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Abstract: A novel direct torque control of matrix
converter-fed  fivephase  permanent  magnet
synchronous motor (PMSM) is proposed in this
paper. Due to some special applications of
multiphase motors such as aerospace and ship
propulsion, the volume and the weight of these drives
are the most important challenging problems. Matrix
converters allow a compact design due to lack of
bulky dc-link capacitor and therefore can be
reasonable alternatives to the conventional Voltage
source inverters. Also, matrix converters generate
higher number of output voltage vectors. As a
consequence besides the control of electromagnetic
torque and stator flux, input power factor can be
controlled. In the reported direct torque control of
five-phase PMSMs in the literatures, large harmonic
current is a serious drawback. In this paper a new
switching table is achieved that removes this
problem. The novelty of this proposed method is
characterized by simple structure, using matrix
converter, large stator current harmonic elimination,
unity input power factor and also torque ripple
reduction.

Key words. DTC, Five-Phase, PMSM, Matrix
Converter, Harmonic Elimination

1. Introduction

. r
A great deal of research has been carried ou

select stator voltage vectors according to the
differences between the reference and actual
torque and stator flux linkage. DTC provides a
very quick and precise torque response and also
has very simple instruction, i.e., no need of
rotary coordinate transformation, inner current
regulator, or pulse width modulation (PWM)
block. This method was first proposed for three-
phase induction machines and then was
implemented on three-phase permanent magnet
synchronous motors (PMSMs) [7-8]. Space
vector modulation (SVM)-based DTC methods
have been presented in order to torque ripple
reduction and achieving constant switching
frequency [9-12]. But, it should be noted that
DTC-SVM methods looses the simplicity of
hysteresis-based DTC methods. Also, DTC
method was presented for the first time in five
and six-phase induction motors in [13-14]. L.
Parsa, et al. investigated the DTC algorithm for a
five-phase PMSM in [15].

In a five-phase system, all the five-phase
variables can be transferred in to two vector

planes,d —q andz, —z,. The harmonics with
the orders oflOn = 1(n is an integer) with the
abcde phase sequence are related tag plane

and the harmonics with the orders1din = 3(n
is an integer) with the acebd phase sequence are

?Iated toz,—z,plane. It is seen in [15] that,

over the past decades on multiphase motors dyéien a voltage vector ind —qplane is
to their lots of advantages over their three-phasaqergized, it's correspond vector i@, -z,
counterparts, such as reducing the amplitude ‘Hlane also is energized, simultaneously.
torque pulsations, lowering the dc link currentype efore “unwanted harmonic voltages with the
harmonics, reducing the stator current per phas ders oinn + 3are obtained and hence large
without increasing the voltage per phase an armonic cu_rrents are generated. As a

increasing the reliability [1-6]. . : .
. . consequence, it can be said that the literature
Direct Torque Control (DTC) is one of the 15] has a serious drawback. High current

active researched control schemes  which $istortion is achieved in this method because the

:Joasueg .ﬁ? e g]aesigecrﬁ]%?l?g O(]EOS:[I.rgI isf[oflgi)r(egr ow-frequency current space vectors in auxiliary
que. P P yvector sub-space are not eliminated. Thus, third



and seventh harmonic orders are remarkable imethod allows a lower weight dive in
this presented scheme. Some literatures proposedmparison with classic ones. In the other word,
space vector modulation (SVM) method tothe advantages of DTC method and MCs are
eliminate harmonic problems [16-18]. But, thesecombined in this presented scheme.

methods have complicated structures and

calculations. The authors of [19] presented a new. Five-Phase PMSM Equations

scheme to overcome harmonic problem. This

method uses ten virtual vectors which each The stator voltage equation of the motor is as
voltage vector is composed of large and mediurgy|jow [15]:
vectors ofd —q plane. dA,

Electrical and hybrid vehicles, aerospace, ship Ve =R+
propulsion and wind power applications are ,
some examples where multiphase drives can be Rs» |s and ./\Sare the. stator resistance,
used [1-6]. In all of these industrial areas, theurrent and fI_ux Ilnkage matrlces,_respectlvely.
volume of motor-drive package is an important The equation of air gap flux linkage can be
problem. However, in the most of reportedpresented as follow:
Iltera}tures, voltage _source inverter (VSI.)-fed A=A+, =L I +A,
multiphase-motor drives have been investigated
which have huge electrolyte capacitors in their L_is the stator inductance matrix amy, is

dc-link. On the other hand, these capacitorg,e fiux linkage of the rotor permanent magnet.

