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Abstract

The present study proposes an improved switching table of direct torque control (DTC) for two parallel connection
induction motors fed by matrix convertor. This method is based on the mean control strategy and allows the use of all
switching states of matrix convertor. These functions represent the relationship between the change rates of the torque,
flux, and input power factor of motors and the output voltage vector and input current vector of the matrix convertor. The
effect of matrix convertor switching states on the change rate of the torque, flux, and input power factor is established
by averaging approach and is done in the four improved switching tables. Finally, the optimal switching state is chosen
from the switching tables. The results show that overshoot of motors speed to following reference input is 1% of refer-
ence speed less than conventional methods and also, oscillation of motors torque is less than conventional methods.
Numerical results show the effectiveness of the proposed approach and prove its reliability for industrial uses.

Article Highlights

In summary, the highlight of this research is the simultaneous control of torque and speed of two electric motors by an
inverter. In such a way that even in different conditions of motors load, speed and torque follow the reference values well.
Also, using the advantages of DTC algorithm and applying it to use matrix convertor are the highlights of this research
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rolling mills and electrical systems of railroad [1]. The
use of single inverter to control several motors is pre-
ferred in the cases that precised speed synchronization
of motors is not important. Altough, complexity of sys-

1 Introduction

Developments in power electronic equipment and
microprocessors during the last three decades have led

to improvements in the methods of controlling electri-
cal machines. Control of several motors simultaneously
are used in many industrial uses, such as paper or steel

tem increases because the use of single inverter instead
of mulitple inverters but it reduces the costs, weight,
required space, and the number of switches. This system
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increases reliability compared to those with mechanical
components such as gears and line shafts [2]. The parallel
and series connected motors can be separately controlled
on the basis of the number of stator phases. It means that
the multiphase motors can be connected in series, except
three-phase motors [3].

The most limitations in single inverter of dual motor
drives are the following: (1) when the single voltage vector
is applied to both motors, stator flux is instantantly put in
the same direction, and (2) when unbalanced load condi-
tion takes place, the speed of the motors does not reach
the desired values [4, 5]. The Control of dual motors using
multiple-leg inverters has recently garnered much interest.
For instance, the vector control method [6] uses a four-
leg inverter while the approach proposed in [7, 8], uses a
five-leg inverter. Such inverters can feed the two motors
with different voltage vectors. However, if the number of

motors is increased, the number of switches also must
be increased [9]. Also another convertors well known the
matrix convertors can be used for feeding a large number
of voltage vectors. Some of these vectors, called active
vectors, have constant direction but variable amplitude;
however, some others, called rotation vectors [10], have
constant amplitude but variable direction (Table 1). The
use of both groups of vectors in single inverter dual
motors creates a continuous vector space. The two main
properties of the matrix convertors are its capability for
generating sinusoidal input-output voltage and current
and to adjust input power factor [11, 12]. The matrix con-
vertors are preferred for extreme temperatures and critical
volume-weight [13]. The control and the modulation are
two major subjects in the single inverter dual motors. The
present control strategies are basically of two main types:
(1)The master-slave pattern, which is used in the same

