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Sensorless Control of a Six-Phase Induction
Motors Drive Using FOC in Stator Flux
Reference Frame
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Abstract—In this paper, a direct torque control - space vector
modulation (DTC-SVM) scheme is presented for a six-phase speed
and voltage sensorless induction motor (IM) drive. The decoupled
torque and stator flux control is achieved based on IM stator flux
field orientation. The rotor speed is detected by on-line estimating of
the rotor angular slip speed and stator vector flux speed. In addition,
a simple method is introduced to estimate the stator resistance.
Moreover in this control scheme the voltage sensors are eliminated
and actual motor phase voltages are approximated by using PWM
inverter switching times and the dc link voltage. Finally, some
simulation and experimental results are presented to verify the
effectiveness and capability of the proposed control scheme.

Keywords—Stator FOC, Multiphase motors, sensorless.

I. INTRODUCTION

N recent past, multiphase motor drives have been proposed
by several authors [1-5]. Many different solutions have been
suggested to exploit different advantages, such as [6]:
1) To decrease the single switches current stress instead of
adopting parallel techniques.
2) To smooth the electromagnetic torque pulsations.
3) To reduce the harmonics content of the DC link current.
4) To improve the overall system reliability.
Among the different multiphase drive solutions, one of the
most interesting and extensively discussed in the literature is
the dual three-phase IM having two sets of three-phase
windings spatially shifted by 30 electrical degrees (so called
guasi-six-phase machine). Neutral points of the two windings
can be isolated or connected.

The major reason for selecting the asymmetrical six-phase
winding instead of the true six-phase winding (60°
displacement between any two consecutive phases),
elimination of the sixth harmonic from the torque [3], was
important in the pre-pulse width-modulation (PWM) era of
VSI control. A quasi six-phase IM is used in the work
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described here, with the underlying idea of realizing a motor
drive system with a simple control, while utilizing a single six-
phase SVPWM VSl as the supply.

The customary method to speed/torque control of an IM is
rotor flux field-oriented control (FOC). Using FOC, one
observes that, by holding the magnitude of the flux constant,
there is a linear relationship between a control variable and the
torque

One may note that the rotor flux orientation scheme is very
sensitive to IM parameters variations and uncertainties
especially IM rotor resistance and machine magnetization
inductance [7].

The DTC-SVM is based on stator FOC and used for
independent control of IM torque and stator flux

Speed sensorless control methods of IM drives are common
either because a speed sensor cannot be installed for safety or
environmental reasons or for reducing both the cost and the
size of the whole drive. Therefore, many studies are still being
devoted to the removal of the speed sensor, while maintaining
the performance of the system [8]-[14].

In this paper, a simple speed estimator is proposed which is
applicable for wide range of rotor speed estimation. In
addition, a stator resistance estimator is also introduced for on-
line detecting of this parameter.

The proposed control scheme is verified by both the
simulation and experimental results.

Il.  DESCRIPTION AND MODELING OF THE DRIVE SYSTEM

The motor drive system is supplied from a two level SVPWM
VSI. Each machine has its own set of parameters. Based on
Clarke's transformation described by the following matrix C,
the (o - B8), (x—y) and (zero sequence) equivalent circuits of

each motor in the stationary reference frame are obtained.

a1l cosg cosdp cos5¢g Cos8p COS9p |

B0 sing sindg sin5gp sin8¢ sin9¢

Co \/Z X |1 cosb¢ cos8¢p cos¢g cosdg cos9¢p

6 y|0 sin5¢ sin8¢ sing sindg sin9¢g
0+(1 0 1 0 1 0

0-10 1 0 1 0 1 ]

1)
where ¢ = /6 [4].
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The stator and rotor voltage equations for each machine are
given as

. d . .
Vie = RSI k5+a(Ls|ks+ Lmlkr) fork=a,p

. d .

