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Abstract—To improve the low speed performance of the
direct torque control(DTC) system. The advantages of DTC
method are combined with the advantages of the matrix
converter based on space vector modulation technique. The
design process of the neural network controller which
generating the flux reference voltage vector and fuzzy
controller which applying the torque reference voltage
vector were represented. This proposed novel method
provides a precious input power factor control capability
beside the high control performances. Furthermore,
Conventional principles of DTC and space vector
modulation(SVM) of matrix converter (M C) were described.
The combination of the two was given in detail. Finally, the
simulation and experiment research were carried out to
identify the new method effectiveness. The results of
induction motor control at both steady state and transient
state are shown to improve the low-speed performance and
strong adaptability of novel control strategy.

Index Terms—DTC;MC;SVM;Fuzzy-neural network; low-
speed performance

1. INTRODUCTION

Direct torque control (DTC) is a novel high-
performance control strategy in the field of AC drives.
Since the Direct Torque Control method has been
proposed in the middle of 1980’s, DTC method becomes
one of the high performance control strategies for AC
machine to provide a very fast torque and flux control
[1],[2]. There are no requirements for coordinate
transformation, no requirements for PWM generation and
current regulators. It is widely known to produce a quick
and fast response in AC drives by selecting the proper
voltage space vector according to the switching status of
inverter which is determined by the error signal of
reference flux linkage and torque with their estimated
values and the position of the estimated stator flux. Some
research is being done to adapt DTC to new converters
and also to reduce the torque ripple, which is one of its
main drawbacks. DTC is the direct control of torque and
flux of a drive by the selection, through a look-up table,
of the inverter voltage space vectors. The main advantage
of DTC is its structure, no coordinate transformations
and no PWM generation are needed. However, torque
and flux modulus values and the sector of the flux are
needed. Not only it is a very simple and robust signal
processing scheme but also a very quick and precise
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torque control response is achieved. Compared with
complex coordinate transformation in vector control,
DTC can be realized easily in digital with simple
structure. While problems are existed as follows as well.
Firstly, the switching frequency of voltage souse inverter
is Non-Fixing. Non-Fixing switching frequency cause
switching capability of the inverter not to be used
fully[3], [4]. Secondly, there is sharp increase or decrease
of torque because only one voltage vector works in a
sampling period and the options of vector is limited [5].
Fuzzy logic control has manifested its robustness, and has
been extensively researched and used as one of the
intelligent control methods in control field [6],[7],[8].To
further improve the performance of torque control and to
enhance the system robustness, a novel SVM-DTC
strategy of induction motors has been proposed. The new
SVM-DTC strategy uses fuzzy-neural network controller
to substitute the original PI controller.

In this paper, the DTC-SVM is proposed which allows
the generation of the voltage vectors required to
implement the DTC of induction motor, furthermore, the
input power factor is continuously controlled to be in
phase with the input line-to-neutral voltage vector based
on the direct SVM technique. The appropriate switching
configurations of the matrix converter for each constant
time are presented in an opportune switching
table[9],[10],[11]. To further improve the performance of
torque control The table is only entered by the imaginary
voltage vector, which is generated from the conventional
DTC method for voltage source inverter, and the position
of input voltage vector which can be measured exactly,
respectively. Simulation and experiment at the high-speed
and low-speed are carried out to prove the good
performances of the novel method.

II. CONVENTIONAL DIRECT TORQUE CONTROL

A. Mathematical mode of induction machine

Direct torque control system applies mathematical
analysis about space vector. The mathematical mode of
induction machine is shown in Fig. 1.

Voo = [ (Vs =Rl )t L1 LTI D0 (1)

V/ﬁs:J(Vﬂs_&iﬂs)dt N (2)
According to Fig. 1 flux—linkage equations of

induction machines in the stator stationary reference
frame as follows.
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Where y, and y,  are the o -axis and / -axis
component of y respectively; v, and Vs are the o -axis
and f -axis component of Vsrespectively; i and lgs are

the o -axis and f -axis component of is respectively.