Table 1 The vector space of a

3 % 3 matrix convertor State Activated switches Voltage-vector values Current-vector values
Vo o lin B
+1 Sha Seb Skc 2/3Vyg 0 2//31, —/6
-1 Sga Sab Sac —2/3Vpg 0 2/V/3i- —/6
+2 Sta Sab Sce 2/3 Ve 0 2/\/§ i, /2
-2 Sea Seb Sec ~2/3 Ve 0 2//3i.- 7/2
3+ Sea So Sac 2/3Ves 0 2//3i, 77/6
3- Sha Scp . —2/3Vep 0 2/\3i, 77/6
+4 Sga Sab Sae 2/3Vpg 27/3 2/V/3i, —/6
-4 Sha Seb Sac —2/3Vyg 27 /3 2/\/§ib' —/6
5+ Sca Seb Sce 2/3 Vg 2x/3 2/\/§ib /2
-5 Sta Sca Sec —2/3 Vg 27 /3 2/\/§ib' /2
+6 Sha Seb Sac 2/3Ves 27/3 2/+/3i, 77/6
-6 Sca Scb Sce —2/3Vcp 27/3 2/\/§ib' 7z /6
+7 Sea Seb . 2/3V,g 4r/3 2//3i. —x/6
-7 Sha Sab Sae =2/3Vpg 4r/3 2/V/3i. —/6
+8 Sc Sep . 2/3 Ve 4r/3 2/V3i, z/2
-8 Sga Seb Sce —2/3 Vg 4z /3 2/\/§ic /2
+9 Sha Sab Sce 2/3V, 4r/3 2/\/§ic 77 /6
-9 Sca Scb Sac —2/3V¢p 4r/3 2/v/3i. 77/6
+10 Sha Sep Sce Vin in® lo o
-10 Sha Sge Scb Vin in@" lo ob-
+11 Sab Sge Sca Vin a, —2x/3 ly B, +2x/3
-11 Sab Sca Sce Vin —a;, +27/3 |, —p, +2x/3
+12 Sac Sta Scb Vin a;, +2x/3 [ B, —2x/3
-12 Sac Sy Sca Vin -, —2x/3 |, —Po—27/3
04 Sha Sab Sac 0 - 0 -
Os Sga Sy Sge 0 - 0 -
0c Sca Scb Sce 0 - 0 -
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machines. Here, to ensure that the stator flux keeps within
its nominal range, the motor with the greater amplitude of
the stator flux is set as the master, and the behavior of the
slave motor is not checked. However, a restriction of this
arrangement is that the behavior of the slave motor may
not be acceptable in some cases [2, 4]. (2)The mean control
pattern, where the average and differential values of the
speed and current of the motors are calculated. The main
disadvantage of this pattern is that the stator flux of either
motor may go beyond the reference value [4]. Moreover, a
third pattern would be to mix the mentioned patterns [2].

Each of the mentioned patterns can be implemented
through the use of either vector control or direct torque
control (DTC) methods. For example, a sensorless vector
control method was propounded by [14] based on the
mean control pattern and the sum of the torque values of
two induction motors controlled by a three-leg inverter. By
[15] made a comparison between the P controller and the
Pl controller in terms of their effect on the torque control
loop. In addition, in [1, 16] propounded the weighted vec-
tor control method for improving the speed function and
startup conditions of a dual-motor drive and considered
differences in torque values. A straightforward method
presented by [17] improved controlling of single inverter
in drives of dual induction motors.

The use of the DTC method for controlling single
inverter in drives of dual motors has been less studied
compared to the vector control method. By [18] proposed
a method according to the master—slave pattern and based
on the classical DTC method to control a system consisting
of two permanent magnet synchronous motors fed by a
three-leg inverter. The DTC approach allows easier torque
control and a fast dynamic response, that does not need
the transformation of rotary coordinates, and is independ-
ent of motor parameters [19]. However, the DTC method
has more torque and current ripple than does the vector
control approach [20]. The previous researchs indicate that
using the master—slave pattern implemented via the DTC
approach achieves the better results than does the vector
control method. The opposite is true of the mean control
pattern [2]. In the conventional DTC method, the vector
space is divided to six sectors of 60° which results in eight
voltage vectors. Considering the resultant discrete voltage
space, it is impossible to accurately produce the voltage
vector required to generate flux and torque [21]. To solve
this problem, different approaches have been propounded
which increased complexity of the DTC approach [10]. One
of them is space vector modulation (SVM) [22], that pro-
vides continuous vector space for voltage modulation [23].
The SVM method works by removing the hystersis blocks
and the lookup table, but it increases the complexity of
computations. Also there is another configuration of DTC
based methods which enhance the lookup table in order

to select the optimal switching state. These methods result
acceptable outputs and at the same time, it provides sim-
plicity of control [21, 24]. The matrix convertor can pro-
duce 27 voltage vectors that creates a continuous voltage
space. In the conventional DTC approach, only 18 vectors
have a constant direction, and this implies the loss of the
advantages of the matrix convertor [10]. To solve this prob-
lem, in [25] developed a modified DTC method, in which
the circular vector space is divided up into twelve sectors
of 30°. This modified technique investigates the effect of all
the voltage vectors of the matrix convertor on the changes
in flux, torque, and input power factor.

