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Predictive torque control of induction motor drive
with reduction of torque and flux ripple
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Abstract. The continuing efforts to reduce the torque and flux ripples using Finite Set Model Predictive Direct Torque Control methods
(FS-MPDTC) have been currently drawing great attention from the academic communities and industrial applications in the field of electrical
drives. The major problem of high torque and flux ripples refers to the consideration of just one active voltage vector at the whole control
period. Implementation of two or more voltage vectors at each sampling time has recently been adopted as one of the practical techniques to
reduce both the torque and flux ripples. Apart from the calculating challenge of the effort control, the parameter dependency and complexity of
the duty ratio relationships lead to reduced system robustness. Those are two notable drawbacks of these methods. In this paper, a finite set of
the voltage vectors with a finite set of duty cycles are employed to implement the FS-MPDTC of the induction motor. Based on the so-called
Discrete Duty Cycle-based FS-MPDTC (DDC-FS-MPDTC), a base duty ratio is first determined based on the equivalent reference voltage. This
duty ratio is certainly calculated using the command values of the control system, while the motor parameters are not used in this algorithm.
Then, two sets of duty ratios with limit members are constructed for two adjacent active voltage vectors to apply at each control period. Finally,
the prediction and the cost function evaluation are performed for all the preselected voltage vectors and duty ratios. However, the prediction
and the optimization operations are performed for only 12 states of the inverter. Meanwhile, time-consuming calculations related to SVM has
been eliminated. So, the robustness and complexity of the control system have been respectively decreased and increased, and both the flux
and torque ripples are reduced in all speed ranges. The simulation results have verified the damping performance of the proposed method to
reduce the ripples of both the torque and flux and accordingly, the experimental results have strongly validated the aforementioned statement.
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1. INTRODUCTION
The induction motor control using dc/ac converters has become
an interesting area as it pertains to the Field Oriented Control
(FOC) and Direct Torque Control (DTC) [1]. Hence, different
direct torque and flux control strategies are proposed for induc-
tion motors supplied by a three-level inverter [2, 3]. A DTC
strategy is proposed for a three-phase induction motor fed by a
three-phase direct matrix converter, while the motor’s behavior
can be estimated at the next sampling interval using the predic-
tive control strategy and different matrix converter modes [4].
FOC, ST-DTC or in brief DTC controls the electrical torque
and stator flux using two components of the possible voltage
vectors of inverter in a stator reference frame. In addition, due
to the lack of PWM block and inner current controller accom-
panied by the rotary coordinate conversion module, the fast dy-
namic response and robustness against the parameter changes
make this technique an excellent alternative for FOC [5-6].
However, DTC has two notable drawbacks, i.e., high torque
and flux ripples and high switching frequency. Both the DTC
(due to its merits) and FOC are simultaneously considered to
cope with these problems [7—10]. In this approach, two com-
ponents of the reference voltage vector control the torque and
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flux generated by a continuous controller and bring about the
constant switching frequency. Although the torque and flux rip-
ples reduction is achieved in this method due to the use of three
possible voltage vectors (two adjacent active vectors and a zero
vector) of the inverter at each control cycle, the main problem
of SVM based techniques is to determine the electrical torque
and stator flux controllers.

Many different controllers such as proportional-integrator
controllers [2, 7-9], fuzzy logic controllers [10], sliding mode
controllers [11], deadbeat controllers [12] have been exten-
sively employed to calculate the components of reference volt-
age vector. In addition to the use of rotary coordinate trans-
formation, which degrades the quick dynamic response of this
method as compared to the conventional DTC, the control effort
is calculated through complicated and parameter dependence
relations. Hence, the robustness against the parameter changes
and complexity of the control system will be decreased and in-
creased, respectively.