reduce the reliability of such motor drives. Ggne can write the stator voltage, flux and
Matrix converters (MCs) as ac-ac converter§oque equations of a five-phase  sinusoidal
have emerged to become an attractive alternative,,nded motor  in synchronous  rotating

to the conventional converters [20-22]: Mcsreference framed —q -z, -z, -2 using the
hold many advantages, including an adjustable _ T T2 T
input power factor, bidirectional power flow, following transformation matrix.
high-quality power output waveforms and the
lack of bulky capacitors. These converters

produce higher number of voltage space vectors  |s"® sinp 20) s L) sime ) soeZ )
in comparison with conventional VSIs. Thus,T(g)=§ cosp)  cost+ T ) sirﬁ%) cm%’ ) osto-7)
moreover the precise control on torque and flux, @) ey s 2y s ) sned
also the control of input power factor can be L 0 5 L .
done using degrees of freedom of MC. Direct | V2 2 72 J2 J2
torque control method using matrix converter

was implemented on induction motor and |n the above equatiorfis the rotor electrical
PMSMs [23-24]. It is shown that by using matrixangle.

converter, a precise torque and flux control and Stator voltage equations in synchronous
also unity input power factor will be achieved.reference frame are obtained as
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Despite of more advantages of MCs in d Jgs
comparison with conventional VSls, in the Vgg =rgigs +@lyg + q
literatures related to the five-phase motor drives, dt
only VSIs have been used to feed these motors. _ dAys

This paper proposes a new switching-table Vs = Tsigs ~@lgs * dt
direct torque control of five-phase PMSMs using i “)
MCs. In this presented scheme, the problem of v = el +_21s

) . L . . z1ls ~ 'S'z1s

large harmonic currents is eliminated which is dt
the most drawbacks of DTC of five-phase dA, o

motors. The principle of this method is based on Vz2s ='s!z 2 e
that of method reported in [19]. Using MC,
close-to-unity input power factor is achievable
and also good control in torque and flux is
obtained. Due to compact designs of MC, this

Wherew is the rotor electrical speed.
The stator flux linkages are given by



A =Ljig + A, 1) The ratio of the amplitudes of voltage

A =L vectors is1:1.618:1.61&from the small
s q gs
¢ _ vectors to large vectors.
Ais = Ligl ;56 ) 2) The outer decagon of the —( subspace
Ao =L, o is mapped into the inner decagon of the
-1 z,—z,subspace and vice-versa. The

Az3s _Lls|z3s ! . 2 . .

All the 10n+1th (n=0,1,2...) winding space medium decagon ofl —q is mapped into
harmonics and voltage time harmonics with the medium decagon pf-z,. In the
abcde phase sequence are relateddteq other word, when a voltage vector of
subspace, while all the 10nx3th (n=0,1,2...) d —q plane is energized, its

winding space harmonics and voltage time
harmonics with acebd phase sequence are related

to Z,-Z,subspace. For a sinusoidal wounded

corresponding voltage vector in, —z,

plane is also energized simultaneously.
. . " Referring to (6), it is concluded that
motor, magnitude of third space harmonic withinelectromagnetic torque is only dependant to
stator winding function is very low, which Ieadscomponents ofd —q vector plane. Therefore

to tiny magnetizing inductance iZ;-Z, ihe selection of appropriate voltage vectors is
model and therefore the only impedance tdased on the position of stator flux position in

Z, -Z,voltage is stator resistance in series withd —q plane. It is seen in Fig.1 that the switching

stator leakage inductance, as can be seen in (#gftern plane is divided to ten sectors. According
As a consequence, low-order voltage harmonito stator flux position, torque and flux hysteresis

in z,-z.plane, cause to large distortion incontroller outputs, the authors of [15] derived a
1“2 : switching table.