The purpose of the study reported here is threefold: (1)
to introduce a novel drive system with a matrix conver-
tor for two parallel-connected induction motors through
the enhanced switching tables. Also the proposed control
method is explianed. (2) to lower the torque ripple more
than does the conventional DTG; and (3) to maintain the
stability of motor speed under unbalanced load circum-
stances. The remainder of the paper is as follows. In Sect. 2,
the proposed control method is delineated. Section 3 pre-
sents and discusses the simulation results. Finally, conclu-
sions are given in Sect. 4.

2 Materials and methods

2.1 Modeling of dual induction motors
in the proposed method

If the voltage drop of the stator resistance is disre-
garded, the flux equation of induction motors will
be as follows:

Ay, =V, - At m

The radial and tangential components of the stator volt-
age vector alter the amplitude and angle of the stator flux
vector, respectively. These components are expressed in a
synchronous reference frame as follows [10]:

Vi =V, cos0+V;sing )

V; ==V, sinf + V;cos o (3)

In the single inverter dual motor drives, a same voltage
vector is applied to both motors simultaneously. In this
case, variations in the amplitude of the stator flux for each
motor are described as follows:

Alg| = Vg - At @)

SN Applied Sciences

A SPRINGER NATURE journal



Research Article SN Applied Sciences

(2021) 3:849

| https://doi.org/10.1007/s42452-021-04763-6

A|17/$2| = V- At (5)

By applying Egs. (1) to (5) to each motor and using the
mean control pattern, the flux average and torque average
are expressed as follows:

- + =
Wl + o] _ o
Te1 + Te2

5 = T, )

By applying Egs. (4) and (5) to each motor and consid-
ering Eq. (2), the effect of the radial component of the
applied voltage vector on the variations in the average flux
of stator in the interval [t; t,] can be described as follows:

Vs

_ d _
AlW| = [Waa| = [Wour| 2 V- At > ——= =V =V, cosd +V,sing
(8)

The torque of the induction motor can be expressed
using Eq. (9) [10]:

=2 E g g siny o)

where ¢ and y are leakage factor and load angle,
respectively.

By substituting Eqs. 6 and 7 in Eq. 9 for the sin-
gle inverter dual motor drives, average torque will be
expressed as below:

ul

-siny (10)

Torque changes resulting from the applied \75 are as
follows:

= = dlws . dy =
AT, =k |y,|- T -smy+E-cosy-’w5 - At
(1)
where K is a constant defined as Eq. (12) below:
3 P Ly,
k=2._.
2 2 o-L-L (12)
Hence
Ay = A0 — AL (13)

where A and A{ are the change in the angles of is and
w,, respectively, that results from the application of the
voltage vector.

The following equation indicates the change in the
amplitude of
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A|Wsr =A0- |y, 2V, At (14)

Therefore:

do _ Vo
dt

(15)

|W51
Given that the rotor flux rotates at synchronous speed,

d¢
¢ = o, => T o} (16)

Substituting (3), (15), and (16) in (13) results:
dy _do d¢ —V,sin0+V;coso

dt ~dr dr 7. — s (17)
S

Also, if (8) and (17) are substituted in (11), the change in
the average torque is expressed as follows:
. (Vd -siny + (Vq - - ‘ﬁs ) . cosy) - At

(18)

The flux evaluation function (A), torque evaluation func-
tion (1), and the back-EMF evaluation function (e) of the
matrix convertor are defined as follows [10]:

AT, =k- |y,

Vv

l=—3 (19)
2/4/3V,
v
r=—32 (20)
2/V/3v,,
e= 2 7 (21)

2/,

where V,, is the amplitude of the input voltage vector. By
substituting (19), (20), and (21) in (8) and (18), the rate of
the effect of each voltage vector on the change of the aver-
age torque and the average flux are estimated as below:

d_
aTe&T'i'A—e (22)
d =
IR (23)

The d and q voltage components of the matrix conver-
tor are substituted in (19) and (20). The 7 functions and
the A functions are presented in Table 2. Results indicate
that these 7 and 4 functions are dependent on the angle of
the input voltage and the angle of the average flux vector,
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Table 2 Evaluation functions of torque, flux and input power factor