Vks = Rslks+a(|—ls|ks) for k = Xy
0= Rriar+a)r(Lriﬁr+Lmiﬂs)+

d . .

gLl Lulos)
0= Rriﬂr_a)r(Lriar+Lmias)+

d . .

a(LrIﬁr+ Lmlps)
The torque equations of the machine is given by

Te: P Lm(larlﬁs_lﬁrlas) (4)

where p is the number of pole pairs. One may note that the
torque production currents are (iaSviﬁs) and (ixs,iys) are

@)

®)

non-producing torque currents.

. IM STATOR FOC

Fig. 1 shows the control block diagram of a direct torque
controlled IM drive in the stator flux field oriented reference
frame (FOC) corresponding to this machine. The control loop
consists of three PI controllers, and the SVPWM s used for
maximum utilization of dc link voltage and easy digital
implementation.

The angle of stator flux vector is given by

Qe =arctan @ (5)
as

Differentiating from (5) one can obtain the angular speed of

stator flux vector as
_ lﬂslas _lasﬂ«ﬁs
- 2

e
As

Substituting for derivative of stator flux components in (6), the
synchronous speed is written as

(Vﬁs B Rsl ﬂs)ﬂvas _(Vas B RSI as)ﬂvﬂs
e~ 12

The phase voltages needed in these equations are obtained as
follow.

First the phase to negative point of dc link (N) voltages are
obtained

(6)

U]

VDct i
Vin= (8)
iN T s
where j=a,b,c,d,e, f .
then the phase voltages are given as
1 f
Vjs:g(SVjN_ Z Vi) ©)

i=a,i%]
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Fig. 1 FOC block diagram

Assuming the stator currents are measured and stator flux
components are obtained from the following flux observer.
Flux observer:

{ﬂvas = I(Vas - RSi O!S)dt

. 10
lﬂs:I(Vﬂs_Rslﬂs)dt ( )

IV. ROTOR SPEED ESTIMATOR

The IM rotor flux linkages in a two axis stationary reference
frame are obtained as

ﬂvar = Il:r (/Ias_ I—sias)+ I—mias
Lm (11)

lﬁr = Lr (ﬂaﬂs_ Lsiﬁs)+ Lmiﬁs
A=At Ao 12)

Considering the IM rotor flux field orientation reference frame
[15]

A= Lnie=As

Ln.

: : (13)
T—Iqs = a)slidr = a)slﬂ«r

The IM electromagnetic generated torque is obtained as

Lo L.

- - r -r
Te: P r(ﬂ/arlﬂs_ﬂ/ﬁrlas): P rﬂxdrlqs (14)
r r
Combining (13) and (14) gives
o.-Rls @)
P A

The rotor speeds can be detected from the following equation

wr:a)e_a)sl (16)

where é‘)e is the rotor synchronous speed which in fact is the

on-line speed of the rotor vector flux (ir); in other words

A

”~ d
. =--arctan b ]

¢ dt las

(17)
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Pl —»R

I ds
Fig. 2 Estimation of 1M stator resistance

V. STATOR RESISTANCE ESTIMATOR
Using (13), yields
oA
e,

from stationary reference frame («,f) to

(18)

Transferring | s

rotor flux field orientation reference frame (dr,qr), the

stator resistance can be detected by using a conventional Pl
regulator as shown in Fig. 2.

VI. EXPERIMENTAL RESULTS

Simulation and Experimental results are obtained for a six-
phase squirrel cage IM with parameters shown in Table I.
The overall system block diagram is shown in Fig. 3.

The experimental rig is illustrated in Fig. 4. A dual-three
phase IM drive have been constructed to perform the
experimental tests. The switching frequency of the six-phase
IGBT inverter has been set at 4 kHz. The control software has
been implemented on a PC. A Xilinx XC95288 CPLD is used
for real time implementation of switching patterns and to send
the data from some A/Ds used to measure currents and dc link
voltage. The CPLD board communicates with PC via a digital
Advantech PCI-1751 1/O board. A second Xilinx XC95108
CPLD is used to calculate and send the speed data from an
encoder to computer through printer port. The currents are
measured using LEM sensors. The control code is written in C.
It performs closed loop speed control and rotor flux control.
The quasi six-phase IM is obtained by rewinding the stator of a
three-phase machines. A SVPWM strategy is used.

