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Abstract

This paper presents a fully digital direct torque control (DTC) scheme for a five-phase induction motor based on
a 32-bit floating-point TMS320C32 Digital Signal Processor (DSP). The similarities and differences of DTC of
the five-phase and three-phase induction motors are analyzed and investigated. In the case of the five-phase
induction motor, DTC method has unique advantages. Compared with 8 voltage vectors of the three-phase
induction motor drive system, DTC of the five-phase motor drive system has 32 space voltage vectors with
different magnitudes. The increased number of the space voltage vectors enables DTC of the five-phase
induction motor greater flexibility in selecting the inverter switching states, and achieves a better control of the
stator flux and torque. Simulation and experimental results validate the theoretical analysis, and further
demonstrate that DTC of the five-phase induction motor yields better performance than that of the three-phase

induction motor.
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1. Introduction

High phase number drives possess several advantages
over the conventional three phase drives such as: reducing
the amplitude and increasing the frequency of torque
pulsation, reducing the rotor harmonic currents, reducing
the voltage per phase, lowering the dc link current
harmonics and higher reliability. By increasing the number
of phases it is also possible to increase the torque per rms
ampere for the same volume machine [1]. When a voltage
source inverter is used to supply a motor, its stator
harmonic current amplitudes are determined not only by the
source amplitude and waveform, but also by the. motor
leakage inductances at harmonic frequencies. These
inductances are a function of the number of phases and can
be quite small so that certain harmonic currents have large
amplitudes as mentioned by Ward and Harer [2], Abbas et
al. [3], and Klingshim [4]. However, Pavithran et al. [5]
have shown that the five-phase drives operate satisfactorily
when fed from a pulse width modulation (PWM) inverter.

The high phase order drives are likely to remain limited
to specialized applications where high reliability is
demanded such as electric/hybrid vehicles, aerospace
applications, ship propulsion and high power applications
where a combination of several solid states devices form
one leg of the drive. Therefore, the requirement of n
separate drive units in a multi-phase system is not
oppressive for large drives since many of the necessary
components are presented in the contemporary designs.

Direct torque control of induction motors, which has
been developed in the recent decade, is a powerful control
method for motor drives. In principle, the DTC method is
based on instantaneous space voltage vector theory.
Through the optimal selection of space voltage vectors

during each sampling period, direct torque control provides
the effective and direct control of the stator flux and torque
instead of the current control, a more conventional
technique [6], [7]. Thus, the DTC strategy is dependent
upon the motor-inverter system, and also, the number of
space voltage vectors and the switching frequency directly
influence the performance of the DTC system.

It is well known that DTC for the three-phase induction
motor drives has eight space voltage vectors, six non-zero
active space voltage vectors and two zero space voltage
vectors. In order to maintain the stator flux and torque
within the limit of two hysteresis bands, DTC of the three-
phase motor selects one of the six non-zero space voltage
vectors and two zero space voltage vectors during each
sampling period. The limited eight space voltage vectors
available in DTC of the three-phase induction motor drive
system determine the presence of ripple in the stator
currents and torque. Several papers [8]-[10] put forward the
improvement of the stator currents and torque performance
by adopting the double three-phase inverters. These
techniques not only require complicated control strategies,
but also the employed space vectors [11} are far less than
the ideal total number of inverter switch combinations

(26 =64) because several of the switching combinations

overlap. In [12], a PWM strategy for direct. self-control of
the inverter-fed induction motors by introducing 12 sectors
into the stator flux o — f§ trajectory plane and avoiding the
use of zero voltage vectors was developed. Although this
kind of method offers the reduction of lower order
harmonics of the inverter input and output currents, the
total harmonic current ripple and the switching frequency
are increased. Generally, the objective of these schemes is

T.1EE Japan, Vol. 121-D, No. 12, 2001



DSP-Based Direct Torque Control (DTC) of Five Phase Induction Motors

to generate more space voltage vectors than those used in
the basic DTC control scheme.

