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Abstract: In this paper a fuzzy logic scheme is applied for direct torque fuzzy control (DTFC) of five phase induction
machine (FPIM). The proposed DTFC based on fuzzy logic technique switching table is described and compared with
conventional direct torque control (DTC). The proposed fuzzy control strategy is simulated using Matlab/Simulink
software. The simulation results show that DTFC method reduces torque ripple and stator flux variation and improves

dynamic response.
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I. INTRODUCTION

High Phase Order (HPO) multiphase motor a type of AC
motor that has been developed in the last decade and due
to its advantage over the three phase motor, many
scientists and researchers focus on it. Each electrical motor
that have over three phase stator winding can be in HPO
class. Researcher demonstrated that HPO drive motor
many advantage over conventional three phase motor
drives.

Multiphase Motor drives are mostly proposed for high
power application such as traction and hybrid vehicles
aircraft and etc. The advantage of multiphase machines,
with respect to conventional three-phase machines are
reduced torque pulsations, reduced dc-link harmonics,
higher torque density, greater fault tolerant, improvement
of the drive noise characteristic, reduction in the required
rating per inverter leg and achieving a high power motor
drive with a less dangerous dc-link voltage and high
reliability [1-5]. Among multi-phase schemes, five-phase
and six-phase schemes are more common .This paper
deals with a five phase induction motor (FPIM). Induction
motor (IM) has a low cost and is suitable for many
manufacturing applications. In this paper a high
performance FPIM drive is proposed. Induction motor
drives controlled by field oriented control (FOC) have
been still now employed in high performance industrial
application [6], has achieved a quick torque response, and
has been applied in various industrial applications instead
of dc motors. Vector control method implies independent
control of the torque and flux by decoupling the stator
current into two orthogonal components. However, FOC is
very sensitive to flux, which is mainly affected by
parameter variation. For improvement the torque and flux
control and speed of multi phase induction motor, some
nonlinear and intelligent method such as feedback
linearization, model following sliding mode, fuzzy logic
and neural network are proposed [7-11]. In [9], a simple
sliding mode and a fuzzy control are proposed for
symmetrical six-phase IM and it is shown. Using special

parameters the performance of two controllers is similar.
Copyright to JIREEICE

www.ijireeice.com

A feedback linearization sliding mode controller is
reported in [10]. Chattering and high control efforts are the
problems of the sliding mode controller. Direct torque
control (DTC) is one of the powerful methods for high
performance control of motor drives. Direct Torque
Control (DTC) of induction motor is a perfect simple
control strategy in the field of variable speed AC motor.
Its principle was first introduced by Takahashi in 1986
[12]. This method of controlling that has been progressed
during past decade, is a powerful control method for motor
drives, and also is very simple in its implementation thus
can be considered as high performance vector controllers
based on the decoupling of flux and torque. It provides a
fast torque response without having to resort to the use of
complex algorithms and also is robust against machine
parameter variations. In this method, stator voltage vector
is select according to the differences between the reference
and actual values of torque and stator flux and the position
of stator flux angle. The main advantages of DTC are
absence of coordinate transformation and current Pl
regulator, its sensorless configuration and simple
implementation. In DTC method, the inverter switches are
directly controlled and there is no need to the special
switching techniques such as (PWM, SVPWM). DTC has
a very fast dynamic response. The main drawbacks of
conventional DTC are high torque ripple because none of
the VSI state is able to generate the exact voltage value
required to make zero both the torque electromagnetic
error and the stator flux error, the slow transient response
to the step changes in torque during start-up, variable
switching frequency that produce variable harmonics in
stator current and its low performance in low speed
operation. For improvement in direct torque control
several methods are proposed. The Atrtificial Intelligence
(Al) techniques, such as expert system (ES), fuzzy logic
(FL) and neural network NN) have been recently applied
in motor drives. The aim of Al is to model human or
natural intelligence in a computer so that a computer can
think intelligently like a human being. A system with
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embedded computational intelligence is often defined as
an intelligent controller that has learning, self-organizing,
or self-adapting capability. Computational intelligence has
been progressively utilized to solve any usual and complex
control problems [13-14]. With increasing the calculation
power of the digital signal processors, the implementation
of the more complicated controllers is feasible and a
higher performance motor drive can be achieved. In this
paper, with the aid of a FL scheme, the torque and flux
ripples of a FPIM drive are reduced considerably.

