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ABSTRACT

This paper presents a novel MC-DTC method for fed induction motor based on space
vector modulation. The advantages of DTC method are combined with the advantages of
the matrix converter based on space vector modulation technique. This proposed novel
method provides a precious input power factor control capability beside the high control
performances. Furthermore, Conventional principles of DTC and MC were described. The
combination of the DTC and MC were given in details. The simulation and experiment
research were carried out to identify the new method effectiveness. The results of
induction motor control at steady state are shown to improve the low-speed performance
and strong adaptability of this novel control strategy.
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INTRODUCTION

In two recent decades, due to the need to increase the quality and the efficiency of the power supply and usage, three
phase matrix converter becomes a modern energy converter. The research of matrix converter has been carried on with many
theoretical[1],[2],[3].These achievements along with the emergence of bidirectional switch make it possible to apply the
matrix converter to practical applications. Various methods to control the matrix converter have been proposed [4],[5], being
the scalar modulation and the indirect space vector modulation widely used. It fulfills all requirements of the conventionally
used rectifier/dc link/ inverter structures. Some advantages of the matrix converter can be seen as following: the use of a
compact voltage source, providing sinusoidal voltage with varying amplitude and frequency besides the sinusoidal input
current and unity input power factor at power supply side. Matrix converter has a simple topology and a compact design due
to the lack of dc-link capacitor for energy storage.

Since the DTC 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[6][7]. 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 torque control response is achieved.

In this paper, a novel MC-DTC method for fed induction motor based on space vector modulation is proposed. The
advantages of DTC method are combined with the advantages of the matrix converter based on space vector modulation
technique.The appropriate switching configurations of the matrix converter for each constant time are presented in an
opportune switching table[8],[9],[10]. The table is only entered by the imaginary voltage vector, which is generated from the
DTC method for voltage source inverter, and the position of input voltage vector which can be measured exactly. Simulation
and experiment at the high-speed and low-speed are carried out to prove the good performances of the novel method.

CONVENTIONAL DIRECT TORQUE CONTROL

Mathematical mode of induction machine
The mathematical mode of induction machine is shown in Figure 1.

Figure 1 : The mathematiacal mode of induction motor

According to Figure 1 flux-linkage equations of induction machines in the stator stationary reference frame as
follows.

l//as :j(vasiRsiaS)dt (1)

W = [ (Vs — R, )t )

. . 1 .
Where v, and ¥, are thea -axis and S -axis component of y, respectively; V,

as

and vV, are the o -axis and /3 -axis

1 . . . . . 1
component of V; respectively; i, and 1, are the o -axis and S -axis component of i .

The electromagnetic torque can be expressed using the following equation.
3 r r 3 . .
T =3 MW x1) =0, Woshs — Vs (€)

Where T, is electromagnetic torque and N is the number of rotor pole pairs.
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Principle of DTC
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 in Figure 2.

o Voltage B
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(motor)
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Figure 2 : The diagram block of basic DTC

From Figure 2 can obtain stator flux y and torque T, references are compared with the corresponding estimated
values. Both stator flux and torque errors, E, andE,, 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 Table 1.

TABLE 1 : Basic DTC switching table

Sector of Flux— 1 2 3 4 5 6

cr=-1 Vave | Vive | Vive |[Veva |[Veva | Viev
Ce™ 0 er =0 |Viva|Viva|Viva [Vova |Vive Vo
er=1 |Vova| Vi |Viva |[Viva |Viva [V
cr=-1 Viva V-u‘:l \"rs wEl \‘!-_‘v va “"II-\'RI \"r]-\'il
1
1

Cp=+1 er =0 |Vovs|Vive|Vive [Vive | Vove |Viva
er=1 \‘"S-\'al \.I-.‘a a1 \"II-\'RI \"IZ-\': \"Ii-\.'il \‘!-I VEl

MC SPACE VECTOR MODULATION

Working principle of MC

MC is an AC-AC converter, with mxn bidirectional switches, which connects an m-phase voltage source to an n-
phase load. The three-phase, 3x3 switches, MC shown in Figure 3 is the most interesting. It connects a three phase voltage
source to a three-phase load[11].

SBESCa

Figure 3 : The topology of matrix converter

In the MC shown in “Fig.3,” v, ,i= {A, B,C} are the source voltages, ig,i= {A, B,C} are the source currents. Vj,
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} , = {a,b,c} can connect phase i of the input to phase j of
the load. With a suitable switching strategy, arbitrary voltages v,y at arbitrary frequency can be synthesized.

Switches are characterized by the following equation.

(4)

0 witch S; is open
P71 witch S; S, close

]

A mathematical model of MC can be derived from “Fig.3” as follows:
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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 Figure 4.

Figure 4 : The topology of 3x3 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 3x3 matrix in each switching period.

DC-AC converter space vector modulation

6 power switches of inverter with 8 possible combinations shown in Figure 3 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 S,,S5,S ¢ -

The output voltage and the corresponding switching states are represented in Figure 5.

Figure 5 : The 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, +d U, +dU, @)

Where d,,,d, and d, are the ratio cycles of U,,,U, and U, respectively. And

dyy =Ty, /T, =m, sin(60° -6, ) ®)
dy =Ty /T; =m,siné; ©)
d,=1-d,, —d, (10)

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
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mv :(2/3)1/2U0m/(uimmc COS¢) (11)

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.

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.4”. The corresponding formulas are similar as well. After
rectification, the DC voltage is.

U, =1.5mU,, cosg (12)

MC space vector modulation

Three-phase matrix converter module includes nine bidirectional switches as shown in Figure 6. There are 27
possible switching configurations (SCs), only 21 SCs can be used to implement the DTC algorithm for MC as shown in
Table 2: group I (£1, £2, ..., £9) consists of the SCs which have two output phases connected to the same one of the other
input phase, group II (0,, Oy, 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 Figure 6.