In recent years, FS-MPDTC has been introduced to control
the torque and flux and speed by predicting the future behav-
ior of electric drive based on its model. Like the other discrete
controllers, e.g., ST-DTC, FS-MPDTC has been featured by
considering the discrete nature of the actuator and employing
the limited number of voltage vectors in the control algorithm.
Apart from the aforementioned advantages, FS-MPDTC has
much more merits, such as easy incorporation of constraints and
nonlinearities in cost function and easy implementation [13].

© 2021 The Author(s). This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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FS-MPDTC method firstly predicts all the motor variables such
as the stator flux, stator current, and consequently the electri-
cal torque for all admissible voltage vectors. Then, this method
selects the switching state corresponding to the voltage vector
with the lowest cost function.

Finite control-set approaches are dependent on the number of
vectors applying at each control cycle, and they are categorized
into three groups. These groups apply one, two or three voltage
vectors in each control cycle.

Refs [14-23] are examples of one vector-based FCS-
MPDTC. In [15], a formalized approach is introduced to assign
the weighting factors of the objective function. The parameter
dependency and high complexity are the major problems in this
algorithm. Besides the aforementioned problems, one vector-
based FCS-MPDTC method suffers from high torque and flux
ripples and high THD.

In [18], torque and flux deadbeat controllers are employed
to calculate the best effort control. Then, three adjacent feasi-
ble voltage vectors of the calculated virtual voltage vector are
merely evaluated in the cost function to reduce the computa-
tional burden of the processor. However, this strategy requires
many calculations to find the angle of the voltage vector sat-
isfying the deadbeat solution. Also, this algorithm has worked
correctly in the control systems with a long-time horizon.

To reduce the torque and flux ripples, the second group of
FS-DTC has been recently presented. In this group, two volt-
age vectors, i.e., two active voltage vectors or an active volt-
age vector, along with a zero-voltage vector, are applied during
each control period. The use of an active voltage vector along
with a zero-voltage vector is known as the duty cycle control
method. Some of these algorithms rely on two vector-based FS-
DTC methods, which have considered the mean torque equal-
ization [24, 25], torque deadbeat solution [26], and minimum
torque ripple [27-29], Lyaupnov based duty cycle [30]. Most
of the aforementioned methods focus on torque ripple reduc-
tion. However, the problem of high flux ripple, which increases
the THD current, has been neglected in these works. Calculat-
ing the duty ratio algorithm and selecting the appropriate active
voltage vector are the two outstanding problems of these meth-
ods. However, these methods have no appropriate steady-state
performance because of the zero-voltage vector in duty ratio
calculation.

In [31] and [32], some approaches are introduced to cope
with this problem. In these techniques, MPDTC is firstly em-
ployed to select the optimal active voltage vector. The optimal
duration of the selected vector has been accordingly computed
using a torque error minimization technique. In these methods,
the best active voltage vector is selected based on the plausi-
ble assumption that will apply the whole control cycle, whereas
the time of this application varies with the change of the duty
cycle. Hence, the selected voltage vector may no longer be an
optimum choice. However, the separate selection of active volt-
age vector and its relevant duty ratio leads to weak operational
performance, especially at low speed.

A simultaneous determination of optimal voltage considering
its duration time has been presented in [33] to tackle the cas-
caded selection of the best voltage vector and its corresponding

duty ratio. The duty ratio of any feasible voltage vectors is cal-
culated based on the torque deadbeat solution at the beginning
of the MPTC loop, and prediction is subsequently carried out
for the selected voltage vector and calculated duty ratio. Note
that the duty cycle control produces the virtual voltage vectors
with just different lengths in the direction of the basic voltage
vectors of the inverter. These virtual voltage vectors with dif-
ferent amplitudes can be employed to reduce the only one of
torque or flux ripples.

