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ABSTRACT. Six-phase induction motor “IM” has advantages over three phase“3-@”IM like lower harmonics, lower losses, improved
reliability, higher torque per ampere, and higher power rating drive. However the control of such motors is more complex than that of the 3-
¢@omotors. The principles of direct torque control “DTC”, which is a well-known control method for 3-pomotors, can be utilized to
overcome this complexity. This paper introduces the application of the DTC principles to 6-poolMs drives. The whole 6-@olIM drive
system is modeled and simulated in the stationary reference frame. However, it is noted from circuit analysis and Matlab simulations thatthe
use of the conventional 6-@oinverter gives poor performance drive. This is due to the fact that with the conventional inverter only six
switching states can give balanced output voltages instead of 64 switching states. This results in lower capability of control, less utilization of
the DC supply, and more harmonic distortion as well. However to avoid this demerits, the authors have inferred that the use of a dual 3-¢
inverter is the solution to be adapted. Simulation results of a DTC 6-¢ulM drive show improved performance compared with the
performance of the field orientation trials in the literature.

KEYWORDS: Six-phase “6-¢o”, induction motor “IM”, direct torque control “DTC”, voltage source inverter “VSI”.

LIST OF SYMBOLS AND ABBREVIATIONS

A-B-C-D-E-F The six phases notations

d-q Direct-quadrature frame (stator frame)

d-Q-21-2,-01-0, The six phases notations after transformation to stationary frame

C,C Constants
C() Abbreviation of cosine
g, lgs The stator current components in the stator reference frame
ar, lgr The rotor current components in the stator reference frame
1] The identity matrix
Lm Maximum value of the mutual inductance bet. rotor and stator
Ly, Ls Rotor and stator inductances referred to stator
Lir, Lis Rotor and stator leakage inductances referred to stator
[Les] The stator self-inductance matrix
[Lr] The rotor self-inductance matrix referred to stator
[Lsr] The stator-rotor mutual-inductance matrix referred to stator
N The sector number
P Differentiation w.r.t time
P Number of poles
Rs, R Stator and rotor resistances referred to stator
Sa, Se, Sc, So, Sk, Sk 6-¢ Inverter switching logic functions
T Motor developed torque
T The reference torque
T Time
T, Rated motor torque
[T] The six phase transformation matrix to stationary frame
[TF] The six phase transformation matrix to a rotating frame
dc Inverter DC supply voltage
Van, Vbn, Ven The stator phase voltages

VAs; VBs; VCs; VDs; VEs; VFS
VAN, VBNy VCNy VDNy VENy VFN
(x)*

0

AT

AL

}\4*

Agha

The six inverter phase voltages w.r.t the load neutral point
The six inverter phase voltages w.r.t the DC supply ground
The motor reference speed

The rotor angular position w.r.t. the d-axis

Torque error

Flux error

The stator flux vector in the stator frame

The stator flux components in the stator reference frame
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1. Introduction

It is generally known that balanced poly-phase voltages applied to a corresponding balanced winding result in a
rotating magnetic field. In an ideal machine having a sinusoidal distribution of the air gap flux of a given peak
density, the operating c/c's would be identical for any number of phases greater than one. Very early IM's had
two phases, but the 3-¢ version very soon replaced these. Three-phase version eliminated 3’ harmonic problems
and resulted in a motor which was generally better. Increasing the number of phases beyond three has
advantages, which might be worth considering for certain applications [1]. Key advantages of multiphase IM
drive systems over conventional 3-¢ systems are summarized as follows:

1. Reduction of the required inverter phase current permits the use of a single power device for each
inverter switch instead of a group of devices connected in parallel. Problems of static and dynamic current
sharing among parallel devices, such as bipolar transistors, are thereby eliminated in large drive systems [2].

2. The sixth harmonic pulsating torques, associated with the conventional 3-¢ IM drives that fed from
six-step VSI, is eliminated bythe appropriate choice of a multiphase motor winding configuration [2].