stator current [15]. _ However, this presented DTC scheme has a
Electromagnetic torque equation can beserious drawback. As mentioned earlier, when a

written as;ollow: voltage vector ofd —q plane is energized, its
:EE[)lmiqS +(Ly —Lg)igl g6l 6  corresponding voltage vector in, —z,plane is

e
2 O(?nergized simultaneously and also it has been

As can be seen in (.6)' only the components .explained that the harmonic variables with the
d —q subspace contribute to electromagnetic
: : ) orders of (10n + 3)are related ta, —z,plane.

torque. Therefore, increasing or decreasing the

load torque doesn't influence on the magnitudél'herefore, there are low-order voltage harmonics
. (as example third and seventh) which generate
of currents inz, =z, vector plane and hence the

. ) ) huge harmonic currents.
magnitude of harmonics with the orders of (

10n = 3) is constant regardless to the load
torque.

3. Direct torque control of five-phase PM SM

DTC of VSI-fed five-phase PMSMs is
reported in detail in [15]. A five-phase VSI
produce 32 output voltage vectors consisting of
30 active and two zero voltage vectors. Fig.1
shows the voltage vectors of a five-phase VSI in
bothd —q and z, —z,,subspaces. The following

properties can be summarized from this figure:

d —q Plane



As three-phase MCs, in a five-phase MC any
two input terminals shouldn’'t be connected to
the same output phase to prevent short circuit.
On the other hand, an output phase must never
be open circuited, because there is no path for
the inductive load current which leads to over
voltages.

The space vector representation of voltages
and currents are as follows:

2 am
via=2y +v,e's e s
5 ®)
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Fig.1. thirty two voltage vectors of a five-phase VSI ®)
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4. Proposed DTC

i, =—(,+ie 3 +i,e 3)=je'" (10)
4.1. Three-phaseto five-phase matrix 3
converter A three-phase to five-phase MC produce

A schematic diagram of a three-phase to five3” = 24%output voltage space vectors. Among
phase matrix converter is shown in Fig.2. As caithese vectors, 93 vectors so-called stationary
be seen, there are five legs which each leg hawectors have fixed direction. In the case of five-
three bidirectional switches in series. Eactphase matrix converters, as well as five-phase
bidirectional switch is composed of two IGBTsVSlIs, the output vectors form three concentric
and two fast diodes connected anti-parallel. Eacélecagons, so that, 30 output voltage space
switch has a switching function which is definedvectors are large vectors, 30 vectors are medium
as follows. In the following equationj and k ~ and the last 30 vectors are small vectors. It

represent input and output phases, respectiveIy.s'houmI be noted that three vectors are Zero
voltage space vectors. These 93 vectors consist

of four configurations.

S ()= 0 switch,S; is open 1) (Large vectors): In the first configuration
Ik 1 switchS, is closed % 3 adjacent output phases are connected to
j={ABC}, k={apcde) the same input phase and the 2 other

output phases are connected to another
input phase. For example, output phases
of “a”, “b” and “c” are connected to input

W phase of “A”, and both of output phases

A _ of “d” and “e” are connected to input
Oy TSSOSO phase of “B”. These switching
Vg T sa\‘ 52\ S\é %\é s\; configurations consist of 30 output
Ot NS S TS voltage vectors. These vectors are
| v N/ QTT SQ} 82.5 % é é summarized in table.A.1 in Appendix.
O S OSTS 2) (Medium vectors): In the second
Sa\‘ S}a\ Sﬁ‘ % S\é configuration, 4 of the output phases are
L§ ibvm o connected to the same input phase and the
! oo fifth output phase is connected to any
other input phase. For example, output
Fig.2. Schematic diagram of three-phase to five-phase phases of “a”, “b”, “c” and “d" are

MC connected to input phase of “A” and the



last output phase, “e”, is connected to
input phase of “B”. These switching
configurations consist of 30 output
voltage vectors. These vectors are
summarized in table.A.2 in Appendix.

3) (Small vectors): In the third configuration
3 alternate output phases are connected to A
the same input phase and the 2 other
output phases are connected to another
input phase. For example, output phases A% 3,
of “a”, “b” and “d” are connected to input ‘ N
phase of “A”, and both of output phases

of “c” and “e” are connected to input
phase of “B”. These switching b)
configurations consist of 30 output
voltage vectors These vectors are 15,0458
summarized in table.A.3 in Appendix. sz arss

4) (Zero vectors): In the fourth 223202728 ezeTenc0T0,
configuration, all of output phases are A rp
connected to a same input phase. In these Freevey

configurations zero voltage vectors are
produced. It is notable that 3 zero vectors
are achieved.