The idea of combining two feasible voltage vectors of a 2-
level voltage source inverter (2L-VSI) has been introduced to
overcome this problem [34]. Hence, this comprehensive two-
vector based algorithm produces different vectors based on ba-
sic voltage vectors with different duration times. Since the di-
versity of voltage vectors is significantly increased, it is ex-
pected that the ripples of both electrical torque and stator flux to
be reduced at the same time. However, apart from that the cost
function evaluation, it has to be performed 25 times in each
sampling period that the duty ratio relationship is very com-
plicated considering all motor parameters. Consequently, these
problems decrease and increase the robustness and complexity
of the control system, respectively.

Three-vector based FS-DTC methods are the appropriate
choices to reduce both the torque and flux ripples significantly,
and it is expected that they can compete with the SVM based
methods.

In [35], two constant values duty ratios are firstly considered
for two active voltage vectors. Then, these vectors, along with
a zero-voltage vector, are applied to the motor. Since the duty
ratios are just two constant values, the minimum ripple cannot
be achieved in all speed ranges.

In this paper, a three-vector (two active vectors and one zero
vector) based DDC-FS-MPDTC method is introduced to cope
with the problems of the prior DTC-based algorithms. The first
active voltage vector is selected from the members of the pre-
selected set, where the members of the aforementioned set are
selected among the feasible active voltage vectors of 2L-VSI
based on a switching pattern that compare the estimated and
reference values of the electrical torque. Also, the second vec-
tor is the next adjacent vector of the first selected vector. In the
next step, the reference of BEMF is calculated using the com-
mand values of the rotor speed and stator flux. The equivalent
reference voltage and the maximum voltage produced by the in-
verter are the determinative factors of a base duty ratio. Then, a
set of new duty ratios is determined as the resultant duty ratios
according to the base duty ratio. The duty ratios of the prese-
lected active voltage vectors and their next ones are computed
by the employment of the equivalent duty ratios. Finally, DDC-
FS-MPDTC is employed for all preselected voltage vectors and
the proposed method’s duty ratios.

Since the selected duty ratios are entirely independent of the
motor parameters, this method is most robust against the pa-
rameter variations. Also, the proposed method does not con-
sider any especial principle for torque or flux ripples reduction
alone, and a parameter determines the relative importance of
torque and flux control concerning each other by weighting fac-
tor. Hence, both the electrical torque and stator flux ripples are
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simultaneously reduced in the proposed method. Other sections
can be summarized as follows:

The induction motor and inverter have been modelled in sec-
tion 2. The proposed discrete duty cycle based torque and flux
control strategy has been described in section 3. Section 4 has
analytically compared the proposed method and one of the most
comprehensive duty cycle-based methods. The simulation and
experimental results are respectively provided in Sections 5
and 6.

2. MODELS OF INDUCTION MOTOR AND INVERTER
The mathematical model of the induction motor in the station-
ary reference frame is expressed as follows.

- - d_'
%:&“*r’ 1)
= 7 d_’r Lo
V=R I+ oy, @
Wy = Lyl + Ly, 3)
lT/r:LmiA'+Lri;*7 (4)
do, P
=—(T.—T, 3 5
3P .,

T, = Tsm (Is llls) s (6)

where ¥, and , are the stator and rotor flux vectors, respec-
tively. I, and I, are the stator and rotor current vectors, respec-
tively. @, is the rotor angular frequency. T;, and T, are respec-
tively the mechanical and electrical torques. L,,, Ly and L, are
respectively the mutual, stator and rotor inductances, Ry and R,
are respectively the stator and rotor resistances, P is the number
of poles, and J is the moment of inertia.

Also, 1;‘ is the stator voltage vector, where i = 1,...,6. The
2L-VSI produces these six active voltage vectors, and also, two
zero voltage vectors along with their relevant switching states
are presented in Fig. 1.

v,°(010) v.2(110)
Vac *(-1/3,1/V3) v, *(1/3,1/v3)

‘7s4(011) ‘7’50(000) ‘7'51(100)
Vac * (-2/3,0) < —>  Vac *(2/3,0)
v, (111)
V,>(001) v.6(101)

Vac * (1/3,-1/3)