Simulation and experimental results are shown in Figs. 5-7
and Figs. 8-10 respectively.

In Figs. 5.a-5.c the results of speed start-up test are shown.
The corresponding speed reference is linearly increased from
zero to 100 rad/s in 2 seconds. The speed of the IM tends to its
reference command in the proposed sensorless scheme. The
stator flux magnitude achieves to its reference with a fast
dynamics. The components of stator flux are sinusoidal and in
quadrature to each other.
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TABLEI. IM PARAMETERS

Poles 2 Rs 9Q
Ry 8.37 Q) Ls 740 mH
Lr 740mH | Lm | 712 mH
Pn 1Kw | fy | 50Hz
C()* - af reference
r FOC voltages SVPWM
ﬂ,s—> xy reference
~ 7 voltages=0
/ldqu
Stator
Flux ~ Currents Y
Observer | | @"
m IM1
SEIET Speed
Resistance <+ .
. Estimator
Estimator

Fig. 3. Drive system block diagram.

N ' XC95288 CPLD
for Switching

e (] % - ST
Fig. 4 Experimental rig: PC, CPLD boards and inverter (top), the six-
phase IMs (bottom).
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Figs. 6.a-6.c show the simulation results for the speed control
(speed reversal) test. In this test the IM runs with positive
speed (50 rad/s), then the speed of the IM is reversed linearly
in 1 second for t €[5,6] . The amplitudes of stator flux is kept

constant on 0.9 Wb. These results verify the ability of the
proposed sensorless control during speed reversal.

It is evident from Figs. 6.a that the flux of the IM remains
unaffected during the transient of the speed.

Some further tests are conducted next, to further verify
decoupling of the control of the machine and the capability of
the sensorless control scheme.

Figs. 7.a-7.c show the simulation results from stator flux
control test. The speed references of IM is 50 rad/s. In Fig. 7.c
the estimated flux tracks the reference perfectly.

Under the same condition the practical results are obtained
which are shown in Figs. 8-10 respectively. It is seen that there
is a good agreement between simulation and practical results.
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Fig. 5.a Simulation results: Speed and flux magnitude (speed start
up test).
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Fig. 5.b Simulation results: Stator voltage and estimated stator
reference.
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Fig. 5.c Simulation results: Stator current « — /5 components.
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Fig. 6.a Simulation results: Speed and stator flux magnitude
(speed reversal test).
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Fig. 6.b Simulation results: « component of stator voltage and
estimated stator reference.
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Fig. 7.a Simulation results: Speed and stator flux magnitude
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Fig. 7.b Simulation results: o« component of stator voltage and

estimated stator reference.
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Fig. 8.a Experimental results: Speed and flux magnitude (speed start

up test).
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Fig. 8.b Experimental results: Stator voltage and estimated stator

reference.
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Fig. 8.c Experimental results: Stator current ¢ — £ components.
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Fig. 9.a Experimental results: Speed and stator flux magnitude (speed

reversal test).
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Fig. 9.b Experimental results: « component of stator voltage and

estimated stator reference.
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Fig. 10.c Experimental results: Stator current o — 3 components.

VII. CONCLUSION

A DTC-SVM scheme has been presented for an
unsymmetrical six-phase IM. The decoupled torque and stator
flux is achieved in the IM stator flux field orientation
reference frame using conventional PI regulators.

In this control scheme, the rotor speed and stator resistance
are estimated by simple estimation methods. In addition, the
stator phase voltages are estimated by using the SVPWM
inverter switching times and the dc link voltage.

Some simulation and experimental results has been
presented to support the capability of the proposed control
scheme. These two results are in a close agreement.
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