Fig.3 illustrates the output line-to-neutral 124781
voltage vector and the input line current vector 4133.3537.38
configurations. 9163040506,

©)

Fig.3. a) output line-to-neutral voltage vector
configurations in d-q plane, b) output line-to-rralit
voltage vector configurations in z1-z2 plane, ogli
(V) current vector configurations

4.2. DTC of five-phase PMSM using

@) L matrix converter

From previous considerations, it appears that
. the magnitude of output voltage vectors of
matrix converter is related to the line-to-line
o input voltages. The path of input voltages is
shown in Fig.4. As can be seen, the input
voltages path is divided to six sectors starting at
-t/ 6rad in sector one. Also, in each sector there
are four voltages with large amplitudes and two
voltages with small ones. The small vectors
cannot be used in DTC method due to their
change of sign in the middle of the sector. In
Fig.3, voltage vectory, —v,, show the matrix
converter vectors as the same direction as those
vectors delivered by VSIs. The criteria to
implement a switching table for matrix converter
can be explained using an example. It is

@



considered thatv/,is the VSI output voltage Ti To

vector in a conventional DTC. From Fig.3 (a) @) vi

and table.A.1, it appears that voltage vectors (3, Estimator [ 14, | H
5, 13, 15, 23 and 25) must be chosen. If the input torques Switchind , >
line-to-neutral voltage lies in sector 1, the & 1] e ,E@
switching configurations which can be utilized = ———+O—{I[}| e

Vi
are 3 and 5. The reason of not choosing the four 5 Y
other vectors is that, vectors 15 and 23 are E 6 | abede
related to the small line-to-line voltage vectors i Flux Torque fl as Vo
& alv .
sector 1 Y.0V, ) and cannot be used. Torque L Flus 7 |ia i)

Vectors 13 and 25 are in the opposite direction

of Vi and therefore cannot be used. Vector 3 and Fig5. Schematic diagram of proposed DTC using

5 impose two input current vectors with different matrix converter

directions, as shown in Fig.3 (c). Thus, this

degree of freedom can be used for controlling TABLE 1.PROPOSED VOLTAGE VECTOR SWITCHING TABLE FOR
the average value of the sine of the displacemest MATRIX CONVERTER FED FIVEPHASEPMSM

angle ¢ between input voltage vector and input Sec  Sec  Sec  Sec  Sec  Sec

1 2 3 4 5 6
current vector. I§in@z)= 0, unity input power

factor is achieved. Therefore, under controlv1
process, the reference valuedii(y )is set to be

zero. If the average value afn@)needs to be
V3 2 1 12 2 11 12 22 11 21 22 1 21

decreased, voltage vector 5 should be chosep,
On the contrary, if the average value i)

has to be increased, voltage vector 3 has to
applied. According to these discussed principles,
a new switching table is arranged which can be
seen in table.1. The first column is related to the®
output voltage vectors selected by thew ° 7 19 ° 17 19 2 v 227 29 7 2
conventional DTC. The other 6 columns contairylo 1 & 20 10 18 20 30 18 28 30 8 28
the sectors which the input line-to-neutral

voltage vectors lie in. If the average value ofy 5 Harmonic currents Elimination

sin@ ) needs to be increased (decreased) the rightAS previously explained in both classical and

(left) sub-column is chosen. The block diagrany,.y45sed DTC. a voltage vector dfi—q plane
of proposed DTC method is shown in Fig.5. Irr?b P ' g ap

comparison with classical DTC, in this schemdS Selected in a sampling period of tile
one more hysteresis controller is needed in orderherefore, a voltage vector dof, —z,plane is
to controking) . Also, the position of iNput energized simultaneously which leads  to

voltage should be known in each samplintharmonic currents. On the other hand, if the

period of time. switching configuration is such a way that the

Ver__1vas_1vac :V“" :V'“ Ve : magnitude ofz, —z ,axes voltage vector is zero,

the harmonics are eliminated and sinusoidal
I I I I | | output voltage is achieved.