Figure 6 : (a) The output voltage; (b) The intput line current

TABLE 2 : MC active and zero vectors
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Novel DTC-MC based on SVM

The novel DTC-MC method will apply the direct SVM technique to overcome the disadvantages of the conventional
DTC for matrix converter[12],[13]. 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.
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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 V,, and the input voltage lint-to-neutral vector [14],[15] is

located in sector 1 as shown in Figure 7.

Torque and
Stator Flux
Estimator

Figure 7 : Block diagram of novel DTC-MC based on SVM

From Table 2, in order to generate a voltage vector in the same direction of V,, there are 6 possible SCs (%1, %2,
13). According to the input voltage vector location, there are only 3 SCs having the voltage vectors as same direction to V, :

+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 Table 3.

TABLE 3 : MC-DTC switching table using SVM

Sector +

P 1¢ 2o 3o 44 50 6o
]3;3;.: to| gol gl gol go| o a0 ne| go| w0l 40| yef
Viw? | o 30 30| Re| e e 10| 430 +3a0| 20 20| +a}
LA o 8| +8e| e | 80 | #Te| #Te| Be| 8| #8e| 48| T¢
Vi ®| +40| 60| 60| +30| +30| o[ do| +60| +60| 50| 50| +4¢
Ve ®| 10| 43¢| +30| 20| 20| He| He| 30| 30| 420 20| 3¢
Vg +70| 90| 8| +80| +8¢| .70 O +00| 90| Be| B | +T0
Vo ®| 40| +60| +80| 50| 50| Ha| Mo g0| 0| 50| 30| 40

SaA SaB aC Va Va
Vs=|Sm Se Sec ||V [=T|Vs ( 1 3)
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 iis 0 otherwise,

i=a,b,c and J=A,B,C . Matrix T represents the status of each switching configuration in Table 2.
The input voltage vector of induction motor in the stationary reference frame for each sampling period.

11

_ L v,

o Va| 2 22

v=| == tT +t,T ||V, 14

s |:v5q:| 3 \/g \/g .:1 X 2 y:l b ( )
0 7 7 VC

From Figure 6, the duty ratios of the two non-zero Scs. are calculated as follows.

t1V><"'tzvy=Vv5|

v, 1 (15)
sin(z/6—«a;) sin(z/6+a;)

t+t, =1
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_ sin(7/6-«a,)
b cos(a;)

(16)

_sin(7/6+a)
cos(;)

The induction motor stator flux can be obtained from the calculated input voltage and the measured stator currents.
b~ [(v.-RD) (17)

The motor estimated torque can be obtained.

1) - di) (18)

2
SIMULATION OF MC-DTC BASED ON SVM

The simulation model of MC-DTC based on SVM

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 Figure 8. 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 =0.089kg - m* , P=2..

The whole system has been simulated using the Simulink package. Equation (5) and Equation (6) 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.

Phir

Ditect LookUp yoltage measure
Table (n-D}1

Figure 8 : The simulation model MC-DTC based on SVM

The simulation result of MC-DTC based on SVM
At the high speed operation, induction motor is running at speed 1000rpm, rated load torque 25Nm and flux
reference 0.6wb . The simulation result show in Figure 9-Figure 10.

Figure 9 shows a good performance in terms of stator flux. As it can be seen in Figure 9, stator flux shows a circle
waveform.

48 45 4 42 0 0z 04 06 13 1
et of st 889

Figure 9 : Flux at 100rpm, 25Nm for MC-DTC
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Current(A)

Figure 10 : Current flux and torque at 1000rpm for MC-DTC

Figure 10 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.

At the low speed operation, induction motor is running at a very low speed 100rpm, load torque 20Nm and flux

reference 0.6 Wb . The simulation result show in Figure 11- Figure 12.
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Figure 11 : Flux at 100rpm, 25Nm for MC-DTC
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Figure 13 : Torque, current and flux at 100rpm for MC-DTC

Figure 12 shows the dynamic performances of the novel control method at the rotor speed 100rpm and load torque

change as a step command from +25Nm to —25Nm . The electromagnetic torque shows a very good response and the stator
current waveforms are almost sinusoidal immediately right after the step command.

EXPERIMENT OF MC-DTC BASED ON SVM

The novel method had been tested. The parameters are same as simulation parameters. The motor was fed by a
7.5kw MC. The MC-DTC algorithms were implemented in a 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 Figure 13.
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Figure 13 : The system setup of MC-DTC based on SVM

At the high speed operation, induction motor is running at speed 1000rpm, rated load torque 0.2Nm and flux
reference 0.6wb . The experiment result show in Figure 14-Figure 15.

V. ! Wb
Figure 14 : The result of flux at 1000rpm , 25Nm for MC-DTC

It can be seen from Figure 14-Figure 15, electromagnetic torque, stator current, 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 limits above which the large vectors are used in order to quickly force
the torque towards its reference value.

1 1 1 Il Il L 1
005 0l 015 02 05 03 035 04
Time 5)

Figure 15 : During a load torque step command from +25Nmto -25Nm the torque, current and flux at 1000rpm for MC-
DTC

At the low speed operation, induction motor is running at a very low speed 100rpm, load torque 25Nm and flux
reference 0.6wb 0. The experiment result show in Figure 16-Figure 17.
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Figure 16 : The flux at 100rpm, 25Nm for MC-DTC
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Figure 17 : During a load torque step command from +25Nm to -25Nm the torque,current and flux at 100rpm for MC-
DTC

Figure 16-Figure 17 show that the stator flux,torque 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.

CONCLUSION

This paper presents a new DTC-SVM method for matrix converter. 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. 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 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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