3. Rotor harmonic losses are reduced compared with the level produced in 3-¢ systems [2].

4. The total system reliability is improved by providing continued system operation with degraded
performance following loss of excitation to one of the machine stator phases [2].

5. The torque per ampere for the same-size machine is increased [3].

6. A high power rating drive can be obtained with standard inverter power modules due to the use of
more modules of lower rating [4].

The high phase order drive is likely to remain limited to specialized applications, where high reliability is
demanded such as electric/hybrid vehicles, aerospace applications, ship propulsion, and high power drive
applications.

However, when a multiphase system is implemented with the conventional voltage source inverter,
large harmonic currents have been observed [2], [5], [6], and [7]. This is due to misunderstanding of the inverter
modes. Attempts have been made to improve the six phase drive performance by introducing alternative

modulation schemes [8-10]. The conventional topology of the 6-¢ inverter essentially gives low performance
drive and poor utilization of the DC supply. A new topology for the 6-¢ inverter will be introduced in the

present paper to improve the system performance.
Field orientation control strategy has been applied to multiphase IM [3, 5& 11]. In this paper, the

concept of DTC is applied to 6-¢ 1M, as there is no previous attempt in the literature.

2. Machine Model
In a 6-¢p IM, the six-stator phases are distributed with a spacing of 60°. The following normal

assumptions have been made in deriving the 6-¢ IM model:
1. Machine windings are of sinusoidal distribution.
2. Saturation is neglected.
3. Mutual leakage inductances are neglected.
Under these assumptions the voltage equations of the machine, in the original six dimensional space,
can be derived.

2.1 Machine Model in the Original Six Dimensional Space
The machine stator and rotor voltage equations can be written as:

Vol=[R]-01]+ p- (L] ]+ [Le )11 D @)
Vel=[Re]-[VeJ+p- ([lee - [ e J+ [ I 16 D) @

Where, in these equations, the voltage and current vectors are defined as:
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The resistance and inductance matrices in Eq.(1) and Eq.(2) are given in Appendix I.
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2.2 Transformation of the Voltage Equations to a New Reference Frame

Modeling and control of 6-¢p machine can be simplified with a proper transformation to a six
dimensional frame of reference [5]. The transformation matrix used will be represented by six vectors and
referred to as the space “d-Q-21-2,-01-02” [12].

1 1 1 1 1 1
Uv2 N2 N2 V2 J2 V2
The actual machine phases will be referred to as “A-B-C-D-E-F”. The transformation transforms the
original vector space to a new vector space having the following properties:

e Machine variable components that produce air gap flux are transformed to the d-q subspace. The d-q
subspace, commonly referred to as the d-q plane, is electromechanical energy conversion related.

e Those components of machine variables, which will not produce air gap penetrating flux, will be
mapped to the subspace z1-z,-01-0, by Eq.(4). These components can be classified as a hew type of zero sequence
subspace [11].

Applying transformation given by Eqn.(4) to Eqn.(1) and Eqn.(2) yields

1 5 -5 -1 -5 5
] d
-0 if i‘f 0 l/é lET

0 ) 2 2 2 2 (4)
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Where 0 is the rotor angular position.
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As expected it is observed immediately from the above equations that all the electromechanical energy
conversion related variable components are mapped into the d-q plane, and the non-electromechanical energy
conversion related variable components are transformed to the z;-z; and 01-0, planes. Hence, the dynamic
equations of the machine are totally decoupled. As a result the analysis and control of the machine can be greatly
simplified. In the analysis just completed, d-q reference frames were, in effect, separately attached to the stator
and rotor, rotating at zero and rotor angular speed, respectively. To express the stator and rotor equations in the
same reference frame and thus eliminate the sine and the cosine terms in the above equations, the following
relation transformation, which transforms the rotor variables to the stationary reference frame, is appropriate:

rcos(®) —sin(®) 0 0 0 0 O
sin(0) cos(0) 0 0 0 0o 5
[]'5]=D 0 0 0 0 0 0 ‘i‘ @)
0 0 0 0 0 0
R 0 0 0 0 o U
0o 0 0 0 0 0