Referring to Fig.1, it is seen that, aligned large
and medium vectors ind —q vector plane,
produce small and medium vectors in opposite
[ L T direction in z, —z,plane. For example, voltage
6 2

+1 -1 +1 -1 +1 -1 +1 -1 +1 -1 +1 -1

5 3 15 5 13 15 25 13 23 25 3 23

6 4 16 6 14 16 26 14 24 26 4 24

29 17 27 29 7 27 9 7 19 9 17 19
V5 30 18 28 30 8 28 10 8 20 10 18 20
25 13 23 25 3 23 5 3 15 5 13 15
26 14 24 26 4 24 6 4 16 6 14 16

22 11 21 22 1 21 2 1 12 2 11 12

—

Sec
6

_ir
2 - - -
vectorsV,and/,, have the same direction in

Fig.4. six sectors of input voltage vectors



d —q plane and opposite direction in, -z,
plane. Since the ratio of the amplitudes of
medium and small voltage vectors -z,

40 38 50 40 48 50 60 48 58 60 38 58
plane are 1.618, the dwell time of 1.618 betweePﬁ Vs V3 Vs Vs Vs Vs Vs iz Vs Vs V3o Vas
these two voltage vectors in a sampling t'me{/ L I T I
will produce zero-mean volt-second m -z, > ° * * © 4 e m
plane [19]. In the other word, if the “on-state, s o s s & s @ & w0 39 a7 49
. . 2 1 12 2 11 12 22 11 21
time” of voltage vectoV ,is set such a way that 3

. . . 52 31 51
to be 1.618 times bigger than the “on-state time" A A VA A A A VA
of voltage vectdr,,, a zero-mean volt-second

Sec 1 Sec 2 Sec 3 Sec 4 Sec 5 Sec 6

o

<
<
<
<
<
<
<
<
<
IN)
o
<
N
<
N
=

56 45 55 56 35 55 36 35 46 36 45 46

\ V. Vv, Vv, V. V, Vv, Vv, V, A V. V. v
. . 30 18 28 30 8 28 10 8 20 10 18 20
will be produced inz, —z,plane. 5
1 60 48 58 60 38 58 40 38 50 40 48 50
As same as VSI vectors, in the case of MCy 2 ¥ 2 2 o o2 0 v® o2 v vy v

referring to Fig.3, table.A.1 and table.A.2, it is ®

seen that medium voltage vectorggand/,, Vv N A A
have the same directions with the large vectorg w 5 e w4 s s o o so a7 57
V,and/, respectively. On the other hand, it iss > ™ = = » "= = 2 »

<
<
<
<
<
<
<
<
<
m<

52 41 51 52 31 51 32 31 42 32 41 42

seen in Fig.3 (b) that voltage vectdsandV .,

\é Voo V7o Vg Vo Viz Ve Voo Vir Var Va9 V7o Vaz

or vectors V5 and/ 40 have the OppOSIte \% 36 35 46 36 45 46 56 45 55 56 35 55

. . . 1 Yo Ve Vo Vo Vis Yoo Vao “is Ves Vo Vs Vas
direction inz, —z ,plane. 0

The criteria to achieve a switching table can
be explained with the following example. It is5. Simulation Results
assumed that, the input line-to-neutral voltage Simulations have been performed on
lies in sector 1 and the output voltage vector ofatlab/Simulink to verify the feasibility of the
conventional DTC in a period of sampling timeproposed method. The drive has been tested in
is vecto¥/, . It has been shown in table.2 that forvarious steady state and dynamic performances.

this situation, large voltage vectors 3 and 5 cahhe parameters of test machines are given in
be used. Therefore, in a predefined samplinbab|e-3-

time the proposed switching configurations

between vectors 3 and 38 or vectors 5 and A0 TABLE 3. THE PARAMETERS OF FIVEPHASEPMSM

“such as shown in Fig.6”, will produce zero- ppoes) Ld Lq Rs J B Y,
mean volt-second iz, —z,plane.
1 2 p r#ﬁ 42mH (2')7 0.025 0.005 0.5 (Wb