MC state Evaluation functions of torque, flux and input power factor

T A n
+1 —cos (a; + 7/6) sin b, cos (a; + 7/6) cos b —sin (a; + 7/6) cos §,
-1 cos (a; + /6) sin 6, — cos (a; + 7/6) cos O, sin (a; + 7/6) sin B,
+2 —cos (a; — x/2) sin §, cos (; — /2) cos —sin (@; — 7/2) cos B,
-2 cos (; — /2) sin 6, —cos (a; — #/2) cos b, sin (@; — 7/2) cos g,
3+ — cos (a; + 57/6) sin 6, cos (a; + 57/6) cos —sin (a; — 77/6) cos B,
3- cos (a; + 57/6) sin 6, — cos (a; + 57/6) cos b, sin (@, — 77/6) cos B,
+4 — cos (a; + 7/6) sin(d; — 2x/3) cos (a; + 7/6) cos(d; — 2x/3) —sin (a; + 7/6) cos(fo — 27 /3)
-4 cos (a; + 7/6) sin(6, — 27/3) —cos (a; + 7/6) cos(d; — 27 /3) sin (o; + 7/6) cos(fo — 2x/3)
5+ —cos (a; — 7/2) sin(6; — 27 /3) cos (a; — /2) cos(§; — 2z /3) —sin (a; — 7/2) cos(fo — 2x/3)
-5 cos (a; — x/2) sin(0, — 2x/3) —cos (a; — 7/2) cos(d, — 2z /3) sin(a; — 7/2)cos(fo — 2x/3)
+6 — cos (a; + 57/6) sin(0, — 2 /3) cos (o; + 57/6) cos(0, — 2x/3) —sin (@; — 77/6) cos(fo — 2z /3)
-6 cos (a; + 57/6) sin(0, — 2x/3) —cos (a; + 57/6) cos(0, — 2x/3) sin (@; — 77/6) cos(fo — 2z /3)
+7 —cos (a; + 7/6) sin(0; — 4z /3) cos (a; + /6) cos(0; — 4x/3) —sin (a; + 7/6) cos(fo + 2x/3)
-7 cos (a; + /6) sin(0, — 4x /3) —cos (a; + 7/6) cos(d; — 47 /3) sin (; + 7/6) cos(o + 2/3)
+8 —cos (a; — x/2) sin(0; — 4z /3) cos (; — /2) cos(6; — 4x/3) —sin(a; — 7/2)cos(Bo + 2x/3)
-8 cos (a; — 7/2) sin(0, — 4z /3) —cos (a; — 7/2) cos(d; — 4x/3) sin (a; — /2) cos(fo + 2x/3)
+9 —cos (a; + 57/6) sin(, — 4r/3) cos (a; + 57/6) cos(8; — 4r/3) —sin (a; — 77/6) cos(fo + 2x/3)
-9 cos (a; + 57/6) sin(6; — 4 /3) — cos (a; + 57/6) cos(d; — 4r/3) sin (a¢; — 77/6) cos(fo + 2x/3)
+10 —v/3/25sin (0, — a;) \/§/Zcos(05—a[) —v/3/2sin (a; — po)
-10 \V/3/25sin (6, — a;) —V/3/2cos (6, - a;) —V/3/25in (a; + o)
+11 —/3/2sin (6, — a; + 27/3) \/3/2cos (6, — a; + 27/3) —v/3/2sin (a; — o — 27/3)
-n —/3/2sin (6, + a; — 27/3) V/3/2cos (6, + a; — 27/3) —V/3/2sin (a; + fo — 27/3)
+12 —/3/25sin (6, — a; — 27/3) V/3/2cos (6, — a; - 27/3) ~v/3/2sin (a; - o +27/3)
-12 —/3/25sin (0, + a; + 27/3) V/3/2cos (6, + a; + 27 /3) —/3/2sin (a; + fo + 27/3)
0, 0 0 0
0p 0 0 0
0c 0 0 0
respectively. The input reactive power and input current d
vector can be used to obtain the evaluation function of EQ «n (25)

input power factor (Eq. (24)). The n functions of all voltage
vectors of the matrix convertor are given in Table 2.

lq

2/\/§Iin

where [, is the amplitude of the input current vector.