Fig. 1. Switching states and voltage vectors of inverter

Vac * (-1/3,-1/3/3)

vi is given as follows:

;"—gV ex (zﬁ)
573 dc p 3

2 T 2 T
= gcos (15) Vdc—&-jg sin (1;) Vie
i=1,2,...

= dirv}y - Vae + jdirv}, - Ve, ,6.
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Also, vi in terms of d and g components is presented as follows:

vi = Vi) vl 7
Vi = dirvi, Ve, (8)
v; =dir vfi Vie, )

where dirvii and dirv; determine the direction of the inverter
voltage vectors, and V. is the dc-link voltage of the 2L.-VSI.

3. PRINCIPLE OF THE PROPOSED METHOD

This paper presents an effective and parameter-dependent duty
cycle based MPDTC to reduce both the torque and flux ripples.
In this algorithm, as soon as measuring the stator current and
dc-link voltage, the motor’s variables are estimated by a sliding
mode observer. A preselection mechanism reduces the number
of voltage vectors in the next stage. Then, prediction is per-
formed by replacing all the candidate voltage vectors and two
sets of duty ratios in the motor model. These two duty ratio sets
are selected based on the equivalent reference voltage. Finally,
the cost function evaluation is done, and the optimal voltage
vectors and their two respective duty ratios are selected. The
overall control diagram of the proposed algorithm is shown in
Fig. 2, which has been discussed in detail in this section.

—>
drbase N DRleggl ) Sq v
2 Predict. |
1 T ref & Sp ST M
r1 | Optimiz. H-
w:ef b Se I
g —
A A A
o LTt
w || wwsetection | |7 Vac
r election Vs 4
L A b
Observation & i
Sector Detection < &
dé/dt |« Encoder ¢

Fig. 2. Control diagram of the proposed strategy

3.1. Estimation of motor variables

In this work, due to the lack of the dc offset and drift in a full
order observer compared to a simple estimator, a full order ob-
server is employed to estimate the induction motor’s variables.
Also, replacing a sliding mode observer instead of a propor-
tional observer enhances the accuracy and robustness of the
proposed estimator against parameter changes in a wide speed
range. Therefore, a full order sliding mode observer is a final al-
ternative used in this paper. Stator and rotor currents are chosen
as the state variables for the proposed observer. The state-space
equations of induction motor in terms of new state variables are
obtained by substituting (3), (4) in (1), (2) with more simplifi-
cations and are introduced as

£ = AX + BV, + K, sign (is—i), (10)
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2 2 217 - Lo
where, X = [IS I,} , Vs = veq!, is the voltage vector applied in

the previous time instant, A = 1/(LyL, —L2), and

—RsL, — jw,L2, R/Ly— jo,L.L

A=A _ LA
RsLm + .]ersLm _RrLs + JerrLs
AL,
B= , 12)
| AL,
= = 17
X= L1 (13)
[k Kieal + jOki;
K, = ol _ Ireal ] rK1limag (14)
L ko2 koreal + J wrkZimag

Also, K, is the observer constant gain matrix and its real and
imaginary components are calculated in simulations as intro-
duced in [36]. Finally, rotor flux, stator flux, and electrical
torque are estimated as follows.

¥ = LI, + Lo, (15)

¥ = Lul, + L, (16)

.= Lo (1,5). a7
Components of vKg are calculated as

vqu = dirveqﬁi\/dc (18)

vqu = dirveq;VdC, (19)

where dirvqu, and dirveqfi in all cases, one, two, and three
vectors (two active and a zero vector) control are calculated as
follows.

m

dirveg; = ¥ (dirvg t ,) /T, (20)
=
dirveql, = Y (dirv) ;) /Ty, (21)

j=1
where ¢; is the voltage vector duration, 7y is the sampling pe-
riod, and m is the number of applied voltage vectors in each
sampling period.