The electromagnetic torque can be expressed using the
following equation.

3 — = 3 . .
T2, X = 20,0 v, OO ()

Where T, is electromagnetic torque and n, is the
number of rotor pole pairs.

Figure 1. The mathematiacal mode of induction motor

B. Principle of direct torque control

The basic principle in conventional DTC for induction
motors is to directly select stator voltage vectors by
means of a hysteresis stator flux and torque control. As it
is shown inFig. 2.
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Figure 2. The diagram block of basic DTC
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From Fig. 2 can obtain stator flux y and torque T,

references are compared with the corresponding
estimated values. Both stator flux and torque errors,
E, and Eq,, are processed by means of a hysteresis band

comparators. In particular, stator flux is controlled by a
two-level hysteresis comparator, whereas the torque is
controlled by a three-level comparator. On the basis of
the hysteresis comparators and stator flux sector a proper
VSI voltage vector is selected by means of the switching
table given in Tab. I

TABLEI.
BASIC DTC SWITCHING TABLE

Sector of Flux—

er=-1 [Vova|Viva|Viva [Viva|Vew
C,,-__O e =0 |Viva| Vova |[Vive [Vova | Vive
Cr =1 V{,\';l V|.\'=| V:.\';l \4"3.\';| V.:.\'al
cr=-1 |Viva| Vi |Veva [Vova Vi
er=0 |Viva|Vava|Viva [Viva|Vova
er=1 [Veva|Veva |Viww |Vava| Vi

Cp=t1
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III. THE FUZZY-NEURAL NETWORK SVM-DTC SCHEME

A. Fuzzy-neural network SYM-DTC scheme

The voltage vector can compensate the flux linkage
error and torque error is named reference voltage vector.
The core issue of SVM-DTC algorithm is how to obtain
the reference voltage vector. Fig. 3is principle block
diagram of improved SVM-DTC.

Inverter |
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Figure 3. Fuzzy-neural network SVM-DTC system block-diagram

In Fig. 3, the d-axis component of reference voltage
vector in the rotor frame is generated by using flux neural
network controller to tackle the flux error, and the g-axis
component of reference voltage vector in the rotor frame
is generated by using torque fuzzy controller to tackle the
torque error.

The two components of reference voltage vector in the
stationary frame are inputted into SVM module and
generate PWM signal controlling switch state of the
inverter.

B. Design fuzzy controller of torque

Fuzzy Variables and Membership Functions

The torque fuzzy controller also has two input
variables and one output variable. Input variables: torque
error E; and change rate of torque error AE; . Output

variable:g-axis component of reference voltage vector Uy
E; has five fuzzy subsets: PL, PS, Z, NS, NL. AE; has

three fuzzy subsets: P, Z, N. U, has five fuzzy subsets:
PL, PS, Z, NS, NL (Fig. 4).
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Figure 4. The fuzzy menbership functions of torque controller
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Fuzzy Control Rules
Fuzzy control rules apply IF-THEN form. The rule of
torque fuzzy controller R can be written as. R :If

E; = AandAE; = B; then u, =C; ;Where: A . B; .

]

C, is some fuzzy subset of E;,AE; and u, respectively.

The total number of rules of torque fuzzy controller is
15. As Tab. Il shows.

TABLE IT. MC ACTIVE AND ZERO VECTORS

Ugr Er
AEr NL NS z PS PL
N PL PL PS z z
PL PS Z NS NL
P z V4 NS NL NL

C. Design of flux neural network controller
The neural network structure of flux

The flux reference voltage vector U, was realized by
BP neural network. Its structure show in Fig. 5.