As it can be seen in Table 2, the evaluation functions ()
are the functions of the angle of the input current and the
angle of the voltage vector, respectively.

The relationship between 5 and the input reactive
power of single inverter dual motor can be expressed as
follows [10];

(24)

In order to extract the unit input power factor, input
reactive power should be kept close to zero. Evaluation
functions are proportional to the rate of the changes in
torque, flux, and input reactive power.

2.2 Enhanced switching table of matrix convertor

According to Table 2, it is seen that the evaluation func-
tions are dependent to 6, and ;. The area between 0 and
2m is divided into 12 sectors of 30 degrees and the mean
change rate of every evaluation functions, based on the
changes of 6, and ¢; is calculated in each sector that called
impact factor. As it mentioned, the variation of impact
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Table 3 Impact factor of Stator flux sectors 1,
torque and flux for constant Blalal4]s]e[7][8]oJwo]ufn]i1][2]3
vectors of matrix convertor R; +6 | +5 | +4 8 9 10 1 12 1 2 3 4 5 6 7
98| +7 12| 1|2 |3]|4|5|6|7|8]|9]10|1
8 12 6 6 3 6|9 |9|6]|3
7 11 6 6 36|99 |63
6 10 6 25|66 |5]2
f 50119 1|23 ]3]2]1
Elalnls|i[2a|3]3]2]1
372|566 5]2 6 -6
E 2 wle 36|99 6|3 6 6
E 195|369 9]6]3 6 6
E 128 |4|2]5|6|6]|5]2 6
Tl 73t ]2[3]3]z2][1
10 6 |2 1|23 ]3]2]1
B|l2|+ |1 |23 |4]5|6|7[8]|9]10|11]12
R 6|5 | 4|5 |6 |7 o (10|11 |12 1|2 |34
98|79 1011|121 |2]|3|4|5]|6]|7]S8
Stator flux sectors ng
toraue ancux forrotation Stator lux sctors g
vectors of matrix convertor o045 6|7 8190 11121 )2 3
®, ar [+2 | 8 |9 |10 |1 |12| 1|2 |3|4]|5]|6]7
a2 |+ 121|234 |5|6|7|8]09|10]|1
1|12 | > 1o | 4| 7|8 ]7|4]0
2 |11 3 Sl o | 4|7 |87 |4 4
83 [0 & Lo |47 8| 7]|4]0 "
g 4109 o a7 s |74a]o]| " g
Sls s flo 4|7 [8]7|4]0]|"
q:,n 6|70 4|7 |8|7]|4]0]" 4
Sl7]6 478 |7]4]0]" o
Sl s |5 |78 |7 |4]o0]| " 8 Lo | 4
sl9 4|87 ]4]0 ] 3 1o | 4|7
Slw|s| 740l o473
240 o | 4|7 |81 7
2|10 | g Sl o | 4|7 |8 ]| 7|4
410 | +10 1 2 3 4 5 6 7 8 9 10 | 11 | 12
a |+ | 56| 7| 8|9 1011|121 3| 4
Rel w2 oozt ]|2]3]4]s5]6]7]s
Stator flux sectors n,
factors, directly will effect on the change of average flux Zn, Zny
and torque parameters respectively. So, impact factors for
R, = round rdfda (26)

every switching states and each evaluation function are
calculated by the following relations and are indicated in

Tables 3,4, 5, 6.

SN Applied Sciences

A SPRINGERNATURE journal

(/6)*

’g”(n,,—1) %(nﬂ—1)



SN Applied Sciences (2021) 3:849

| https://doi.org/10.1007/542452-021-04763-6 Research Article

Table 5 Impact factor of input
power factor for constant
vectors of matrix convertor

Table 6 Impact factor of input
power factor for rotation
vectors of matrix convertor

R, = round

R, = round / / ndadp
! (n/6)