In comparison with the three-phase induction motor
drives, the five-phase motor drives are supplied with a five-
phase voltage source inverter (VSI). In this case, there are
two zero voltage states associated with either all of the five
upper switches "on" or all of five bottom switches "on".
Additionally, there are thirty non-zero modes of the
switching. The total number of the five-phase inverter

switch combinations is 2° =32, and thus there are 32
corresponding space voltage vectors. In particular, the 32
space voltage vectors are composed of three sets of the
different amplitude vectors, and divide the switching plane
into 10 sectors as shown in Fig.1. The ratio of the

amplitudes of the voltage vectors is 1:1.618:1.618% from
the smallest to the largest vector amplitude, respectively
[13]-[16]. ‘

‘Therefore, the five-phase induction motor drives have
many more space voltage vectors than the three-phase
induction motor drives. The increased number of vectors
allows the generation of a more elaborate switching vector
table in which the selection of the voltage vectors is made
based on the real-time values of the stator flux and torque
variations. Moreover, the different amplitudes of the space
voltage vectors provide increased flexibility in minimizing
the ripple of the stator flux and torque.

In this paper, the proposed DTC scheme is implemented
using a 32-bit floating-point TMS320C32 DSP. Operating
from a 50 MHz clock, a performance of 25 MIPS, and a
peak floating-point performance of 50 MFLOPS executes
DTC algorithm with high processing speed.and precision.
Experimental results for DTC of the five-phase and three-
phase induction motor are consistent with the theoretical
analysis and simulation results. Significant improvement is
achieved in the stator flux and torque of the five-phase
induction motor versus the three-phase induction motor.

-,
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Fig.1 Space voltage vectors of five-phase induction motor.

2. Direct Torque Control Principle of the

Five-Phase Induction Motor ,

A four-pole five-phase induction motor is used for the
analysis and test of the developed DTC system. The
winding axes of the five stator windings are displaced by
27/5rad. In order to simplify the analysis, all the stray
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elements are neglected. The five-phase induction motor is
assumed ideal and the iron saturation is also neglected. The
basic equations of the five-phase induction motor are
expressed in instantaneous vector forms [1], [13]. The
voltages V. and currents [ for the five-phase induction

motor are represented as follows:
.27 Ar
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wherev,,v,,v.,v,,v,are the instantaneous values of the

the

values of the phase currents. The stationary transformation
matrix T is given by:

phase voltages; andi,,iy,i.,i,,i,are instantaneous
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Using the five-phase transformation developed in [13] -
[15], the dynamic behavior of the five-phase induction
motor is described by the following equations written in
terms of the space voltage vectors in the stationary
reference frame.

Stator and rotor voltages:

dA,
Ve =R, 1, +7; 3)
di
0=R. I, +—F-w,JA, ¢
dt
0 -1
where J = .
)
Stator and rotor flux linkages:
As=L I +L,1, )
A)‘ = LI"IS + LI‘[P‘ (6)
5
Ly =2 Ly + Lo )
5
L, :ELm, + Ly, ®
5
L, :EL,,” ®

The electromagnpetic torque and mechanical motion
equation are expressed by:

5P SP
dw
T,-T,=J, dtr an

According to (3), the stator flux /15 can be obtained
from:

As = [oVs = I;R))ar (12)

Since the stator resistance R is relatively small, the

voltage drop I R  might be neglected. The equation above

in the discrete time form can be presented as:
l‘(n) = j's(n—]) TV 5T

A

(13)



where T is the sampling period.

From (12) and (13), it is clear that the stator flux
directly depends on the space voltage vector V, and the
sampling period T . Therefore, by properly selecting the
thirty-two voltage vectors, V,, it is possible to control the
stator flux, A , and make the stator flux, A move along a
predetermined path.