Figure 5. neural-network structure of stator flux

The neural network learning algorithm of flux

The neural network can signify arbitrary non-liner
function.Three layer BP neural network contain input
layer,hide layer and output.The relationship among three
layer as follow.

vj(n)=>" @ (nu;(n)

000 0000 (4)
v (n+1)=>" o} ()} (n) 65)
y(n+1)=f(2(n+1)) 10(6)

Where k is the output layer variable; j is the hide layer
variable; v is the neural network unit; y is the neural
network output; @ (n) is the neuron weight from i to
j; f is the activate function. Suppose d(n) is the

expectation output of neural output, then transient error
vector can expressed as:

e(n)=d(n)-y(n) )

The target function can defined as:

E(n) =2 &) eln) ®

According to the shortest down rules can obtain the

amendment quanity a@,,(n)
0E(n)
day,(n)

Ay, (n)=-7 ©)
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In order to keep the stability of the algorithm,
momentum factor ¢ is quoted in the weight:

0E(n)

Awy,(n)=-1 Jor ()

Theoretical analysis verify this network structure can
mapping arbitrary nonlinearity function only hide layer
quantity is enough. The input parameter is flux given
value . and flux calculated value, the output variable is

+ aAa),m(n— 1)

(10)

the reference voltage vectorU,, . Activated function adopt

to tansig, hide layer unit is 4, according to learning rate
and target error adjust the quantity of hide layer. The
training result shown that the target error can received
less than 0.01 when hide layer quantity is 4, learning rate
is 0.2 and training frequency.

IV. MATRIX CONVERTER SPACE VECTOR

A. working principle of matrix converter

A MC is an AC-AC converter, with m x n bidirectional
switches, which connects an m-phase voltage source to an
n-phase load. The three-phase, 3x3 switches, MC shown
in Fig. 6 is the most interesting. It connects a three phase
voltage source to a three-phase load[12].

Figure 6. The topology of matrix converter

In the MC shown in Fig. 6, vy, i={A,B,C} are the
source voltages, i, i={A,B,C} are the source currents,
Vin, j={a,b,c} are the load voltages, i, j={a,b,c} are the
load currents, v;, i={A,B,C} are the MC input voltages
and i; ,i={A,B,C}are the input currents. A switch, S;,
i={A,B,C}, j={a,b,c} can connect phase i of the input to
phase j of the load. With a suitable switching strategy,
arbitrary voltages vy at arbitrary frequency can be
synthesized. Switches are characterized by the following
equation.

oo
close

_{0 witch §, is open (11

|1 wittch ' § S

A mathematical model of MC can be derived from Fig.
6 as follows:

VaN t) SAa t SBa t Sta(t VAt
Vo t; =Sult) Sult) Sult)||velt)| . (12
VcN t SAc t SBc t SCc (t VC t
ia(t)] [Saalt) Suwlt) Seelt)][ialt)
ig(t)|= SBaEtg SBbgtg sscgtg : ibgt; . (13)
IC t SCa t SCb t SCC t ic t
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The conventional three-phase to three-phase matrix
converter’s modulation process consists of two processes
of AC-DC and DC-AC. It is shown in Fig. 7.

Figure 7. The topology of 3 x 3 matrix converter

The control signal for bidirectional switches come
from the control circuit and drive circuits. The ratio
cycles of 9 bidirectional switches correspond to a 3 X3
matrix in each switching period.

B. DC-AC converter space vector modulation

6 power switches of inverter with 8 possible
combinations shown in Fig. 8 are corresponding to
effective voltage space vector U, —U, and 2 zero vector

U,,U,. The phase angle between one effective voltage

space vector and adjacent one is 60 degrees. They
constitute 6 uniform segments. The three digits in
brackets express the linking state between three-phase
output A,B,C and the input DC, such as M=101 which

represents the switching of the switches S5, S5, Sc -

The output voltage space vectors and the
corresponding switching states are represented in Fig. 5.

Figure 8. The composition of output voltage vector
and switching states

Any expected output voltage space vector U, is
formed by adjacent two basic output voltage vectors
U,,U, and zero output voltage U,or U, . suppose the

angle between U; and U, is 6, .
u,=d,U, +dU,+dU,.C0 (14)
Where d,,,dy, and d, are the ratio cycles of
U,,,Uyand U, respectively. And

dy =T, /T, = msin(60° -, ). (15)
dy =Ty /T; =m,sin 6, (16)
dy=1-dy ~dy a7

Where T,,, T is the switching time of vectors U,,
and U respectively. T, is the switching period of

PWM. M, is the modulation index of output voltage.
And

m, =(2/3)l/2Uom/(UimrncCOS¢). (18)
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Where U, and U, are the amplitude of output and
input voltage, m, is the input current modulation index,
generally set m. =1, ¢ is the input power factor angle.