According to mentioned explanations, a
switching table is derived which is summarized
in table.2. It should be noted that, the symbol 05.1. Steady-State Behavior
V. in this table means the combination of large The steady state behavior of the drive is
studied at the rotor speed of 1000 r/min and load
torque of 15 N.m. Fig.7 shows the
same direction id —q vector plane. electromagnetic torque waveforms for classical
and proposed DTC. It shown that as well as
classical DTC, electromagnetic torque tracks its
3 reference very well. As expected, it is seen that
| the torque ripple in proposed DTC is reduced
3 N | with respect to classical one, because large and
0.3819, 0.618T, medium decagon of voltage vectors are used in

Fig.6. switching state between vectors 3 and 38 in a katimpe this method.
TABLE 2. PROPOSED SWITCHING TABLE FOR MATRIX CONVERTER
FED FIVE-PHASEPMSM IN ORDER TO HARMONIC ELIMINATION

vectolV; and medium vectdt; which are in the
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Fig.7. electromagnetic torque: a) classical DTC
proposed DTC

The stator flux in a —axes and [—axes

versus time is shown in Fig.8. As it can
observed, stator flux follows its reference ve
(0.5 Whb) very well.

The stator current is shown in Fig.9. As car
seen for classical DTC, the content of harm
currents with the orders of 3 and 7 is high. Fi
Fig.9 (b) it is concluded that large harmo
currents are eliminated in proposed DTC. T
harmonic distdion (THD) of stator current i
illustrated in Fig.10. In classical DTC, THD
equal to 46.19%. It can be seen from Fig.1C
that, THD is completely reduced and is eque
0.88% in proposed algorithm.

0
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Fig.8. Stator flux, ino — axes an( g - axes versus time
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Fig.9. Stator current: a) classical, b) proposed L
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Fig.10. Comparison of harmonic spectra: a) class
DTC, b) proposed DTt
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Fig.11. Line-toneutral input voltage (phs-a) and its
corresponding line current: a) unfiltered currémi
filtered curren

Figll shows the input li-to-neutral voltage
and its corresponding line current. As can




seen in Fig.11 (a), the unfiltered inpline
current is in phase with its corresponding in
phase voltage. Thus, close to unity input po
factor is obtained in this presented method.
filtered input current and its correspond
voltage are illustrated in Fig.11 (

In the next step, theproposed driv
performance is tested at low speeds. The |
speed is considered to be 200 (r/min) and
load torque is 15 (N.m). As can be seer
Fig.12, electromagnetic torque follows
reference very well. Fig.13 shows the st:
current. As wellas stator current at high spee
sinusoidal stator current is achieved at the s
of 200 r/min.

In the noload condition and the rotor speec
1200 r/min, stator current in classical DTC
proposed DTC is shown in Fig.14 (a) and Fic
(b), respectively. As it is seen, the conten
third harmonic current is very high in classi
DTC. It has bee mentioned that the outp
torque of fivephase PMSM is only related to t
components ofd —q vector plane. Therefor

increasing or decreasing the load torque
hence output electromagnetic torque doe

influence on the compontnof z, —z,vector

plane. As a consequence, the magnitude of
harmonic current is constant in classical DT(
is seen in this figure that, the magnitude of st
current at ndead condition is 3 (A) in classic
DTC and 0.3 (A)n proposed DTC

5 4

Fig.12. Electromagnetic torque waveform at the rc
speed of 200 r/m
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F|g.13. Stator current waveform at the rotor spee
200 r/min
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Fig.14. Stator current (pha-a) at 1200 r/min: a)
classical DTC, b) proposed D

5.2. Dynamic Behavior

The dynamic behavior of the proposed driv
tested applying a step change load to the n
at the rotor speed of 1000 r/min. Referring
Fig.14 it is seen that due to use of combina
of large and medium vectors, the torque rips
clearly reduced in comparison with class
DTC. Also it is seen that electromagnetic tor
follows its reference as well as classic DTC. "
input phase voltage and its corresponding
current are shown in Fig.15 (a) to Fig.15 (d)s
seen thatfrom t=0.4 s to t=0.5 s, the input ph:
voltage and line current are in phase. Fr
t=0.5 s to t=0.8 s, the input phase voltage &
corresponding line current are in the oppc
phase due to regenerative mode of m
operation in this period oifnbe. After t=0.8 s, th
input phase voltage and input line curr
become in phase.