Furthermore, the relationship between the torque of the
five-phase induction motor and the space voltage vectors,

V., is analyzed. From (3) to (9), the following expressions
can be derived as in [16]:

dA
T, dtr =(Pw,T,J -DA, +L,1 (14)
L .
L—rﬂ.s =A, + Lyl (15)
72
where T, =—=%; L, =M.
R, L,
Finally, the torque can be expressed as following:
dT, ‘
LUT::P(lr xV,) =R, T, —P*w,(A,-2,)  (16)
R,L, +R,L
where R, =—sr TRk
‘ L,

In (16), since the stator and rotor flux linkages ﬂs s A
and the motor speed @, cannot change instantly, only the
voltage V, can be varied with every sampling interval.

. According to (5) and (6), the relationship between A,
and A, can be obtained as following:

Lr

A=A+ L1, (17)

Since L, is very small, if |7 | is limited, the difference
between As and A, is relatively small, i.e., /'ls = /1.,.

Hence, (16) can be written as:
dr,
—&= P XV,) = Ry T, ~P’w, (A, 1)  (18)
From (18), if holding the stator flux A constant, the

Ly

proper selection of the space voltage vectors V. can
increase or decrease the torque quickly.

Above all, by employing the different space voltage
vectors, V, , both the stator flux and torque of the five-phase

induction motor can be controlled simultaneously.

3. Direct Torque Control Scheme for Five

Phase Induction Motor Drives

As described previously, the objective of DTC of the
five-phase induction motor is to maintain the stator flux and
torque within the limits of the flux and torque hysteresis
‘bands by proper selection of the 32 stator space voltage
vectors during each sampling period. The voltage vectors
are selected according to the errors of the stator flux and

torque (AA=A"-1, and AT=T -T,). Table 1
summarizes the combined effects of each voltage vector on

both the stator flux and torque, assuming the initial stator
flux is located in the first sector.

The 32 space voltage vectors are divided into three
groups according to their amplitudes. The larger the voltage
vector amplitude, the higher its influence is on the flux
A and torque 7,. This is illustrated in Table 1 with the

number of arrows. Three arrows upward (TTT) or
downward  (Li1)
minimization of the flux A and torque 7, when these

represent the maximization or

voltage vectors are applied. The arrow (TL) indicates that
the flux stays nearly constant. The hysteresis bandwidths of
the flux and torque related to the three sets of the space
voltage vectors are defined by the three different values,
5%, 10% and 15% of the errors of the flux A4 and torque
AT .

When AAand AT are within the same band, a single
non-zero voltage vector can be selected to satisfy the flux
and torque requirements simultaneously. In the proposed
DTC schemes, the torque is given priority to have a precise
and an effective control. With the combination of the
selected voltage vector, V, (k=1...30), and zero voltage

vectors V,, Vi, , the torque error AT after one sampling
period should be controlled to zero. Obviously, the key is to
determine the duration time, 7}, of non-zero voltage vector,
V., over the sampling period, T, and that of zero voltage
vectors in the remaining time of T, —7;. Zero vectors are

selected based on minimizing the average switching
frequency.
‘According to (16), T} can be obtained as:

L
LoAT +(R,,T, + p*o, L—’|,1s[2):rs
m

h= Z 19)
”L,; (As XVy)
v 2
where, AT = p(A, XVi) = 2R, T, — p @, A - 4,
k] LO. .

In this case, the flux error can be controlled to be very
small because of the insertion of zero voltage vectors V,,
or Vs . ‘

On the other hand, if AA and AT were located in
different bands, the two non-zero voltage vectors with
different amplitudes should be chosen. The voltage vector
with the larger amplitude, V,,, is first adopted to reduce
about 5% error of the flux or torque, whose duration time,
T,;, can be calculated from (13) or (16), and then the
smaller voltage vector, V,,, is employed for the remaining
time (T,, =T, -T,,) within one sampling period. Thus, for
this case both the flux pulsation and torque pulsation can be
minimized. '

Because of the 32 space voltage vectors, which can be
used for the control ‘of the five-phase induction motor, it is
almost impossible to adopt the table-secking method to
complete the selection process for each sampling period in
the simulation and the real-time control program.
Therefore, a corresponding algorithm, instead of the
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conventional table-seeking method, is developed to select
the space voltage vectors according to the control scheme
described above. This technique greatly reduces the
execution time of the real-time control program and
shortens the sampling period. Furthermore, it reduces the
flux and torque pulsation of the five-phase induction motor.

