections and the number of
machines connected in series depending on drive phase
number were reported. The theory of [4-7] applies to
symmetrically series connected multi-phase machines
(angular difference between any two consecutive phases 1s
27t/n, where n is the number of phases) with sinusoidal
flux distribution. However, the idea of series connection
can also be applied to asymmetrical machines, in which
machine stator winding is greater than or equal to two
three-phase windings displaced in space with a specific
angle. In [8, 9], a two-motor drive system of this type,
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using asymmetrical six-phase machines (with two three-
phase windings spatially displaced by 30°) has been
reported .

From an industrial applications point of view only the
5-phase or 6-phase two-motor drives has the gravity. The
reason behind this is due to the fact that in the series
connected machines, flux and/or torque producing
currents of one machine flow through the other machines
in the system and so machine stator windings copper loss
increases, therefore efficiency of the system reduces. The
literature available on series-connected drive systems
describes mostly two types of configurations, five-phase
and six-phase (with symmetrical or asymmetrical six-
phase machines). The operating principle of the series-
connected two-motor five-phase drive system has been
reported in [10-12], and a d-¢ modeling for this drive
system 1s reported in [13]. Inverter current control can be
analyzed by using either synchronous current controllers
or phase current controller in the stationary reference
frame. A comparison of these two controllers has shown
[14] that phase current control in the stationary reference
frame is advantageous for series-connected multi-motor
drive systems, since the parameter variation sensitivity in
the decoupling circuit increases by the application of the
synchronous current controller. The phase current control
technique is utilized in this paper.

The experimental results of a vector-controlled series-
connected two-motor six-phase drive, comprising a
symmetrical six-phase machine connected in series with a
three-phase machine, is available in [9-15]. Furthermore,
the performance of two series-connected asymmetrical
six-phase machines under Volt per Hertz control is
presented in [8].

This paper therefore provides the simulation results
collected from a sensorless vector-controlled series-
connected five-phase two-motor drive system, which

illustrate an ultimate proof of the decoupling of the system.

A short overview of the operating principles is discussed
first. The number of simulation results for different test
conditions are presented. These test results prove that the
coupling of control of the two machines is practically
negligible even in sensorless mode, although both
machines are connected in series and the supply is fed
from a single five-phase VSI.

The two-motor drive system presented in this paper has
a good panorama for industrial applications allied to
winders. In such an application, use of two series-
connected five-phase machines 1s advantageous for two
reasons, first it saves one inverter leg (when compared to
an equivalent two-motor three-phase system) and second
it reduces the inverter rating, thus reducing the capital
expense. The best results can be obtained with permanent
magnet synchronous machines, since machine de-rating

would not be required to compensate for the excess stator
winding losses.

Sensorless operation of a vector controlled three-phase
induction machine drive is broadly discussed in the
literature [16, 17], but the same is not correct for the
multi-phase induction machine. Only a few applications of
sensorless operation of multi-phase machines are
presented in the literature. The difficulties associated with
the position sensor in ‘more-electric’ aircraft fuel pump
fault tolerant drive is highlighted in [18]. The drive
utilizes a 16 kW, 13000 rpm six-phase permanent magnet
motor with six independent single-phase inverter supply.
The authors proposed an alternative sensorless drive
scheme. The proposed technique makes use of flux-
linkage current-angle model to estimate the rotor position
(rotor speed).

Although several schemes are available for sensorless
operation of a vector controlled drive, the simplest is the
open-loop scheme because of ease of its realization. An
attempt is made in this paper to extend the MRAS
techniques of three-phase machines [19] and five-phase
machines [20, 21] to a series-connected two-motor five-
phase drive system.

The analysis is here limited to MRAS-based sensorless
control of a series-connected two-motor five-phase drive
system, with current control in the stationary reference
frame. Phase currents are controlled using hysteresis
current control method. A simulation test i1s performed for
speed mode of operation and for a number of operating
conditions. The results are reported in the paper.