3.2. Selecting two sets of candidate voltage vectors using
a switching table

In the FCS-MPDTC method, all feasible voltage vectors pro-
duced by the power converter must be evaluated in the cost
function. This problem leads to significant growth in the com-
putational burden of the processor. Comparing the estimated
and command torque can be used to select the appropriate can-
didate voltage vectors among all feasible ones of the converter.
The candidate voltage vectors are selected based on the stator
flux position, which is expressed in terms of sector number, and
shown in Fig. 3.

Also, the required calculations for determining the flux sector
number are shown in this diagram with no repetitious illustra-

l/}sq/“/)sl =05 stq/h/)sl > 0.5

Do/l <05 ha<0 ) $og=0 s/ <05
1/)Asoi<0 wsa>0 ¢sq>0/ 1»[isd>0
J)sqzo \Sn=3 Sn=2 Psq =0
or \ or
Peg/1s] 2 ~05 5=} '\5” =1 g/l > 05
Psqa <0 ’ _\ ~ llfsd >0
¢Sq<0 - n—5|Sn 6 \¢Sq<0
Bsa/ 5] < —0.5 Vg /15| < —0.5
Ilisd <0 I Awsd >0
wsq <0 ' ll}sa <0

Fig. 3. Stator flux sector determination

tion. In this paper, a bidirectional table is presented to investi-
gate the effect of voltage vectors and the variations of torque
and flux on each other, which is shown in Table 1.

Table 1
Analysis and design table of DTC in counter clockwise rotation (the sector
number of flux vector is sn)

osn sn+l1 pn+2 sn+3 pon+4 pn+5
v.? vS v.\‘ V.Y v.? VS
e‘ s ‘ 0 + + 0 - -
er, + + - - - +

To investigate this switching table, the voltage vectors
_'Z v12 respectively equivalent with V, v \7? are first in-
troduced. The concept of DTC is that the tangent1a1 component
of each feasible voltage vector of the inverter, which is perpen-
dicular to the stator flux vector, changes the electrical torque
and the components that align to the flux vector changes the
flux amplitude. Note that each voltage vector’s effect over the
torque and flux variations is discussed in the analysis case and is
not investigated here. However, in the case of design, the torque

error and the stator flux error are firstly defined as follows.
er, =T~ T,, (22)

e = W - (23)

where, T'f, y™! are the torque and flux command values, re-
spectively. Now, suppose that the motor rotates in the counter
clockwise direction. An example of a design case is here pre-
sented. If both ez, and ey | are negative, then ¥4 will be se-
lected from the switching table. The sector number of flux vec-
tor is equal to 5 (sn = 5), ¥+ =7 is selected. According to Ta-
ble 1, half of the voltage vectors increase the electrical torque,
and another half decrease it. Therefore, there is no need for per-
forming torque and flux prediction and cost function evaluation
for all feasible voltage vectors of the inverter.

Consequently, prediction is performed for three feasible volt-
age vectors of the inverter that decrease or increase the electri-
cal torque. Finally, dependent on the direction of rotation and
s1gn of er,, —*m —*sn+] and ¥ —'sn+2 or ‘—;anrS —'sn+4 and ¥ —'sn+5 must
be selected and apphed as the first voltage vector. Also, the fol-
lowing adjacent vector of the first selected vector is considered
as the second vector.

Bull. Pol. Acad. Sci. Tech. Sci. 69(4) 2021, e137727
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3.3. Model-based prediction of the motor variables
The induction motor model must be discretized in digital im-
plementation to predict the required variables such as stator
flux and electrical torque in the next sampling instant. Noted
that, because of the processing time of the control algorithm,
there is one step delay between the applied voltage vector and
the selected vector in real-time application. Therefore, two-step
compensations are employed to compensate for this delay time.
In this technique, I;(k + 1), I,(k+ 1), @ (k4 1) and @, (k+ 1)
at (k+1)-th instant are first presented, and they are considered
the initial points to calculate the torque and flux (k+2)-th in-
stant. Two steps ahead, a prediction must be made. This will
be achieved through the forward Euler approximation as fol-
lows.