When the rotating space vector U ; locates in a
segment, the local average of output voltage can be
formed by two adjacent basic voltage space vectors

constituting this segment and one zero voltage space
vector.

C. AC-DC converter space vector modulation

The space vector modulation process of AC-DC is
completely similar to the modulation process of DC-AC.
Its topology is represented in the left dotted line frame of
Fig. 7. The corresponding formulas are similar as well.
After rectification, the DC voltage is.

U, =1.5mU, cos¢ ' (19)
D. Matrix converter space vector modulation

Three-phase matrix converter module includes nine
bidirectional switches as shown in Fig. 6. There are 27
possible switching configurations (SCs), only 21 SCs can
be used to implement the DTC algorithm for MC as
shown in Tab. II: group I (1, 12, ..., £9) consists of the
SCs which have two output phases connected to the same
one of the other input phase, group II (0,, 0y, 0.) consists
of the SCs which have all output phases connected to a
common input phase. For each SCs, the corresponding
output line-to-neutral voltage vector and input line
current vector have the fixed directions as represented in
Fig. 9.

TABLE III.
MC ACTIVE AND ZERO VECTORS

f}ruup Vector| A B V., o, I, B
g a bt Llvge O ERL] P ]

- Bac [T Zivg 0 2o, -wh

F | T My, 0 Ihy, a2

2 R 0 an, =

L au LI 0 Wby, Tak

b ¢ L, b, T

i b oat e 2m 21 ah

. [ Ly 2mil 2l w6

He boo Jom 2R Ik w2

A |
= HI lva il 2 h Taik
t Ty bbb o v A 3z nh
~Tuc £ i b S TR Sl Iiiiie o
fuit t c b v, dmis T w3
B b oo 2wy, 4wl 2t w2
F O nor T a7 Tig 7oA
Sc 1 v, 4mi 3 Tty

The other 6 SCs have the output phases connected to
the different input phases. In this case, the output voltage
vector and input current vector have variable directions
and can not be usefully used.
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Figure 9. (a)The output line-to-neutral voltage vectors
(b)The intput line current vectors

V. NOVEL DTC-SVM USE MATRIX CONVERTER

The novel DTC-SVM method will apply the direct
SVM technique to overcome the disadvantages of the
conventional DTC for matrix converter[13],[14].
According to the input voltage line to neutral vector
sector location, to combine the desired imaginary non-
zero VSI voltage vector, the two non-zero voltage vectors
will be selected.

The criteria utilized to implement the switching
patterns for the matrix converter can be explained
referring to the following example.

We can assume the imaginary VSI voltage vector is
V1, and the input voltage lint-to-neutral vector [15] 1is
located in sector 1 as shown in Fig. 10 .

TERE

:
Outpas
Tores Comparnior | Voltaga
- Vector
|s:%%:
HT FEx Coag
o Input

7 [Toom Cumemt| g _p | Cumeent
“p Reference ——p Vector
Angla i
iR
.

selection

Torque and
Stator Flux
Estimator

Figure 10. Block diagram of novel DTC-SVM for MC

From Tab. III, in order to generate a voltage vector in
the same direction of V1, there are 6 possible SCs (1,
12, +3). According to the input voltage vector location,
there are only 3 SCs having the voltage vectors as same
direction to V1: +1, -2 and -3. To synthesize the input
current vector to be in phase with the input voltage vector
located in sector 1, two SCs finally selected are +1 and -3.
The switching table based on these criteria is shown in
Tab. IV.

As shown in Fig. 9, the output voltage of matrix
converter for each SCs is calculated.