i T ; 1 T
20 | 1
15 = H A
“’F ; 1
£ i 1
< o g
P
& s . 1

B i I i
0 01 02 03 04 05 06 07 08 09 1

Te (N.m)
o038
| T

i i i I h L
0.1 02 03 04 05 06 07 08 0.9



Fig.15. Electromagnetic torque waveform, a) class
DTC, b) Proposed DT
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Fig.16. Line-to-neutral input voltage (pha-a) and its
corresponding line current, a) unfiltered currenti
t=0.4 s to t=0.6 s, b) filtered current from t=8.%
t=0.6 s, c) unfiltered current from t=0.7 s to &8,
d) filtered current from t=0.7 stot=9 s

6. Conclusion

A new hysteresidased direct torque contt
of matrix converter-def fivgghase PMSM he
been presented in paper. Using a new switc
table, the problem of large harmonic current:
these drives has been eliminated. All of
outputvoltage vectors of a thr-phase to five-
phase matrix converter have been extracted.
to higher number of output voltage vectors
comparison with conventional VSIs, moreo
the control of electromagnetic torque and st
flux, unity input power fadr has been achieve
Simulation results verified the feasibility
proposed drive.

Appendix

The three Tables (A.1, A.2 and A.3), h:
been shown at the end of the paper :
references.
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Table A.1. Switching States for 3-phase to 5-ptmaatix converter (large vectors d —( and small vectors iZ1 —-Z )

State a b c d e r\/od —q‘ ag - Nozl_zz 0’;1_22
1 A A A B B 0.647|VAB| 72° 0.247|VAB| 36°
2 A A A C C 0.647|VAC| 72° 0.247|VAC| 36°
3 A A B B A 0.647|VAB| 0° 0.247|VBA| 0°
4 A A B B B 0.647|VAB| 36° 0.247|VAB| 72
5 A A Cc C A 0.647|VAC| 0° 0.247|VCA| 0°
6 A A C c c 0.647|VAC| 36° 0.247|VAC| 72
7 A B B A A 0.647|VAB| 22° 0.247|VAB| 36
8 A B B B A 0.647|VAB| 36° 0.247|VAB| 79°
9 A C Cc A A 0.647|VAC| 72° 0.247|VAC| .36
10 A C C c A 0.647|VAC| 36° 0.247|VAC| 72°
11 B B B A A 0.647|VBA| 72° 0.247|VBA| 36°
12 B B B C C 0.647|VBC| 72° 0.247|VBC| 36°
13 B B A A B 0.647|VBA| 0° 0.247|VAB| 0°
14 B B A A A 0.647|VBA| 36° 0.247|VBA| 72
15 B B C C B 0.647|VBC| 0° 0.247|VCB| 0°
16 B B C C C 0.647|VBC| 36° 0.247|VBC| 72
17 B A A B B 0.647|VBA| 22° 0.247|VBA| 36
18 B A A A B 0.647|VBA| 36° 0.247|VBA| 79°
19 B C @ B B 0.647|VBC| 22° 0.247|VBC| 36
20 B C @ @ B 0.647|VBC| 36° 0.247|VBC| 72°
21 C o c B B 0.647|VCB| 72° 0.247|VCB| 36°
22 c cC c A A 0.647|VCA| 72° 0.247|VCA| 36°

23 c cC B B C 0.647|VCB| 0° 0.247|VBC| 0°
24 C Cc B B B 0.647|VCB| 36° 0.247|VCB| 72
25 C c A A C 0.647|VCA| 0° 0.247|VAC| 0°
26 cC Cc A A A 0.647|VCA| 36° 0.247|VCA| 72
27 C B B C C 0.647|VCB| 72° 0.247|VCB| .36
28 C B B B Cc 0.647|VCB| 36° 0.247|VCB| 79°
29 cC A A c cC 0.647|VCA| 22° 0.247|VCA| 36
30 C A A A C 0.647|VCA| 36° 0.247|VCA| 79°




Table A.2. Switching States for 3-phase to 5-plmaatix converter (medium vectors d —( and medium vectors ﬁl —-Z 5)