2. Five-phase Two-motor Drive System

A primary block-diagram of the series-connected two-
motor five-phase drive system is shown in Fig. 1. The
stator windings of the two five-phase machines are
connected in series, in such a way that flux and/or torque
producing currents of one machine emerge as non-flux
and/or torque producing currents in the other machines,
and vice-versa [4-10]. The connecting machines can be of
any type, i.c. induction, synchronous reluctance, or
permanent magnet synchronous. It 1s implicit that the
spatial flux distribution in both machines is absolutely
sinusoidal. The supply to the machines is a five-phase VSI,
whose output terminals are categorized with capital letters
A, B, C, D, E, while lower case letters a, b, ¢, d, e classify
phases of the two machines according to the spatial
displacement of the stator windings (spatial displacement
between any two consecutive phases is o = 2n/5 = 72°).

According to the connection diagram of Fig. 1, inverter
phase-to-neutral voltages are related to individual machine
phase voltages by the relation:
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Vy=Vy tVy Vp = V5 Voo

Ve =V +V, Vp =Va V) (1)

VE =V T Va2

while the relationship between inverter output currents
and machine phase currents is as follows:

ip=ip =iy
ip =ig =ip (2)
ip =l =gy

Ig=ig1 =iy

ic =1, =1y

The simplest form of indirect rotor flux oriented control
is considered for the control purpose. Fig. 2 shows the
vector controller for an induction machine, as well as for a
synchronous reluctance and a permanent magnet
synchronous machine. Using the indirect vector
controllers of Fig. 2, phase current references for the two

machines are produced by means of (k=+/2/5):

i = klig COS @, — f;sl sin ¢, |

ipy = kli gy c08(d, — @) — iy, sin(g,, —a)]
i1 = klizy cos(dyy —2a) i sin(g,, —2a)]
iz = klizy cos(d,, —3a) iy sin(d, —3a)]

i; = k[i;1 cos( » —40:)-— i;l sin(¢,.1 —4a)]
3)
7:;2 = ’f[f:rsz COS @,y — i;sz sing,, |
iyy = Klige; Cos(dy — @) — iy, sin(4,, — )]
i%y = ki cOS(@yy —200) ~ iy sin(d,, ~2a0)]

igy = klige COS(B = 30) ~ iy sin(4,, —3)]
iyy = k[iy, cos(d,, —4a )_i;sz sin(g,, —4a))]
The inverter output phase current references are further

produced by adding the individual machine phase current
references, according to the connection diagram of Fig. 1,

.* .* -* 0* -* 0*
ly=1lytign B =iy tin
F ¥ ¥ JE K K
Ic =1+l Ip =14 Ty 4)

-* -* -*
Ip =1 tig

Assuming ideal inverter current control in the stationary
reference frame, inverter reference currents of (4) equal
inverter actual currents of (2). Thus each phase of each
machine carries flux and/or torque producing currents of
both machines. However, the particular connection of Fig.
1 means that the set of flux and/or torque producing
currents of one machine produces a rotating magnetic

field in that machine only, while in the other machine the
resultant field adds to zero at any instant [4-10]. Hence
both the machines can be controlled independently,
although they are connected in series and fed from a
single five-phase VSI.

Machine-l Machine-l
Source
A /\f‘Y‘Y‘\ al mmm(\ a2
Y Y Y O\ LYY Y P2
[Ty Yy Y\ Y Y Y2
D Y Y Y\t Y OY 8
E Y YO\ Va'a'a'alr
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o @ o e & o
@ o ® &) o &

Rotor of Machine- Rotor of Machine-ll

Fig. 1. Series connection of two five-phase machines.
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Fig. 2. Indirect rotor flux oriented controller for a five-
phase induction machine ( K; = 1/(T}i},) , p = d/dy).