With this relation transformation applied to Eq.(5) and Eq.(6), the following stator and rotor combined
d-q plane stationary reference frame equation results:

Vas[|  ORs+Lsp 0 Mp oM 1} fs
0, | 0 R+Lp oM Mp i
as| | || s s 3.0%7 ©)
L0 Mp oM R+ L,p ol i 3
0 | —oM Mp —ol  Re+Lpo o
Where:  p=+<,L =L +3L,L=L+3L,M=3L
dt s Is mor Ir m m
The electromagnetic torque is given by:
T= % L (iqsidr - iqrids) )

3. Inverter Model and Space Vectors

A 6-¢ voltage source inverter is shown in Fig.(1). This inverter operates with the same main rules as the
3-¢ inverter (i.e. the two switches, or transistors, of any leg are always in opposite operation), and there are
always six switches in conduction. The inputs to the inverter, as a control system building block, are the
switching functions of the inverter switches (Sa, Sg, Sc, Sb, Se, Sk). These functions are logic functions, equal ‘1’
when the phase terminal is connected to the positive of the DC side, and equal ‘0’ when the phase terminal is
connected to the negative of the DC side. However, the outputs are the motor phase voltages (Vas, Vss, Vcs, Vs, VEs,

* P

Vg B | E | E

n

Fig. (1). Six-phase inverter circuit.
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The model can be derived as follows. The inverter phase voltages (vVan, Van, Vcn, Von, Ven, Ven), W.T.t the
DC supply ground, can be derived from the switching states using:
(VAN !VBN YVCNVDN YVEN ’VFN ) :Vdc(SA’ SB ’ SC ’ SD ’SE ’ SF ) (10)
Then the motor phase voltages are derived from the inverter phase voltages by applying Kirchhoff laws
to the inverter-motor circuit:

Vas — VBs = Van — VBN
Vas = Ves = Van — Ven
Vas ~ Vps = Van ~ VDN (11)

Vas = VEs = Van — VEN
Vas = VEs = Van — VEN
Vas+ Ves+ Ves + Vps + VEs + VEs = 0
Solving these equations then using (10)we get the input output relation for the nverter:

[ Vas N5 -1-1-1 -1 =17Sa (]
010 O OO
Vg -1 5 -1-1-1 -158g
Ve |y -1-1 5 -1 -1 1S, (12)

1 0 oo 0o
Voo S -1 -1 -1 5 -1 -198op

v 14 -1 -1 5 1§
Vs 0 oo E

Vs | -1 -1 -1 -1-1 58]
The 6-¢ voltage source inverter has a total of 64 switching states, shown in Table (1).
Table (1). The 6-¢ single inverter switching states