SaA SaB SaC Va Va
Ve=|Sa Se Sc||%|=T|VY% |- (20)
ScA ScB ScC Vc Vc

Where the switching function S;; is 1 when the switch
joining input line i to output line J is ON and is 0
otherwise, i=a,b,c and J=A,B,C. Matrix T represents the
status of each switching configuration in Tab. II.

The input voltage vector of induction motor in the
stationary reference frame for each sampling period.
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TABLE IV.
DTC-SVM SWITCHING TABLE USING MC
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From Fig. 9, the duty ratios of the two non-zero Scs.
are calculated as follows.

LV, +t2Vy =Vs
tV, _ W,
sin(z/6—a;)  sin(z/6+a)
t+t, =1

(22)

Finally,

_sin(7/6-)

t
T cos(a)

(23)

=sin(7z'/6+0(|) '

"= cos(a)

The induction motor stator flux can be obtained from the
calculated input voltage and the measured stator currents.

o, = [ (v~ Ri)dt . (24)
The motor estimated torque can be obtained.
- 3n,,_ . _ .
T="2(Puly — Puls) - (25)

2

VI. SIMULATION OF DTC-SVM USING MC

A. Thesimulation model of DTC-SVM using MC

In order to verify the behavior of the proposed
scheme, some simulation has been carried out assuming a
sampling period of 50us. The system simulation model is
shown in Fig. 11. The machine utilized for simulations is
a three-phase 3KW cage induction motor: P,=2.2kw,
U, =380V, R =4.35Q, R =0.43Q, L, =2mH, L, =2mH,
L, =69.31mH, J =0.089 kg-n* , P =2.

The whole system has been simulated using the
Simulink package. Equation (12) and Equation (13) are
used to obtain the matrix output voltages and the input
currents respectively, thus assuming ideal switching

devices. The mains filtered line current is calculated on
the basis of the matrix input current.
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Figure 11. The simulation model MC-DTC for MC

B. Thesimulation result of DTC-SVM using MC

Both steady states at the high and low speed, the
dynamic performance are shown to verify the
effectiveness of the proposed MC-DTC method.

At the high speed operation, induction motor is
running at speed 1000 rpm, rated load torque 25 Nm and
flux reference 0.6 Wb. The simulation result show in Fig.
12-Fig. 14.

o campansn of statar flue (W)

Was @F @1 42 0 0z 04 05 98 1
d companent of stator fux (Wh)

Figure 12. The simulation of flux at 1000rpm,25Nm
for MC-DTC
In relation with the DTC-SVM for MC scheme, Fig.
12 shows a good performance in terms of stator flux. As
it can be seen in Fig. 12, stator flux shows a circle
waveform.

=]

Time(ms)

Figure 13. Input voltage and current of phase-a for MC-DTC

Fig. 13 shows the input voltages and current in phase-a
during the steady state operation. It can be seen that the
currents are sinusoidal and in phase with the voltages
meaning that the power factor is unity.

Fig. 14 shows stator flux and electromagnetic torque of
the induction motor fully following the reference values.
Furthermore, the stator currents have sinusoidal
waveforms. This figure emphasizes the good performance
of the drive system with regard to the implementation of
the novel MC-DTC method.
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Figure 14. The simulation of current and torque at
1000rpm for MC-DTC
At the low speed operation, induction motor is running
at a very low speed 100 rpm, load torque 20 Nm and flux
reference 0.6Wb. The simulation result show in Fig. 15-
Fig. 16.

“w r———
L}

e
I\ =

-

Figure 15. The simulation of flux at
100rpm,25Nm for MC-DTC

Fig. 15 shows the flux magnitude perfectly follows the
flux reference and stator current still has a sinusoidal
waveform.

,  Electromagnetic torque (Nm)
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OO00CX
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]
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e

Figure 16. Simulation during a load torque step command
from +25Nm to -25Nm the torque and current at 100rpm for
MC-DTC

Fig. 16 shows the dynamic performances of the novel
control method at the rotor speed 100rpm and load torque
change as a step command from +25 Nm to -25 Nm. The
electromagnetic torque shows a very good response and
the stator current waveforms are almost sinusoidal
immediately right after the step command.