3. Modelling of the Series-connected Five-phase
Two-motor Drive |

Phase variable model of two five-phase induction
machines connected in series according to Fig. 1 is
produced in state space form as follows: |

Va = Vast Va2 lg =lgg =lggp
Vg = Vit T Ve iB = ibsl = icsZ
iC = icsl = ies2 (5)

Ip = lgs1 = Ips2

VC = Vcsl

+v,, and
Vp = Vi T V2

Vg = Ve T Vo g =legs1 =142

The two series-connected machines may be the same
(both induction machine) or different and therefore may
have different parameters. Let suffix ‘1’ signify the
induction machine directly connected to the five-phase
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inverter and suffix ‘2° signify the second induction
machine, connected after the first machine through phase
transposition.

The voltage equation for the entire system can be
written in a compact matrix form as

d(Li
v=Ri+ (_z) (6)
D
where the system is of the 15™ order and
_ZINV ] _ilNV B
90 | L2 ]
INV _[ ]T
14 =W4 VB V¢ Vp VE (®)
NV . . : T
l = [lA 'p Ilc Ip I ]
!}1 = [iarl ibrl icrl idrl ierl]:r (9)

Erz =[lar2 Ihr lerd  Yar2 lerZ]T

The resistance and inductance matrices of (6) can be
written as

Esl + _8.92 Q Q ( 1 0)
R=| 0 R, 0
|_ 9 .(_) KrZ ]
le + £s2 ' Lsrl I_‘srz l
L = g‘_rsl Lrl Q ( 1 1 )
Lrs2 ' Q er

Superscript ’ in (11) denotes sub-matrices of machine 2
that have been modified through the phase transposition
operation compared to their original form. The sub-
matrices of (10)-(11) are all five by five matrices and are

given with the following expressions (& =27 /5):

Esl = diag(Rsl R Rsl Rsl Rsl )

RSZ = dlag(RSZ RSZ RSZ RSZ RS2 )

N : (12)
R, =diag(R,, R, R, R, R,)

R,, =dz‘ag(R,.2 R, R,, R, er)

sl

[ Ly, +M,
M, cosa
L, =| M, cos2a
M, cos2a
| M, cosa

M cosa
Ly, +M,
M cosa
M, cos2a
M, cos2a

M, cos2a M, cos2a M, cosa |
M cosa M cos2a M cosla
L,+M M cosae M cos2a

L,+M, M cosa

LIsl + Ml a

(13)

M, cosa

M cos2a M, cosa
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[ L,+M, M,cos2a M,cosa M,cosa M,cos2a ]
M,cos2a L,+M, M,cos2a M,cosa M,cosa
L,'=| M,cosa M,cos2a L,+M, M,cos2a M,cosa
M,cosa  M,cosa M,cos2a L,+M, M,cosla
M,cos2a M,cosa M,cosa M,cos2a L,+M, |
(14)
(L, +M, M;cosa M, cos2a M,cos2a M, cosa |
Mycosa L, +M, M;cosa M cos2a M, cos2a
L,=\M;cos2a M,cosa L, +M; Mcosa M, cosla
M;cos2a M,cos2a M,cosa L, +M;, M, cosc
| Mycosa M cos2a M,;cos2a M,cosa L, +M;
(15)
(L, +M, M,cosa M,cos2a M,cos2a M, cosa |
M,cosa Ly,+M, M,cosa M,cos2a M,cos2a
L,=|M,cos2a M,cosa L,,+M, M,cosa M,cosla
M,cos2a M,cos2a M,cosa L,,+M, M,cosa
| Mycosa M,cos2a M,cos2a M,cosa Ly, +M, |
(16)
[ cosf cos(d, +a) cos(8, +2a) cos(d, —2a) cos(d, —a)
cos(é?l —o:) cos &, cos(8, +a) cos(é"1 +2a) 003(91 —2a)
L, =M, cos;(ﬁ1 —Za) cos(tﬁ’l —a) cos &, 005(491 +a) cos(fé"l +2a)
cos(d, + 20:) cos(cﬁ’1 —20:) cos(f, ~a) cos &, c:os(t'i’1 +o:)
| cos(d, +a) cos(@) +2a) cos(d, —2a) cos(d, —a) costh |
Lrsl = Lfrl
(17)
[ cosd, cos{@, +a) cos(6, +2a) cos(d, —2a) cos(d, —ar)
cos(6, —2a) cos(8; —a) cos &, cos(d, +a) cos(6, +2a)
L.,,'=M, cos(92 +a) 005(92 +2a) cos(f, —2a) 003(92 ~a) cos 8,
cos(6, -a) cosf, cos(é?2 +a) cos(f, +2a) cos(6, —2a)
_cos({;'?z +2a) cos(d, —2a) cos(6, —a) cos 6, cos(8; +a) |
LrsZ': L.is:‘Z'
(13)
Expansion of (6) yields
V] [Ra+R, 0 O]
E = Q - _.Q Erl Q érl
u Q _ .O.. Q .ErZ L £r2 _
[~ ' V] LNV ]
le +L32 Lsrl Ler d l
: +
Lrsl L.rl Q :{; In
_ Lrs2' 9 LrZ | i £r2 ]
_ J y ;
0 Eésrl Eésﬂ _I'INV_
) 19
%érsl Q Q ?.rl ( )
d E'rZ
E;_rsz ' Q Q L -
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Torque equations of the two machines in terms of
inverter currents and their respective rotor currents and
rotor posmons and replacing motor stator currents with
corresponding inverter currents of (5) are:

ot

(F gy +igiap1 tigigy +ipigy +igiy SO, +(igl,, + i gy +ipig +icig) +ipie, )sin(6) +a)+

Ty=-HM, {(iDiarl +igiy i gl Figigy +iciy I8, +2a) +{ici g +ipiyy Figioy +i iz +igiy)
Sin(@) —2a) +(igi, +icip tinipy +igigs +igip )sin@, —a)

(i glars T ipipy +igioyy +igigy +ici,; )sing, Hiciay +igieys Hiplias +igig +igi,, )sin(@, +a)+

T,=-FM, [(iEiaril Ficipy +igley Yipigy tiple, )SiN@, +2a)+(igiy, vigiy, ticiy, +igigy tipiy,)

Sin(B; =20} + (ipigy +igiys +igips +icigs +ii,; S8, —a)

In order to simplify the phase-domain model, decoupling
transformation is used. The new variables are defined as:

INV INV rl rl
Zaf)’ - g._ Zaﬁ = QZ _aﬁ C
JNV JNV rl r2 .
lyg =L L =CL, Ly =C1,,  (21)

Clark’s decoupling transformation matrix in power
invarient form is:

o 1 cosa cos2a cos3a cosda
Bl 0 sina sm2a sin3a  sinda
C= \/z X 1 cos2a cosda cosba cos8a (22)
AR y 0 sin2¢g  sinda sinba sin8a
0 1/v2 1/42 UN2 12 142 ]
The inverter/stator voltage cquations are:
J’NV di’” : diﬁrl
=(R,+R,,)i ) (Lfsl +L,+L, ) ;t +L . cos ( 6, ) 2l ], . sin (91 ) ~

w L, (sin (6’1 ) i . +COoS (6’1 ) ig, )

+INV

vy = (R31+R32):)‘;NV+(L,51+L +L,) ;

oL (cos(tﬁ’)m1 sm(@])iﬁrl)

+L,, sin(6, )%+ L, cos(6,)

JINV :
I Ry R L+ L+ ) o 1y cos(0,) P21, in0,) 2
w, L, (sin (6, )i,,, +cos (9 )iﬂr2 )
vy =(Ry+R, )i +(Ly + Ly, +L,,) " +L,,sin(8,) Lar: +L,, cos(6 )diﬁrz
y Is1 g2 m2 df 'm2 2 dt m2 2 df
w,L (cos (8,)i,,, —sin(6,)i,,, )
| di™"
NV NV 0
v =Ry + R, )il +(L, +LM)
dt
(23)
The rotor voltage equations of machine 1 are:
di™” _ dig" di,
=0=R,i,, +L, cos(6,) ” +L,, sin(6,) ;t +(L,, +L,,) d;‘