Sk Se Sp Sc Sg Sa Sk S Sp Sc Sg Sa
Vo 0 0 0 0 0 0 Vs, 1 0 0 0 0 0
Vi 0 0 0 0 0 1 Va3 1 0 0 0 0 1
V, 0 0 0 0 1 0 Vau 1 0 0 0 1 0
V3 0 0 0 0 1 1 Vs 1 0 0 0 1 1
V, 0 0 0 1 0 0 Vs 1 0 0 1 0 0
Vs 0 0 0 1 0 1 Va7 1 0 0 1 0 1
Ve 0 0 0 1 1 0 Vg 1 0 0 1 1 0
\' 0 0 0 1 1 1 V39 1 0 0 1 1 1
Vg 0 0 1 0 0 0 Vo 1 0 0 0 0 0
Vy 0 0 1 0 0 1 Va 1 0 1 0 0 1
V1o 0 0 1 0 1 0 Va2 1 0 1 0 1 0
Vi 0 0 1 0 1 1 Vi3 1 0 1 0 1 1
Vi, 0 0 1 1 0 0 Vs 1 0 1 1 0 0
Vi3 0 0 1 1 0 1 Vs 1 0 1 1 0 1
Vi 0 0 1 1 1 0 Ve 1 0 1 1 1 0
Vis 0 0 1 1 1 1 V47 1 0 1 1 1 1
Ve 0 1 0 0 0 0 Vg 1 1 0 0 0 0
V17 0 1 0 0 0 1 Vo 1 1 0 0 0 1
Vg 0 1 0 0 1 0 Vso 1 1 0 0 1 0
V1o 0 1 0 0 1 1 Vs 1 1 0 0 1 1
V2o 0 1 0 1 0 0 Vs, 1 1 0 1 0 0
\V/% 0 1 0 1 0 1 Vs3 1 1 0 1 0 1
Vs 0 1 0 1 1 0 Vs, 1 1 0 1 1 0
V3 0 1 0 1 1 1 Vss 1 1 0 1 1 1
Vo 0 1 1 0 0 0 Vs 1 1 1 0 0 0
Vs 0 1 1 0 0 1 Vs 1 1 1 0 0 1
Ve 0 1 1 0 1 0 Vsg 1 1 1 0 1 0
Var 0 1 1 0 1 1 Vsg 1 1 1 0 1 1
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Continued table (1)

Sf Se Sd Sc Sh Sa Sf Se Sd Sc Sh Sa
Vg 0 1 1 1 0 0 Veo 1 1 1 1 0 0
Va9 0 1 1 1 0 1 V1 1 1 1 1 0 1
V3o 0 1 1 1 1 0 V2 1 1 1 1 1 0
Vi 0 1 1 1 1 1 Vs 1 1 1 1 1 1

By using the transformation matrix of Eq.(4), the inverter phase voltages can be represented in the
stationary reference frame as:
N 1 5 -5 -1 -5 5
QY\?‘?T ? 0 3 3 0 3 -3 D*iﬁm
2

2 -z 2 5
ast] 0 L U
Vgl oy 01 =5 - -5 -5058. O
*Vzlsiz\_/m;f 1 T/g %5 1 3 %@C L (13)
sl 2, 0 - o -0 %o
Vos - 5 O S s R _lef{s 1]
P A
sl 00 0 0 0 0

The 6-(¢ voltage source inverter has a total of 64 switching states. There are ten zero voltage states and
54 active voltage states. It must be noted that these numbers depend on the transformation matrix used. The
active space voltage vectors can be represented in the d-g plane as shown in Fig. (2). It seems that the control
flexibility will be better with this large number of states. To operate the inverter using these states, the authors
have carried out many trials; however, all the trials lead to a highly distorted inverter output. To discover the
core of this problem, let us investigate the circuits of Fig. (3). These five circuits are the only possible circuits of
the inverter with the load at any switching state, except the zero states. Therefore, the motor phase voltages can
take discrete values £1/2Vqc, for Fig. (3-a), (x1/6Vqc, £5/6Vy), for Fig. (3-b) & Fig. (3-c), and (£1/3Vqc, £2/3Vqe),
for Fig. (3-d) & Fig. (3-e). This means that with any inverter switching state the inverter circuit can take one of
these five circuits. For the inverter output voltage to be balanced, 60° must shift the six phase voltages.
Consequently, three phases are in antiphase with the remaining three. Therefore, with balanced voltages, the
instantaneous phase voltages (Vas, Vss, Vcs) should equal the negative of (vps, Ves, Ves), respectively. However, for

the 6-¢ inverter to operate in balanced mode, the only possible switching states are those corresponding to the
circuit of Fig. (3-a). Hence, the voltage vectors that can be used for balanced 6-¢ are (V7, V14, Vas, Vs, Vag, Vas),
i.e. the motor phase voltage will be +£1/2Vq. Therefore, the phase voltages will contain large harmonics and the

benefits of the 6-¢ system will be lost. An improved performance can be obtained with the aid of dual 3-¢

inverters, as shown in Fig. (3-f).
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Fig. (2). Six-phase inverter states.
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I R
ﬁ | f(xl vSI

Fig. (3). (a-e) The 6-¢Oinverter-motor possible circuits,(f) the dual inverter fed 6-OIM.