1. DESCRIPTION AND MODELING OF THE FPIM

The FPIM considered has five phase windings mutually
displaced in space by 72° as shown in Fig.1.[15]. The
windings axes of five stator winding are displaced by
72 degrees. By increasing the number of phases, it is
also possible to increase the torque per ampere for the
same volume machine. In this analysis the iron saturation
is neglected.

Fig. 1. Schematic representation of the FPIM
The line-to-neutral voltages can be transformed to the d-g-
x-y-0 planes using the following transformation matrix K

[15]:
K=
[1 cos(2m/5) cos(4m/5) cos(4m/5) cos(2m/5)
|0 sin(—2m/5) sin(4m/5) sin(4w/5) sin(2n/5) |
(Z)' 1 cos(4m/5) cos(2m/5) cos(2m/5) cos(—4n/5)|
5 ifl) sin(41n/5) sin(2m/5) sin(2m/5)  sin(4m/5) i
1 1 1 1
RER 7 7 z |

The stator voltage equations of the machine in stationary
frame are:

Vgs = Rglgg + % (Lsigs + Lipigr)

Vgs = Ryigs +%(Lsiqs + Lypig)

Vs = Rylys + 5 (Lislys) 1
Uy = Rylyy + 4 (Lisiys)

Vas = Rdgs + = (Lisios)

whereR,, Ls, Lis and Lm are stator resistance, stator

inductance, stator leakage inductance and magnetizing
inductance, respectively. The rotor voltage equations of
the machine in stationary frame are
. . . d X ,
0=R,i4 + W(Lrlqr + L, lqs) + (Lyige + Lyigs)
. . . d X ,
0=Ris, —w(L.ig + Lyigs) + (Lrlqr + Lmlqs) 3

reqr
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where R, , L, , L, and w are rotor resistance, rotor
inductance, rotor leakage inductance and motor speed
respectively.
The torque equation of the machine is given as follows

Te = me (idr iqs - ids iqr) 4
where P is the number of pole pairs.

III. FIVE PHASE VOLTAGE SOURCE INVERTER

The five-phase voltage source inverter (VSI) contains a
switching network of 10 power switches arranged to form
5 legs, each leg supplies one motor phase, Fig 2
shows the voltage source five phase inverter. Only one of
the power switches of the same leg can operate in the
“on” state to avoid the short circuit of the dc-link,
where (Sa, Sh, Sc, Sd, Se) are switching functions of the
inverter legs with value “1” indicates that the upper
switches in the corresponding switching arms are
“on”, while the “0” indicates the “on” state of the
lower switches. So, 32 possible states can be obtained. In
this case, the voltages applied to the five phase
induction motor are determined only by the inverter
switching modes and regarded as discrete values. The
machine phase voltage can be computed using the
switching function associated to one inverter leg [17].

Lega Legh Lege Legd Lege
r———r———lr———‘r———ll———‘
Dide \ \ "l J{ ! '
Rectifier . 5 2§| S ‘ 5 z:| S K ‘
ek \ \ | |
| TSNS T DT
‘S’,ls‘ S'.,z:|‘5’<z:\ S§2§|S,’J\
L__L__'L__‘L__I___‘
+ + + + +
\:s% \'hss \rs% \ds% Ves
L

n
Fig. 2. Five-Phase Voltage Source Inverter

1 The voltage equations of five-phase voltage source

inverter are:
Ve = (2) @) = (8) Con + Ven + Ve +ver)
o = () W) = (5) Van + Ven + Ve +ven)
Ves = (%,) (Ven) — (%2 (Van + Voo + Van +Ven) 5
Vae = (2) Van) = (5) Gan +Von + Voo +Ven)

4 1
Ves = <§) (Ven) - (g) (Van + Vbn + Ven + Vdn)
where n is the negative point of the DC link.

IV.CONVENTIONAL DTC OF FPIM
DTC of FPIM is similar to three phase induction machine
[18]. The DTC of induction machine is based on direct
determination of the commutation sequences of the
inverter switches. It is possible to control directly the
stator flux and torque by selecting an appropriate
switching inverter states. The DTC scheme requires the
estimation of the stator flux and torque which are
compared to their reference values and the resulting errors
are fed to hysteresis controllers of stator flux and
torque. The purpose of the direct torque control of
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induction machine is to restrict the stator flux and
torque errors within respective limits of the flux and
torque hysteresis bands by an appropriate selection of the
inverter switching states.The block diagram conventional
DTC of FPIM is depicted in Fig.3.