-

|
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oL (sm(é’) i —cos(@l)i}‘éw)

0:

. . di™v dig” dig,
Vg =0=Ry iy, — L, sin(6, }—= " +L,, cos(6)) o +(Ly + L) .
oL, (003(6’ )il +sin(6, )i;NV)
dzxrl
= O er xrl + Llrl dt
. di,,
v Pl = 0 = erzyrl + Lirl df (24)
, di,.,
Vorr =0 =R, i, + L, d;
The rotor voltage equations of machine 2 are:
i _ di"” di,
=0=R i, ,+L,,cos(6,) . + L, sin(6, ) —=—+(L,, + L, ) 22 dt
w,L (sm(é’ )i —cos(6,) ;NV)
T di’™r diy,,
Vs =0=R iy, —L,,sin(6,) “—t L,y cos(6, ) +(L,, +L,,) ;2 -
w,L_, (003(9 )iy +sm(6’ ) ;NV)
di,
- 0 RrZ xr2 + Lir2 —-C;t_ (25)
di
. yr2
V,, =0= Rr2zyr2 +1,, dr
: diy,,
v0r2 — V= Rr210r2 + Llr2 d;

The electromagnetic torque equations are:

T;l Lml { (91 )( arlI;NV iﬁrl ;NV ) —sin (91 )( n::»::r'lz + Iﬁf‘lz;NV )}

T, = PLmZ{ (92)( Lals —ig,i fw)—sin(ﬂz)(imfiw +ig ol )}
(26)

4. Sensorless Operation of Series-connected Two
five-phase Induction Machines

The developed model of a series-connected two five-
phase induction machine suggests that a speed estimator
used for five-phase machines can be easily extended to
multi-phase, multi-motor machines. For multi-phase
machines MRAS speed estimator requires only J and ¢
components of stator voltages and currents for the first
machine. From the model of a five-phase induction
machine [20]-[21], it has been shown that the stator and
rotor d and ¢ axis flux linkages are a function of
magnetizing inductance Lm and stator and rotor 4 and g
axis currents, whereas the x and y axis flux linkages are a
function of only their respective currents. Therefore, in
speed estimation for multi-phase multi-motor machines,
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the x and y components of voltages and currents are
required for speed estimation of the second machine. As
such speeds can be estimated using d-¢ and x-y
components of stator voltages and currents. A principal
block-diagram of the sensorless control of a series-

connected five-phase two-motor drive system is shown in
Fig. 3.

» O M1

[ MRAS-based )
estimator for

—
L IM1 )
vINV r ) ) v
yINV Two Five- —> NV

qs i—b Phase ,
VY g3 Induction —> 1V
— Motors Model —
V. \ y INV
ys i
[ MRAS-based )
estimator for
IM2 |

.

I v
Fig. 3. Sensorless control of two series connected five-
phase machines.

» Or1M2)

5. MRAS Speed Estimator

The model reference scheme uses two independent
machine models of different configuration to estimate the
same state variable on the basis of different inputs. The
estimator that does not involve the quantity to be
estimated (i.e. rotor speed) is referred to as a reference
model. The other estimator, which involves the estimated
quantity, is referred to as an adaptive model. The error
between the outputs of the two estimators is minimized by
some appropriate adaptive mechanism that produces the
estimated rotor speed [19, 20]. The schematic block

diagram of a MRAS based speed estimator is presented in
Fig. 4.

ZgNV
S (L
INV Reference Y
i ———pel Model *
-8
e . oSSt
Error | Adaptat.lon I
Mechanism

Calculation
2
2 | e f
Adaptive

Model

ol

Fig. 4. Schematic block diagram of a MRAS estimator.