Table I. Stator Flux and Torque Variations under Different
Vectors.

Vo | Vis| Viz| Vag| Vas | Vs V”‘ Vig | Vs [ V7 |Voeny
Al W vl [ fm e o
Tl L] Mt ML (ol | LW WL L] L
Vl 5 V4 V30 V8 V29 Vl 6 V27 Vl V23 VZ VO( 32)
PR U I I B BN £ S B A N
Tyl L | T AT 0] 4 [ L4 (LU WL L] &
VZZ Vl 0 Vl 3 VZO V26 V9 VZ 1 Vl 8 VI 1 V5 V0(32 )
A NS N O O I R I B O O
T L TR TP DL AL [LLY WL WL L

For example, suppose the five-phase induction motor
operates in the counter-clockwise direction, which is the
positive direction of the speed and torque. At the beginning,
the space voltage vector, V,5, located within the largest
group is applied to start the motor and set up the stator flux
within a short time period. Accordingly, the stator flux is
defined in the first sector. If the flux, A, is less than the

given flux, A", one of the voltage vectors, Viz, Vig, Vou

and V,g, which are the neighbors of V,s, and Vs itself,

can be selected to increase its amplitude. Likewise, the
decrement of the flux, A;, can be achieved by

Vi2,V14,Vs,V, and V5. What is worth noting is that these
vectors affect the stator flux differently; V,5 and Vj
maximize the flux amplitude, while, V;;, V,,, V;, and V,
further alter the amplitude, and others minimize the flux
amplitude. The zero voltage vectors, V;, and Vj,, do not

substantially affect the flux, with the exception of the flux
weakening due to the voltage drop on the stator resistance.
Similar analysis can be applied to the voltage vectors in the
second group and the third group. However, the voltage
vectors in these two groups do not affect the flux amplitude
so significantly like those in the first group. So, they can be
utilized for the finer adjustment of the stator flux when the
motor runs at the steady state.

Simultaneous control of the stator flux and torque can
be achieved according to the following scheme. As shown
in Table 1, for the positive speed and the voltage vectors in
the first group, the stator flux A, and torque T, is increased

D, 121% 125, 135
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by applying either of the two voltage vectors of V,, or V,g.
Likewise, a decrement of the flux A and torque 7, can be
obtained by either V; or V;. When the flux A needs to
increase whereas the torque 7, needs to decrease, V,;or
Vigcould be selected. Vi, or V;, leads to a decrement of
the stator flux A;and an increment of the torque 7,.
Although the zero voltage vectors V,, and V,, almost do
not affect the stator flux A significantly, they can be used
to decrease the torque 7). Therefore, when it is required to
maintain the stator flux A, and decrease the torque T,, the
optimum voltage vector would be V, or Vi,. Similar

analysis can be applied to the second and third group of
voltage vectors. The selection is carried out for each
sampling period in any sector where a proper voltage vector
is chosen to minimize the errors of the flux and torque so
that the flux A; and torque 7, follow the desired values.

For the proposed DTC scheme, the average switching
frequency of the five-phase inverter is almost the same as
that of the three-phase inverter. In principle, the switching
frequency can be up to 10kHz if the sampling period is set
at 50us . Actually, it is difficult for this kind of basic DTC

scheme fo achieve such a high switching frequency.
According to Fig.1 and the description above, when the
space voltage vectors change from V,s to V,,, only one

switching device is operated. Correspondingly, the two or
three switch statuses are changed from V,, to Vi, Or from

Vi to V,, respectively. Even though the sampling period is

very short, only two switching devices within a sector
switch on or off. Hence the average switching frequency for
DTC of the five-phase induction motor is about
10*2/5=4kHz. Similarly, for DTC of the three-phase
induction motor, only one switching device is mainly
operated within a sector. The average switching frequency
is approximately 10%1/3 =3.3kHz.