Diade
Reciifier
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Fig. 3. Conventional DTC of FPIM
The switching table DTC based on the estimated stator
flux position, hysteresis controllers for torque and flux are
used to generate the inverter switching states. Since the
five phase voltage source inverter has 5 legs and each
switch takes 2 states (off and on) , the five phase voltage
source inverter has 32 switching mode.
Thirty-two switching combinations can be considered
according to the transformation matrix and inverter
equations, two zero voltage vectors and thirty non-zero
space voltage vectors, as shown in Fig. 4. This fig shows
the position of the switching vectors in d-g plane. These
voltage vectors have three different amplitudes .The
switching plane is correspondingly divided into 10
sectors [15-16],[18].
As described previously, in each sampling period, the
voltage vectors are selected according to the errors of
stator flux and torque. The 32 voltage vectors are
divided into three groups according to their
amplitudes.

S5

V24

Vi

Viv
S S
Fig. 4. Space Voltage Vectors of Five Phase Inverter
The vectors with the largest amplitude have the most
effect on the flux and torque of the machine. Table 1
summaries the combined effects of each voltage vector
on both the stator flux and torque, assuming the stator
flux is located in the first sector [15].
Copyright to JIREEICE

TABLEI
Influence of voltage vectors on stator flux and torque
Voltage Vectors
Vg Uz6 V20 | V13 | P10 | V22 | Vs B Vig V31
.| SRl RORORON OO I ol b | e
2 IR I o [ ] b T kol O
Vig | V29 Vg Vg | ¥y | Vg5 | V2 V33 ! SE
.| * SR ISR Il I o | b | b
O | | 44| 4 Vol [ ] b ™ Rl RGN
Vs | V24| P2s | P12 ]| Pia | Y6 | V7 Vg Pig | Vi7
I.|] 1 R RO S I e o Vol bl |
2 R I ok [ ] b T Okl IR
Three arrows upward (111)or downward (|| ])represents

the flux @, and torque T,, can be increased of decreased
with the most speed. The projection of the 12 largest
voltage vectors generated by the inverter in  (d-q)
subspace and (x-y)is represented in Fig. 5. One can see if
the largest vectors in d-q plane are used in DTC of FPIM,
they correspond with the smallest vectors in x-y plane.
These small vectors generate small zero sequence currents.

q
V2 Vas
Vi V24
Ve V25
\ %4/ Vi7
V3 Vio
Subspace(d-q)
y
Vidivay
\E Vi9
Vs 4 Ve X
Viz Vs
V1 iVnr

Subspace(x-y)
Fig. 5. The largest voltage vector in(d-g) and their projection in (x-
y)plane
In table 2 proper voltage switching vectors for both flux

and torque control are proposed.

TABLEII
Classic switching table of DTC
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V.PRINCIPLE OF DIRECT TORQUE FUZZY
CONTROL
The DTC using fuzzy logic control of induction motor
drive is arranged with three fuzzy input variables and one
output control variable. The inputs are stator flux error,
electromagnetic torque error, and angle of flux stator
respectively. The output is the proper voltage vector. The
block diagram in Fig 6 shows the overall control system.

iode Inverter
Rectifier Five Phase
— Pl

Fig. 6. Block diagram of DTFC

The flux linkage error is given by A@ = @, — @, where
Dger is the reference value of stator flux and @ is the
estimated stator flux amplitude. Three linguistic values,
negative, zero and positive denoted as n, z and p
respectively are used to fuzzy flux linkage error domain.
The torque error given byAT = T,,.; — T,.Where T,.sthe
desired torque and Te is the actual torque. Two linguistic
values, negative large and positive large denoted as NL
and PL, respectively are used to fuzzify the torque error.
As well as, ten linguistic values, named as s1 to s10 are
used to fuzzify in the domain of stator flux angle. Also ,the
space vector voltage:i=(25,24,28,12,14,6,7,3,19,17) is
fuzzified using ten singleton linguistic  values. The
membership functions of fuzzy inputs and output are
shown in Fig 7.