VII. EXPERIMENT OF DTC-SVM FOR MC

A. Thesystemsetup of MC-DTC

The novel method had been tested. The parameters are
same as simulation parameters. The motor was fed by a
7.5 KW Motor. The MC-DTC algorithms were
implemented in TMS320LF2407 DSP achieving a sample
period of 50us. The four-step commutation process,
required when bidirectional switches are used, was
implemented in a FPGA. A current-controlled hysteresis
brake provides the load torque. A block diagram of the
system setup is shown in Fig. 17.
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Figure 17. The system setup of DTC-SVM using MC

B. The experiment result of DTC-SVM using MC

At the high speed operation, induction motor is
running at speed 1000 rpm, rated load torque 0.2Nm and

flux reference 0.6 Wb. The experiment result show in Fig.

18-Fig. 19.

V! Wb

Figure 18. The experiment result of flux at
1000rpm,25Nm for MC-DTC
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Figure 19. Input voltage. current and spectrum

corresponding of phase-a for MC-DTC
at 1000rpm
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Figure 20. During a load torque step command from +25Nm to-
25Nmthe torque. current and flux at 100rpm for MC-DTC

It can be seen from Fig. 18-Fig. 20, stator current,
electromagnetic torque, stator voltage and stator flux
performance at high speed respectively. As regard the
ripple, the proposed novel method clearly improves the
performance of both the torque and flux. Furthermore, in
the case of torque, the type of the applied vectors is also
shown. At the same time, the inner torque hysteresis
bands in the proposed method are identical to the torque
hysteresis bands in the classical method. Thus, the outer
bands in the proposed method can be seen as security
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limits above which the large vectors are used in order to
quickly force the torque towards its reference value.

The output currents i, ip~ 1., for the classical and the
proposed method are depicted in Fig. 20(a) and Fig. 20(b)
respectively. As expected, there is a significant decrease
in the current ripple. This fact alleviates the switches
stress, hence reducing the switching losses.

Fig. 19 shows that the input current i, and the
corresponding line-to-neutral input voltage v, for the
proposed method. In case the input line current i, is in
phase with the line-to-neutral voltage va. This confirms
the effectiveness of methods regarding the PF correction
capability.

At the low speed operation, induction motor is running
at a very low speed 100 rpm, load torque 25Nm and flux
reference 0.6Wb. The experiment result show in Fig. 21-
Fig. 23.

¥ 5 (Wb)

Vs (WD)

Figure 21. The experiment result of flux at 100rpm,
25Nm for MC-DTC

L

v (V) 10 xi, (4)

4
Time (s)

Figure 22. Input voltage. current and spectrum
correspondingof phase-a for MC-DTC

5’;. N

Figure 23. During a load torque step command from
+25Nm to-25Nmthe torque. current and flux at 100rpm
for MC-DTC

Fig. 21-Fig. 23 show that the stator flux and input line
current with higher amplitude in the low frequency range
when compared with the high speed. However, this is not
seen as a constraint since a re-design of the MC input
filter would be enough to overcome this drawback.

In order to study the dependency of the torque ripple
with respect to both the torque reference and the motor
speed, several tests were carried out at low-speed. The
standard deviation of the torque was calculated to
measure the torque ripple.
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The results showed better performance of the proposed
novel method over all the motor operating speed.

VIII. CONCLUSION

This paper presents a new MC-DTC method for
induction motor based on fuzzy-neural nerwork space
vector modulation. The advantages of the DTC method
have been successfully combined with the SVM method
on matrix converter. A new switching table for the DTC-
SVM which fully controls the induction motor
requirements is suggested, besides perfectly controlling
the input unity power factor. The simulation and
experiment results on the induction motor at the low and
high speed range are shown to validate the effectiveness
of the new control scheme. Furthermore, the novel
control strategy shows the better input current harmonic
spectrum and low-speed performance as compared to the
conventional MC-DTC method and it can make the flux
and torque small and stable. It has advantages and good
future, it is worth further studying.
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