Such a switching frequency is undesirable since the
switching capabilities of IGBT are not fully utilized at this
voltage level. The low switching frequency for the
conventional DTC has been problematic. Some switching
frequency regulation methods like the constant torque
switching frequency strategy [17], [18] and the variable
amplitude control of flux and torque hysteresis bands [11]
have been suggested, which reduce the ripples of the
currents, flux and torque. In this paper, the basic DTC
schemes for the five-phase and three-phase induction -
motors are applied and compared. The objective is to
improve the flux and torque ripples by using increased
space voltage vectors for the five-phase induction motor.

4. Implementation Strategy of DTC for Five-

Phase Induction Motor

Based on the proposed DTC scheme, a fully digital
control system has been implemented. The hardware
structure block diagram of this system is represented in
Fig.2. It includes the developed five-phase induction motor,
the five-phase voltage source inverter (VSI), and a fully



digital controller based on the TMS320C32 DSP, which
processes the developed DTC control algorithm, and
achieves the desired stator flux and torque control. The fast
processing speed of the TMS320C32 allows high sampling
rates to be used, and thus establishes the DTC of the five-
phase induction motor with higher precision. For the five-
phase inverter, IGBTs are used as switching devices. DC
link voltage, U, , the five-phase stator currents i, to i,, as

well as the motor speed, w,, are sampled through A/D
converters, which are used to observe the stator flux, A,
and torque, T,, in the real time. Fig. 3 schematically

displays the block diagram of the DTC control strategy for
the five-phase induction motor. The system includes a
cascade of two control loops: the inner torque loop, the flux
loop, and the outer speed loop.

Rectifier

D+

Inverter

q @
PWM

A

Control System
TMS320C32

I
I

Ud

1 PC

' Fig. 2 Experimental setup of DTC for five-phase induction
motor.

Torque
Comparator
Vector

T
)
Tr_ Table

@,
Voltage

%, Flux
Comparator

-

Flux
Position

Torque
Observer

Flux
Observer

Fig. 3 Block diagr;im of DTC for five-phase induction
motor drive.

Whenever a speed command @, is given, the system
automatically compares it with the motor actual speed @, ,
which is sampled through a speed encoder. According to
the motor equation of motion (11), the speed error
Aw, directly effects the torque profile. Thus, the output of
the speed PI regulator can be considered as the torque

77

reference value, 7T,

, to make the necessary torque
adjustment. Once the proper adjustment is done, the motor
In the

meantime, the five phase stator currents and DC link
voltage are sampled to observe the stator flux A, and

*
o, .

speed should follow the given value,

torque, 7,, which are compared with the reference values
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of the stator flux, ls* and torque, Te*. Based on these

comparisons, a series of the optimal voltage vectors are
generated, which sends out the corresponding switch gating
signals to control the five-phase induction motor.

5. Simulation and Experimental Results

The overall five-phase induction motor drive plus the
DTC algorithm has been simulated using C language for a
7.5 hp, four-pole, five-phase induction motor, whose
parameters are listed in the appendix. The sampling period
is equal to SOus. The reference values are SNm for the

load torque and 0.5Wb for the stator flux. The motor speed
is gradually increased to 300rpm.

In order to verify the improvement of DTC for the five-
phase induction motor, a similar simulation also has been
performed on a 7.5hp, four-pole, three-phase induction
motor with the same sampling frequency and the reference
values. Fig. 4 and Fig.5 show the simulation results for the
DTC of the five-phase induction motor and the three-phase
induction motor.

Simulalion results of DTC of five-phase induction motor
T

.
- 8
‘
-

—0-Z3—
T
L

g o
I3 ©
n o o
g
i

t (sec)

Fig.4 Simulation results for DTC of five-phase inductoin
motor, from top to bottom: (a) speed (rpm); (b) torque
(Nm); (c) stator g-axis flux (Wb); (d) stator q-axis current I
(A); (e) rotor g-axis current I; (A).