The simulated six-step operation of Fig. (4) indicates that for balanced motor operation, the inverter

states must take the same previous states (V7, V14, Vas, Vs, Vag, V3s).

However, to achieve these voltage states, there must be synchronization between the two inverters
signals. For instance, to get V7 we must send a control signal to the inverters as (000111) to the legs (F-E-D-C-
B-A). This means that the 1% inverter (A-C-E) must receive a control signal (110), while the 2" (B-D-F) must

receive a control signal (100).
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Fig. (4). The six-step operation of the 6-¢Cinverter.
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4. Direct Torque Control of 6-¢ IM DRIVE
As the 6-¢ IM model in the stationary reference frame is similar to the 3-¢ one, then the principles of

DTC that are essentially prepared for 3-¢ IM, [13—15], can be applied to 6-¢ IM. By controlling the relative
motion between the stator flux and rotor flux vectors the torque can be controlled. In voltage source inverters
(VSI’s) that are convenient for DTC drives, the stator flux is a state variable that can be adjusted by the stator
voltage and the motion of the stator flux is fully controlled by the proper selection of the stator voltage vector.
The aim of DTC is to control both the flux and the torque so as to be in hysteresis band as shown in Fig. (6). For
this the motion of the stator flux vector is adjusted by selecting the appropriate voltage vector. The voltage
vector is selected according to the following rules:

1. Selecting an active voltage vector will move the stator flux vector, i.e. increase or decrease the flux
and the torque.

2. Selecting a zero voltage vector will stop the flux vector motion, the magnitude will not change, and
will decrease the torque.

3. The d-q plane, where the stator flux vector lies, is divided into six regions or sectors [13] as shown in
Fig. (5). In each sector the next two adjacent voltage vectors can be selected to increase the torque and increase
or decrease the flux respectively. For instance, in sector “1”, either vector V7 or V14 can be selected to increase
the torque. However, V7 will increase the stator flux magnitude but V14 will decrease the stator flux magnitude.

a

Flux Trajectory

T U Vg Vas
)  (100)
T+ AT
T /7 7 7
T
v A\
% (101)
t

Fig. (5). Typical torque and flux (trajectory) responses with DTC.
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Fig. (6). Block diagram of a 6-¢ IM drive controlled with DTC.
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Hence, the proper voltage vector, that affects both the flux and torque in a certain sector, is known and
the results can be summarized in Table (2).
Table (2). Voltage vector selection with DTC.

AL AT N
1 2 3 4 5 6
AL =1 AT=1 \ Vi Vag Vss Vg Vss
AT=0 Ves Vo Ves Vo Ves Vo
AL =0 AT=1 Vi Vg Vss Vg Vs \;
AT=0 Vo Ve3 Vo Vs Vo Vs

The basic block diagram of DTC system for a voltage source PWM inverter-fed IM drive is shown in
Fig.(6). In this system the current and voltage vectors of the stator are measured then the real electric torque and
the stator flux vector is estimated through simple estimators. The zone detector detects the sector “N=1....6” of
the flux vector from its angle. The estimated torque is compared with the reference torque, which is the output of
the speed controller, and the estimated flux is compared with the reference flux. The flux and torque controllers
are hysteresis controllers which produce digitized output signals ““1’ to increase and ‘0’ to decrease”.

These signals with the stator flux position signal and the sector number form the digital address to the
EPROM that stores the switching Table (1). The output of the EPROM is the switching states of the inverter that
form directly the control signals of the drive circuit of the inverter transistors.