$ | 4|12
713 |11
Q
Sl 6| 2|10
w
Sl 51|09
N
S| 4|12 8
w2
23 |7
Sla2]w]e6
5
S|1]9]s
Sln2|s| 4
&
s |1l 7|3 3
© 10| 6 | 2 2 6
9 | 5 | 1 3 9
B3| |1]2]|3|4|5]6]| 7|89 ]10]|11]12
RIS s |67 |89 01?2 4
Mol lolw|ulel1]2]3]4]s5]6]7]s
Input voltage sectors n,
1 12 4 g 1o | 4|7 8| 7| 4]0
2 11 3 o | 4| 7| 8| 7| 4 4
3| 3 10 o | 47| 8| 7|40 ]|
g 4 9 o | 4|7 |8 | 7|40/
‘g 5 8 1o | 4|7 |8|7]4f0 4 3
ol 6 7 1o | 4|7 |8 7|40/ 4
=]
g7 6 4 | 7|8 |71]4]0]|" oo
=] A 4
S| s 5 7187|410 0 | 4
s 9 4 8 | 714 0| 1o | 4|7
Sl | 3 [7]alo" lo 473
L)
11 2 4 10 | - o | 4| 7| 8|7
12 1 0| o | 4| 7| 8| 7| 4
10 | 410 | 1| 2| 3| 4|56 ]| 7|89 101112
a1 | +11 | 5| 6| 7| 8|9 |1w0|1n|12]|1 3| 4
Rel 2 [z o |wo|lulel1]2]3]4]s5]6]7]s
Input voltage sectors n,
R. = round(10e) (29)
(27) The Eq. (29) is definition of the impact factor of back

emf[10].

The output of functions is rounded to the nearest inte-
ger that will be between -9 and 9. In other words, the effect
of every evaluation functions is categorized in to 18 levels.

(28) With regards to (22), (26) and (27), the average value of
torque variations stated in each cell of table is as follows:
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grid Power
Va
Q q Input Ve
Reactive V.
Power <
Estimator . 3
i 1
A .
R S;... S,
+ rll - ! ®
* “ % Reference Impact R ‘/'- Objective
@ L ™ B Function Matrix
- - T e [ Factors Calculator R’ Obtimization Converter
o
K - 3 27 R ¢
- —1 Enhanced
27 i o
— =— Switching
A T ¢ 27 _R , | Tables
Motor 1
T d b ii
orque an < i
@ @ Aa Stator flux Veq —
< estimator -« <
< Motorl
Average Ta a‘bc
calculator 4 Torque and - d:
“s2 Stator flux laq
N estimator V. < s «
‘1. , Motor2 < % :z:
Motor 2

Fig. 1 Proposed DTC-SVM for dual induction motors fed by MC

d
=T
dt ¢

d T, = avg< (30)

- )«RT+R,1—R8

At the same way for the flux variations and input power
factor variations are calculated:

d|= d|=

E|W$1 ~ an(E"l’s] > X Rl (31)
d d

EQ ~ avg<E0> xR, (32)

Finally for all 27 states, the impact factors are calcu-
lated. The impact factors of £ 10,+ 11 and £ 12 vectors in
some areas will be unaffected. In these circumstances,
the effect of these factors on variations of torque, flux and
input power factor in single inverter dual motor drives is
considered to be zero.
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2.3 System configuration

The proposed method consists of four main steps (Fig. 1).
First, the values of stator flux and torque of motors are esti-
mated [10] and the average values of these parameters are
calculated via Eq. (13). Then input reactive power is calcu-
lated via Eq. (24). Subsequently, the reference impact val-
ues are calculated via Egs. (33), (34) and (35) according to
0,, a;and f, that are applied to switching table. Finally, the
best switching state that leading to minimize the objective
function according to Eq. (36) is selected. The values of
reference impact factors to extract average torque, aver-
age flux and input reactive power are calculated as follow:

ki

R = (33)

T

+Re_R/1
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(7] - [#)
R = . (34)
v
* — Q
R, = Ko (35)

wherek, kw and k, are coefficients of input reactive power,
flux and positive torque respectively. The values of these
parameters will have a significant impact on the variation
rate of torque, flux and input power factor. The appropriate
adjustment of these coefficients is also dependent on the
steady state operating conditions and the variation rate of
torque and flux of motors than nominal values [10].

2.4 Objective function

The objective function must be able to choice the best
among 27 switching states that lead to the minimization
of the Eq. (36). The impact factors of torque, flux and input
reactive power in single inverter dual motor drives are
related to each other by weighted coefficients a,a,, dqg
respectively. The values of these coefficients determine the
amount of the effectiveness of impact factors in Eq. (36).