In this estimator the outputs of the reference and the

adaptive models denoted in Fig. 4 by yVand y? are

two estimates of the rotor flux space vector that are
obtained from the machine model in the stationary
reference frame. By letting 5 =0 the following two

space vector equations are:

INV w9,
y =R, 1 +
-5 -5 dl‘
(27)
dy/r
O=R,i, + ” -joy
where zﬁN ¥ and g’iN V" are inverter voltage and current

fed to both motors. Elimination of the stator flux vector
and rotor current vector enables the rotor flux vector to be
expressed in the form of:

d T™ d.INV
AR AL

dt " 08
v, [ 1l B

a |1 %"

where LQM = two motor mutual inductance, LZ:M = two

motor stator inductance and R ST M = two motor resistance.

The first equation of (28) can be used to calculate the
rotor flux space vector on the basis of the measured stator
voltages and currents. The equation 1s independent of
rotor speed and it therefore represents the reference model
of Fig. 4.

On the other hand, calculation of rotor flux from the
second equation of (28) requires stator currents only and is
dependent on the rotor speed. Hence the second equation
of (28) represents the adaptive model of Fig. 4.

By resolving the two equations of (28) into two-axis
components, the rotor flux components in the stationary
reference frame are obtained as:

Vo | L ||va"| [(4+Bp) 0 |
py/ﬂr _L_m1 Ve 0 (4+ Bp) i

Vol |[-C -0, fw,| L i
p - R P
Wﬁr a)r _C _Wﬂ?‘ Tr lﬂg

where A=R, +R, ., B=0c.(Ly+L,+L,), c-1

(29)

T

¥

and _ 9
=
The angular difference between the two rotor flux

space vector positions is used as the speed tuning signal
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(error signal). The speed tuning signal actuates the rotor
speed estimation algorithm, which makes the error signal
converge to zero. The adaptation mechanism of the
MRAS based speed estimation method is a simple PI
controller algorithm.

o =K e+K, [edt (30)

where the input of the PI controller is

1 2 1 2 _
=y v, —wivy (31)

- K, and K, are any positive constants, and & is

error signal. In the expressions a=d and B=q apply
to the first machine and a=x and B=y apply to the

second machine.

6. Simulation Results

The results of the simulation given in this section are
obtained using two identical 4-pole, 50 Hz five-phase
induction machines. The indirect vector controller for both
machines is identical and is revealed in Fig. 2. Many
simulation tests are performed in order to confirm the
independence of the control of the two machines in
sensorless mode (MRAS). The results obtained are
reported in this section. Motor operation under the base
speed region is considered and the stator d-axis current
references of both machines are constant at all times. Both
machines are running under no-load and load conditions.
Both machines can be operated in two ways:

6.1. Fixed voltage and fixed frequency supply

In this case both machines are connected to two five-
phase ideal supply systems. If the supply voltages for

machine 1 are v,;,vp,V.1,V41,V, and for machine 2 are

Va2,Vp2,Ve2,V42,Vey then the resultant supply voltages
applied to the two series-connected motors are

Via=va +vas Vp=vp1+vea, Ve=vy+ve,

Vp=va1 +Vpa> VE =Ve +vgn.

The simulation time for the test is 2 seconds. The first
machine is loaded at t=1.2s and the second machine is
loaded at t=1.0s. The machines are running under
acceleration transient and steady-state at no-load and load
conditions. Both the machines are running under different

test conditions to verify the decoupling of both machines
cven in sensorless mode. The corresponding test results
are shown in Figure 5, (a) to (c). Each test result shows
both reference and estimated speeds for IM1 and IM2.