Simuiation resuits of DTC of Ihree-phase induction motor
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Fig.5 Simulation results for DTC of three-phase inductoin
motor, from top to bottom: (a) speed (rpm); (b) torque
(Nm); (c) stator g-axis flux (Wb); (d) stator g-axis current I;
(A); (e) rotor g-axis current I, (A).
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It can be seen that fewer ripples for the stator currents
and torque is associated with the five-phase induction
motor than those with the three-phase induction motor. For

" the five-phase induction motor, 32 voltage vectors result in
a significant improvement of the stator currents and torque,
and achieve a more accurate control of them. Because of
zero vector application, the flux is controlled more
effectively, and thus fluxes for these two cases can

perfectly track the commanded value A" (0.50Wb) with

very small ripple.

Experiments have been carried out to compare the
performance of DTC for the 7.5hp five-phase induction
motor and for the 7.5hp three-phase induction motor by
using the TMS320C32 DSP. The sampling period is 50us ,
which is approximately the time needed for the execution of
the overall control program, including 10us for A/D
conversion.

Fig.6 through Fig.9 illustrate the experimental results
for DTC of the five-phase induction motor and DTC of the
three-phase induction motor. The waveforms shown in Fig.

6 and Fig.7 are the stator phase "a" current, i_, the stator

sa’?
flux, A, and torque, T, for the DTC of the five-phase
induction motor, while Fig. 8 and Fig.9 show the stator
phase "a" current, iy, , the stator flux, A, and torque, 7, for

the DTC of the three-phase induction motor.

Phase "2"

=~
=~

%,

-

10ms/div-t 0.0000 2.0A/div-i

"on

Fig.6 Stator phase "a

induction motor.

current of DTC of five-phase

Flux

Torque

10ms/div-t  2.0Nm/div-Te 0.0000 0.25Wh/div-Fluxq

Fig.7 Stator g-axis flux (top) and torque under no load
(bottom) for DTC of five-phase induction motor.
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MI

—+

10ms/div-t 0.0000 2.0A/div-i

current for DTC of three‘-phase

[T

Fig.8 Stator phase “a
induction motor.

|
* "m Flux w’i
i e A 13
I ™ w.,»«""
l [ |
[
Torque
I
4
10ms/div-t  2.0Nm/div-Te 0.0000 0.25Wb/div-Fluxq

Fig.9 Stator g-axis flux (top) and torque under no load
(bottom) for DTC of three-phase induction motor.

By comparing these plots, the performance
improvement can be noticed for DTC of the five-phase
induction motor from the stator current, the flux and torque
ripples, which are obviously less for the five-phase
induction motor than those in the three-phase induction
motor. These results are consistent with the theoretical
analysis and simulation results obtained previously. 32-
space voltage vectors for DTC of the five-phase induction
motor drives do result in significant reduction of the flux,
torque, and the stator current ripples, and implement a more
accurate control of the stator flux and the torque.

6. Conclusions

In this paper, a novel DTC method for the five-phase
induction motor is presented. The five-phase inverter
provides 32 space voltage vectors compared to 8 space
voltage vectors for the three-phase inverter. These extra
space voltage vectors produce a significant improvement of
the torque and current ripples, and achieve a more accurate
control of the stator flux and torque for DTC of the five-
phase induction motor drive compared with that of the
three-phase induction motor drive. For validation and
verification purposes, a fully digital DTC control system
based on the TMS320C32 DSP for the five-phase induction
motor is developed. Both simulation and experimental
results demonstrate that a significant improvement is



achieved in the stator currents and torque for DTC of the
five-phase induction motor. These results suggest that the
combination of DTC with the five-phase induction motor
can realize a higher performance. With 32 space voltage
vectors offered by the five-phase inverter, several improved
conirol schemes can be further developed for DTC of the
five-phase induction motor, such as the application of zero
voltage vectors and those voltage vectors with the smaller
amplitudes to minimize the ripple in the stator flux and
torque.

(Manuscript received Mar. 5, 2001, revised June 15, 2001)
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