F=a,|R: = R|+a,[R; = R,|+ag|R; - R,|  36)

3 Results

Speed and torque are the most important controllable
parameters in all motor drive methods. In this study, it
was assumed that both motors are the same in terms of
electrical parameters. According to the strategy used in
this research, the drive system consists of two motors, was
modeled like a single motor drive system. According to
the reviewed articles, the problem of these systems occurs
in situations where there is an imbalance in the load of the
motors. Under this condition, and according to the rela-
tionships in the DTC method, each motor will need a dif-
ferent voltage vector, which in turn leads to differences in
motor speeds, and in theory, motors speed may not follow
the reference value. Therefore, the focus of the research
is on showing the efficiency of the proposed method in
unbalanced load conditions. Of course, the results were
examined under normal conditions too. Relationships 1
to 5 show the effect of the selected voltage vector on the
changes in the magnetic flux of the motors stator. If there
are more vectors in the 360-degree space, the vector space
will be more continuous and creating the conditions that

the changes in magnetic flux are also small. Therefore, the
practical results of using 27 matrix converter voltage vec-
tors in DTC-SVM method leads to a decrease in magnetic
flux ripples. According to the relationship between stator
flux and motor speed, the proposed method leads to less
fluctuations in motors speed and torque, which has been
investigated in the simulation results.

The proposed method was compared with the con-
ventional DTC via some numerical simulations in order to
study the steady-state and dynamic performances. The
machines under investigation were 200 HP, 4 poles, 460
V|, and 60 Hz squirrel cage induction motors where stator
resistance is 0.0148 Q, rotor resistance is 0.0092 Q, leakage
inductance of stator is 0.003 H, leakage inductance of rotor
is 0.003 H and magnetizing inductance of stator is 0.01 H.

3.1 Unbalanced load test

The conventional [19] and proposed methods were sub-
jected to the unbalanced load conditions. The speeds of
the motors were set at 800 rpm, and both motors were
started under no-load condition. After 1.2 s, torque val-
ues of 100 and 200 Nm were applied to the motor 1 and
motor 2, respectively. The simulation results are presented
in Figs. 2 and 3. Figures 4 and 5 show more details about
the speed curves. As can be seen, in both methods, both
motors followed the torque command. Furthermore, fluc-
tuations can be observed in the torque curve for 0.2 s after
step change in the load occurred. In the proposed method,
these fluctuations occurred in the motor subjected to the
lower load, while in the conventional approach the fluc-
tuations occurred in the motor under higher load. It is also
clear in Figs. 4 and 5 that in the proposed method, there
are less oscilations in motor speed compared with the con-
ventinoal approach. According to Figs. 2 and 3, torque rip-
ple reduced significantly in the proposed approach.

3.2 Change in speed step under unbalanced load
condition

An investigation was made into the effect of changes in
the reference speed on the transient and steady-state per-
formance in the proposed DTC method. Both motors were
started under no-load condition, but the load of motor
1 was changed to 400 Nm after 3 s. When the reference
speed was changed from 1500 to 500 rpm, — 500 rpm
and — 1500 rpm both motors followed the speed com-
mand closely. In this section, torque changes and motor
speeds in braking mode are also examined. When the
speed is negative, the motor’s transient torque is vis-
ible. In this case, the motor with low load will have more
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Fig.2 Unbalanced load condition in conventional DTC: a Speed of motors; b Torque of motor; ¢ current of motor 1; d current of motor 2

fluctuations in torque and current. According to the equa-
tions extracted in the previous section, these fluctuations
are predictable for low-load motors. Figure 6 illustrates
the characteristics of both motors in this condition. Fluc-
tuations can be seen in the torque curve of motor2 for
0.4 s, but fluctuations were damped in the steady-state
condition.

3.3 Dynamic performance during a change
in torque command

This subsection discusses the ability of the proposed
method to generate electrical power when motors brake.
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According to Fig. 7, torque was changed from +400 to
—400 Nm, with speed being set at 600 rpm. The speed and
torque followed the reference values. As can be seen in
Fig. 8, sinusoidal voltage is in phase with the correspond-
ing current at the input side of matrix convertor, and this
confirms the validity of the propounded DTC to operate
under unit input power factor. When the torque command
changes, the direction of motor current changes.Accord-
ing to Fig. 8, the phase angle difference between input
current and corresponding voltage is about i radian, indi-
cating that the machines now generate electrical power. In
this case, motors speed is more than the reference speed
because slip is more than 1.