X(e+ 1) =X(0)+T, (ARG +B7(K)), @4

N o S T

where, X(k+ 1) = [Is(kJr 1) I(k+ 1)} is the predicted cur-
rent matrix, and voltage vector V,(k) is variable has been used
in the observation stage.

s (k+1) = Ly (k+ 1) + L L (k+ 1), (25)
Pr(k+1) = LpLy(k+ 1)+ LL(k+1). (26)

After predicting variables at (k+1)-th time instant, the predic-
tion at (k+2)-th time instant has to be performed. However,

prediction is made for all candidate voltage vectors vi at this
time. This stage can be expressed as follows.

Xifk+2) =X (k+ 1)+ 7 (AR (k+ 1)+ Bk +1)), @7

- -, -, T =
where, X/(k+2) = [[5(k+ 2) Ii(k+ 2)} . In fact, X is replaced
by X,
Similarly to the first step prediction, Wi(k+ 1) and yi at
(k+1) can be calculated by:

Vi(k+2) = Lyli(k+2) + LI (k+2), (28)
Vi(k+2) = LyJi(k+2) + Lyli (k+2). (29)

Finally, the predicted electrical torque is calculated as follows:

; 3P - —
T!(k+2) = 5-Sm (1;(k+2)w; (k+2)). (30)
Prediction is performed for all resultant voltage vectors and will
be achieved using (23)—(27).

3.4. Duty ratio calculations

Considering just one voltage vector at each sampling interval
time in discrete control-based methods leads to a high level
of torque and flux ripples in electrical drives. A much more
enhanced category of discrete control-based methods applying
two or more voltage vectors at each control period is known
duty cycle control technique. Various torque and flux ripple re-
duction criteria can be employed to determine the duty ratios
of voltage vectors. In the best case, the synthesis of two ac-
tive voltage vectors and a zero-voltage vector provided enough

Bull. Pol. Acad. Sci. Tech. Sci. 69(4) 2021, e137727

freedom to reduce both the torque and flux ripple. The in-
crease of the motor speed increases the partial voltage of the
motor dc-link. This means that the duty ratio must be in-
creased. So, a basic duty ratio is primarily introduced accord-
ing to the equivalent voltage concept. Since the internal volt-
age of the motor is about multiplying the stator flux in speed.
Thus, any increase in motor speed means an increase of the
equivalent voltage of the motor. Hence, it should allocate a
greater proportion of the input voltage, that ratio of the equiv-
alent voltage to the input voltage, or duty cycle reaches unity
(close to 1), so it is easily determined away from any com-
plexity of the duty cycle. It will be discussed in detail as fol-
lows:

To investigate duty ratio determination, the equivalent refer-
ence voltage can be essentially expressed as follows.

E = o,y (31

where @y is the angular frequency of motor variables in steady-
state operation. By substituting (Jo;ef and @y;p in (28) and intro-

ducing the BEMF, the following equation can be attained:

Eref = V’;ef (w:ef + (l)slip) ) (32)

where E..f is the equivalent voltage and this voltage is a fraction
of Vy,_max-
Where v, max (nominal voltage) is equivalent to nominal
speed. This means that if ®™f = @™ then Eef = V_max.
So, the base duty ratio can be presented as follows:

droase = Eret/Vim_max » (33)
By substituting (29) into (30), drpase can be achieved by:
drigse = Vil (0FF + @) Sy, (34)
where V. has to meet the following inequality.
Vie = V3Vim_max.- (35)

Consequently, by tuning V. = v/3V,,_max. the base duty ratio
cab be calculated as follows:

drouse = (V3T (0T + 00 ) ) Vae:  (36)

max
where @i
torque.
Where DR , is defined as equivalent duty ratio vector, where
its elements are determined as follows.