5. Simulation Results
A speed control system is simulated using Matlab with a motor that has the parameters given in Table (3)
[5]. A five horsepower, four poles IM with thirty-six stator slots was rewound to form a six pole, six phase IM.

Table (3). Motor parameters

N 1150rpm R: 710 I 05331H

Vo A5V Re 1290 J “05N.m.sec?

F 60Hz L .0489H e 0.82Wh
L, .05331H T 8N.m

The torque and flux step response are shown in Fig. (7). It is noted that both torque and flux are within
the hysteresis bands at steady state. The motor phase currents and voltages are balanced; the phase voltage and
current is shown in Fig. (8). The stator flux locus, shown in Fig. (9), nearly resembles a circle. The current

spectrum of the 6-pomotor and that of a 3-pomotor of the same rating; at full load; are shown in Fig. (10).
It is noted from the figure that there is a third harmonic component with 6- drive, this is a built in
disadvantage of the 6-¢p IM [1]. However, the total harmonic distortion of the 6-pdrive is less than that of the 3-

( drive. The high order current harmonics appeared in the 6-¢ spectrum has no effect on the motor torque as it
is absorbed by the motor inertia.

7[7 — = 0.9 [
' 0.8 |
g9 0.7 ;
2 - | i B b ben
| £ |7 ' |
S 4 r . z 0.5 i~
2 a4l 20.4‘, ; 7
=8 203 -t -1
2 | 02 | o
L ! ‘ O'é' ‘ IR
%y 2 3 4 s 02 46 8 1012 14 16 18
Time(mS) Time(10ms)

Fig. (7). Flux and torque step responses of 6-pCIM with DTC at starting, the step torque and flux are 75% and 100% respectively.



Magnitude(A)

IN

w

N

Direct Torque Control of Dual...

Va(volt)

1A(A)

) 0.1 0.15 0.2 0.25 0.3 0.35 04
Time(S)

Fig. (8). Phase “A” voltage and current of 6-p0IM with DTC at steady state,no load, and 195 rpm.
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Fig. (9). Stator flux locus of 6-¢ IM with DTC.
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6. Conclusion

Modeling and simulation of a 6-¢p IM drive with DTC has been examined. The salient conclusions that
emerged from the study are the following:

1. With the conventional 6-¢ inverter there are 64 possible locations for the resultant voltage vector,
however only 6 locations can be utilized to generate balanced output.
2. An improved performance over the results of the field orientation trials in the literature has been

obtained with the aid of dual 3-¢ inverters.
3. Compared to the 3- drive, the converter total harmonic distortion of the 6-¢p drive is less than that of
the 3-¢ drive.
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Appendix |
The resistance and inductance matrices in Eq.(1) and Eq.(2) are defined as follows, according to the
machine structure:
The stator and rotor resistance matrices [Rs], [R/]:
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Ry 0 O
0
0 Ry 0
00 0 R
[R]=C i
DO o O
0 0 o0
0
w0 0 O
Ry 0 O
0
0g 0
[R ]: - 0 R,
"0 0 0
‘[30 0 0
U
-0 0o O
The stator self-inductance matrix [Lss]:
1 S
U
0 S 1
o[ -5 1)
[Lss]:Lls'[|]+Lm A _5
H_ -1
nb5 -5
The rotor self-inductance matrix [Ly]:
1
L
i 5
2 o5
[er]:LIr'[I]"'(’\,l\Trs) L f—l
-5
-5

Where Ly, Lir, and Ly, are the stator leakage, rotor leakage and mutual inductances.

co&I oooo ool oo o
SO
‘l;]\

-5 -1 -5 50
5 -5 -1 -5
1 5 -5 -17
5 1 5 -5
-5 5 1 5

-1 -5 5 1

5 -5 -1 -5 5
5 -5 -1 -5
5 1 5 -5 -10
-5 5 1
1 -5 5 1 5!
-5 -1 -5 5 1

i
5 -5
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