SN Applied Sciences (2021) 3:849 | https://doi.org/10.1007/542452-021-04763-6 Research Article
4 T T T
1000 - ; , 0
a b Tet
800 - 566 i
700 - 1
— 100 8
€ 600 . §
£ T o 1
3 500 [ . §
2 5
o 400 - . = 100 Tel 1
300 . 200 L ]
200 .
-300 | g
100 - :
0 1 1 1 _400 . : .
i 1 1. 2
0 05 1 15 2 0 05 Time(s) s
Time(s)
300 : : . : : 300 : : : : :
c d
200 E 200 i
_ 100} | 100}
< <
z Z
o o
5 0 1 5 0 1
o o
-~ N
® ®
2 K]
-100 | g -100 ]
-200 . 200 E
300 | | . . . .300 . | | ! .
1.4 15 1.6 1.7 1.8 1.9 14 15 16 17 18 1.9 2
Time(s) Time(s)

Fig.3 Unbalanced load condition in the proposed DTC: a speed of motors; b Torque of motors; ¢ Current of motor 1; d Current of motor 2

810 T

805

Speed(rpm)
3
o

-~

©o

o
T

790

s

L

785 *
0.8 0.9

Fig.4 Speed of motors under unbalanced load condition in con-

ventional DTC

11

1.2
Time(s)

1.3

14

15

16

810 T

805

=}

(=3

o
T

Speed(rpm)

795

790

785 !
0.8 0.9

11

12
Time(s)

1.3 14 1.5 16

Fig.5 Speed of motors under unbalanced load condition in the

proposed DTC

SN Applied Sciences

A SPRINGERNATURE journal



Research Article SN Applied Sciences (2021) 3:849 | https://doi.org/10.1007/s42452-021-04763-6
2000 860
? wi b Te1
1500 [ Te1 Te2
600 4
1000
400 r
= S0 £
= z
g 0 g 200
g g
(=]
@ -500 [
ot
-1000 f
-200
-1500
-2000 . L L L 400
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time(s) Time(s)
300 l . Time Sen:ies Plot: ' ' 500 ' ] Time Sely'les Plot:
¢ d
400 -
200 ool
200
_ 100 =
§ = 100
8 3
‘(5) 0 E 0
© o
i © 100
& &
-100 o0l
-300 |
-200
-400 |
-300 -500 ,
0 2 4 6 8 10 12
Time(s) Time(s)

Fig.6 Speed step command under unbalanced load condition in the proposed DTC: a motors speed; b motors torque; ¢ stator current of

motor 1; d stator current of motor 2

4 Conclusions

In this study a new DTC control method based on mean
control pattern for dual identical induction motors fed by
a matrix convertor proposed. The main question of the
research was whether the speed of two motors in unbal-
anced loads conditions can be controlled by a single con-
vertor? Also, the effect of the proposed method on the
current and motor torque ripple was another question.
This method without adding complexity to DTC, effectively
uses all matrix convertor switching states and combines
the advantages of matrix convertor with the benefits of
DTC for use in an single inverter dual motor drives system
and hysteresis blocks are replaced with the Pl controller.
The effect of each matrix convertor switching states on
the change rates of the torque, flux and input power factor
of single inverter dual motor drives systems was evaluated.
Finally, by using an objective function and based on the
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switching tables the optimal voltage vector selected. The
performance of proposed method has been tested by sim-
ulations and The results showed a significant improvement
in torque speed and fluctuations compared to the basic
method. Furthermore, the proposed method provides a
safe condition for motors to operate during the regenera-
tive braking condition.

According to the results of the present study, it is sug-
gested that the Master-Slave strategy be used to simul-
taneous control of the two motors with a single conver-
tor and the results of this strategy be compared with the
proposed method. It is also suggested that the proposed
strategy in this study be evaluated with the use of a five-
leg inverter instead of a matrix convertor. Practical experi-
ments to compare with simulations results will be effective
in improving the proposed method.
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