6.2. Vector controlled series connected two-motor

In this case both machines are vector controlled. Two
vector controllers are used for the control of series

connected motors. If the output currents of the first

* * % * *
controller for IM-1 are i, ,ip;,i.1,i01,i, and the output

currents of the second controller for IM-2 are

0* o* 0* 0* o* .
i,05ip2,000,047,i,0 then the resultant supply currents

applied to the series-connected motors are

& kK JE LK ¥ .
lg=lg Tig Ig =1p Tl
Lk Lk k. Jk X *
lc =1 Tl Ip =1lg1 Tip
¥ K J¥
g =lagtig

The simulation time for the test 1s 2 sec. and both
machines are loaded simultaneously at t=1s. The machines
are running under acceleration transient from t=0.3s and
0.4s and steady-state at no-load and load conditions. Both
the machines are reversing from t=1.2s and 1.3s. Both the
machines are running under different test conditions to
verify the decoupling of both machines. The
corresponding test results arc shown in Figure 6, (a) to (¢).

Each test result shows both reference and estimated
speeds for IM1 and IM2.

7. Discussion

Fig. 5, (a) to (c) shows the test results for a fixed
voltage and fixed frequency supply fed series connected
two motor system. The machine operates at six different
test conditions: (i) IM1 1is running at 1500 rpm and IM2 at
1200 rpm with the first machine loaded at t=1.2s and the
sccond machine loaded at t=1.0s, (i1) IM1 is running at
1500 rpm and IM2 at 900 rpm, (iii) IM1 is running at
1500 rpm and IM2 at 10 rpm, (iv) IM1 is running at 1500
rpm and IM2 at -900 rpm, (v) IM1 is running at 1500 rpm
and IM2 at -1200 rpm (vi) IM1 and IM2 are both running
at 1500 rpm but in opposite direction.

When both machines are running at different test
conditions and the corresponding currents are supplied by
the inverter, their speeds and torques are shown m Fig.
5(a)-5(c) respectively. Each speed figure shows four
different characteristics, two reference speeds and two-
estimated speeds for each machine. Thesc test results
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indicate that the estimated speeds are very close to the
measured speeds. There is a slight deviation in speed in the
acceleration transient period for higher speeds (1500 rpm).
This discussion is true for both conditions i.e. when a
'machine is running in forward direction or in reverse
direction. These test results also show that both machines
IM1 and IM2 are independently controlled even in
sensorless mode.

A surprising behavior has been seen when one machine
is running at higher speed and the second machine is
stalled (very low speed). In this case, the current supplied

by the inverter is of oscillating nature. The current

fluctuation is from +23 amps to -18 amps. This behavior
can also be seen in case of vector controlled series
connected two motor drive systems when load is applied to
machines.

Fig. 6, (a) to (c) shows the test results for vector
controlled series connected two motor systems. In all tests,
IM1 is set at £1200 rpm and both machines are loaded at
t=1.0s. In the first test (1) IM2 is set at 21000 rpm, (ii) IM2
1s set at £500 rpm, (111) IM2 is set at 0 rpm, (iv) IM2 is set
at + 500 rpm (v) IM2 1s set at ¥ 1000 rpm, and (vi1) IM2
is set at + 1200 rpm. Vector controlled results show that
the estimated speeds are also very close to the measured
speeds. These test results again show that both machines
IM1 and IM2 are independently controlled in vector
controlled technique in sensorless mode.

8. Conclusion

This paper presents sensorless control of a series-
connected five-phase two-motor drive and shows full
simulation verification of the independent fixed voltage
and fixed frequency supply and vector control of the two
machines in sensorless mode. A short review of the
operating principles is given. The importance is further
shown on presentation of simulation results for various test
conditions. By presenting the results of the series-
connected two-motor five-phase drive it is totally
confirmed that the control of the two series-connected
machines is truly decoupled even in sensorless mode.

The investigated drive configuration is applicable to all
types of five-phase ac machines with sinusoidal flux
distribution. It is believed that the best prospect for real-
world industrial applications exists in the winder area,
where the series-connected two-motor drive could provide
a substantial saving on the capital outlay, especially if
permanent magnet synchronous machines are used.
Although the efficiency of the complete system remains
affected by the series connection, there should be no need

to de-rate the motors due to the increase in stator winding
losses.
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