State a b c d e r\/od -q‘ ag - r\/ozl_Zz 0’;1_22
31 A A A A B 0.4|VBA| 72 0.4|VAB| 36°
32 A A A A C 0.4|VCA| 72 0.4|VAC| 36°
33 A A A B A 0.4|VAB| 36° 0.4|VBA| 72°
34 A A A C A 0.4|VAC]| 36° 0.4|VCA| 72°
35 A A B A A 0.4|VAB| 36 0.4|VBA| 72°
36 A A C A A 0.4|VAC| 36 0.4|VCA| 72°
37 A B A A A 0.4|VBA| 79° 0.4|VAB| 36°
38 A B B B B 0.4|VAB| 0° 0.4|VAB| 0°
39 A C A A A 0.4|VCA| 72° 0.4|VAC| 36°
40 A C c C C 0.4|VAC]| 0° 0.4|VAC| 0°
41 B B B B A 0.4|VAB| 72 0.4|VBA| 36°
42 B B B B C 0.4|VCB| 72 0.4|VBC| 36°
43 B B B A B 0.4|VBA| 36° 0.4|VAB| 72°
44 B B B cC B 0.4|VBC| 36° 0.4|VCB| 72°
45 B B A B B 0.4|VBA| 36 0.4|VAB| 72°
46 B B C B B 0.4|VBC| .36 0.4|VCB| 79°
47 B A B B B 0.4|VAB| 79° 0.4|VBA| 36°
48 B A A A A 0.4|VBA| 0° 0.4|VBA| 0°
49 B C B B B 0.4|VCB| 79° 0.4|VBC| 36°
50 B C C c C 0.4|VBC| 0° 0.4|VBC| 0°
51 c Cc cC cC B 0.4]VBC]| 72 0.4|VCB| 36°
52 cC Cc ¢cC cC A 0.4|VAC| 72 0.4|VCA| 36°
53 c C ¢ B C 0.4|VCB| 36° 0.4|VBC| 72°
54 cC CcC Cc A C 0.4|VCA| 36° 0.4|VAC| 72°
55 cC C B € ¢C 0.4|VCB| 36 0.4|VBC| 72°
56 c C A cC C 0.4|VCA| .36 0.4|VAC| 79°
57 cC B C C ¢ 0.4|VBC| 72° 0.4|VCB| 36°
58 C B B B B 0.4|VCB| 0° 0.4|VCB| 0°
59 cC A C C C 0.4|VAC]| 79° 0.4|VCA| 36°
60 cC A A A A 0.4|VCA| 0° 0.4|VCA| 0°

Table A.3. Switching States for 3-phase to 5-plmaatix converter (small vectors (6] —( and large vectors iZ1 —-Z 2)

State a b c d e r\/od —q‘ ag — r\/ozl_Zz 0’;1_22
61 A A B A B 0.247|VAB| 36° 0.647|VAB| 72°
62 A A cC A C 0.247|VAC| 36° 0.647|VAC| 72°
63 A B A A B 0.247|VBA| 0° 0.647|VAB| 0°
64 A B A B B 0.247|VAB| 72° 0.647|VAB| 36°
65 A B A B A 0.247|VAB| 36 0.647|VAB| 72°
66 A B B A B 0.247|VAB| 72 0.647|VAB| 36°
67 A C A A C 0.247|VCA| 0° 0.647|VAC| 0°
68 A C A C A 0.247|VAC| 36 0.647|VAC| 72°
69 A C A C ¢C 0.247|VAC| 72° 0.647|VAC| 36°
70 A C C A C 0.247|VAC| 72 0.647|VAC| 36°
71 B B A B A 0.247|VBA| 36° 0.647|VBA| 72°
72 B B C B c 0.247|VBC| 36° 0.647|VBC]| 72°
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0.247|VAB|
0.247|VBA|
0.247|VBA|
0.247|VBA|
0.247|VCB|
0.247|VBC|
0.247|VBC|
0.247|VBC|
0.247|VCB|
0.247|VCA|
0.247|VBC]|
0.247|VCB|
0.247|VCB|
0.247|VCB|
0.247|VAC]|
0.247|VCA|
0.247|VCA|
0.247|VCA|

0.647|VBA|
0.647|VBA|
0.647|VBA|
0.647|VBA|
0.647|VBC|
0.647|VBC]|
0.647|VBC|
0.647|VBC|
0.647|VCB]
0.647|VCA|
0.647|VCB|
0.647|VCB]
0.647|VCB]
0.647|VCB|
0.647|VCA|
0.647|VCA|
0.647|VCA|
0.647|VCA|