n Z
1 p
0
-0.05 -0.02 0 0.02 0.05
Membership functions of flux error
AQO = QPsref — Ps
1 NI Pl
0}
0.5 -0.2 0 0s
Membership functions of torque error
AT = Teref - Te

234 270 308 342

18 0 18 54 90 126
Membership functions of flux angle
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19 17

Yy

A

Membership functions of voltage vector
Fig. 7. Membership functions of the input and output FC

The inference method applied in this paper is Mamdani's
procedure based on min-max decision . The membership
functions of variables A@,AT,0and V are given by
Hor Meer g and  p,, espectively. u, is twelve singleton
variable and membership function singleton variable
shown in equation 6.

V=

1
.UVl (n)_{o V +* vi
n=25,24,28,12,14,6,7,3,19,17

Fuzzy min-max inference equations are given as:
uv;" (n):maxié a {mini?@(min(uw » Heei s #ei) ) #m‘)} 7

Finally, output control described by equation 8

uV (m)=maxyL, (uV;" (n) 8
The fuzzy rules are represented in table 3.

Table IIT
The proposed Fuzzy Control Rules
sectors

er | €os| S1 | S2 | S5 | Sa | S5 | Se | S7 | S5 | So | S10
P | V2s | Vag | V2 [Vig | Vs | V7 | V3 | Vg | V47| Va5

PLY n |vyg | vap | vaa | V6 | V7 | 3 | V19| V17 | Vys| V2e
Z | Viz | Via| Ve | V7 | V3 | Via | Vi | Vo5 | V24 | Vg

Vig | V17 | Vas | Voa | Vag | Viz | Vas | Ve | V7 | V3

NL| n V3 | Va9 | Va7 | Vps | Vg | Vag | Viz | Vaa | Ve | V3
z Vg | V3 |Vyg |Vy7 | Vs | Vag | Vag | Vaz | Via | Vs

VIL.SIMULATION RESULT

Parameters of the selected FPIM are given in table 4. The
sampling period of the system is 10us. Two cases are
considered: DTC and DTFC. In each case, torque, flux,
direct and quadratic components of stator current, motor
speed are represented. The results of the several tests are
shown to investigate the performance of DTC and DTFC.
In Figs. 8 and 9 the torque is shown for DTC and DTFC
respectively in 1 second. The torque reference is changed
from 0 to 5 Nm with a sudden step change. It can be seen
the ripples in DTFC is much less than ripples in DTC for
the same conditions. In Figs. 10 and 11 the torque is
shown for DTC and DTFC respectively again in 1 second;
but at t=0.5 the reference torque is reversed. In these
tests, the generated torque is revised from 5 to -5 Nm at
t=0.5 second. Again it can be seen, using DTFC the ripples
are much less than ripples in DTC. Using both of DTC and
DTFC, the reference torque is followed. In Figs. 12 and 13
the amplitude of stator flux is shown for DTC and
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DTFC respectively. The ripples in DTFC are obviously
less than ripples in DTC. Direct and quadrature stator flux
components with respect to each other in DTC and DTFC
are depicted in Figs. 14 and 15 respectively. In Figs. 16
and 17 change of amplitude in flux stator is represented.
To obtain these results, the flux reference is changed from
1 Wb to 1.2 Wb at t=0.5 second. The result for DTFC in
Fig. 15 is more like a circle than the result for DTC. In

Figs 18 and 19 direct and quadrature stator flux
components in DTC and DTFC are represented
respectively corresponding to the first test (Figs. 8 and 9).
The current components are sinusoidal with lower
harmonics using DTFC. Final tests are considered to
verify the performance of the DTC and the proposed
DTCF in controlling the speed of the machine. The
dynamic response speed of DTC and DTFC represent in
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VII. CONCLUSION
In this paper a DTC of SPIM based on fuzzy logic (DTFC)
have been proposed. An improved torque and flux
response is achieved with the DTFC compared to
conventional DTC. The main improvements shown are:
* Reduction of torque and current and flux ripples in
steady state response.
* No flux droppings caused by sector changes
circular trajectory.
* Fast stator flux response in transient state.
* Using fuzzy logic a smooth operation is achieved.
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