DRy »(m) = (1—(m—1)*ADR;2) *drpase ,

is the slip speed in nominal speed and nominal

(37)

where ADR; > = 0.4, m is the voltage vector counts in each it-
eration,andm=1,...,M.

Where M is the number of selected duty ratios for the first
active voltage vector and in this paper, M = 2.

It should be noted that large and small values of ADR; ; lead
to high torque and flux ripples, especially in the nominal speed
and torque.

By a similar approach, the duty ratios related to the first ac-
tive voltage vector, namely the members of DR, are calculated
as follows:

DRl(n) :DR172(m)*(}’l*1)*ADR1, (38)
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where ADR| = 0.4, n is the voltage vector counts in each itera-
tion,andn=1,...,N.

Where N is the number of selected duty ratios for the second
active voltage vector and in this paper, N = 2.

The value of 2 for M and N is the minimum value that could
be selected because only one of the two operating periods is
selected. Selecting values greater than 2, although it reduces
the flux and torque ripples, this reduction is not noticeable to
increase M, and the algorithm merely expenses additional time
for it.

The elements of the second active voltage vector, namely the
members of DR, are calculated as follows:

DR;(n) = DR172(m) — DR, (n). 39)

The rest of the sampling period is allocated to the zero vector,
which is written at below:

to(n) = (1 — DRy (n) — DRy (n)) x T 40)

Since low numbers of both voltage vectors and duty ratios are
considered in this paper, only 12 states are evaluated in the pre-
diction loop of the proposed algorithm. This limited number of
combined states leads to a significant decrease in the compu-
tational burden of the processor. In accordance with the pro-
cessor’s power, the increment step of duty ratios, i.e., ADR],
ADR; > can be decreased, and M, N can be increased. There-
fore, torque and flux ripples will be considerably reduced.

3.5. Cost function Evaluation and Optimal voltage vector
selection along with their respective duty ratios

In FS-MPDTC, the cost function is presented to find the opti-
mal voltage vector. The cost function can be included in several
terms. Tracking of torque and flux are the two main terms of
the cost function. Over-current protection can be added to the
cost function as an important constraint. Finally, the overall cost
function can be expressed as follows:

CF, = (TJ‘“‘f—T;'(kH))2

-

0 (v =i+ 2)]) 4

where p is the weighting factor, which determines the relative
importance of torque tracking and flux tracking with respect to
each other, this parameter is taken from Ref. [37]. 112im is in-
cluded in the cost function to protect the motor against overcur-
rent and can be defined by:

i 2
2 0 (I;(k+2)) S Iglax ’
E>0 (Hk+2)) < Py,

(41)

(42)

lim —

where 12 is the square of maximum stator current, and (% (k -+
2))? can be calculated as follows:

(l(k+2))7 = (L, (k+2))" + (I, (k+2))*. @3

To more conceive, the proposed control strategy in one control
cycle can be summarized by the signal flow graph presented
in Fig. 4.

Measure the stator current Calculate duty ratio based on

I_;, rotor speed w;-, and dc- Arpgse = sr ef (w:ef +
link voltage V.. Wsiip)/ Vm_max
2 k 2

Calculate 1/Als and ’f; using Calculate DR, based on

relations in section 3.1 and DR,(m) = (1—(m—1)
SN through figure 2. *ADRy 7) * dTpgse

1 2 L 2

Select three voltage vectors
of the 2L-VSI based on the
proposed mechanism in
section 3.2 .

Calculate duty ratios DR;(n) =
DRl,Z = (n b 1) *ADRl
DR;(n) = DR, ,(m) — DR, (n)

2 L 2

Predict Tei(k + 2), stator flux @(k + 2), and stator current
It(k + 2) for selected voltage vectors along with DR; , DR,.
¥

5 optl - opt2 .
Select the best voltage vectors v & , Us P among candidate

voltage vectors and their respective duty ratios droptl , dropt2
and Generate respective switching state s, s, S¢.

Fig. 4. Graphical representation of the proposed method

4. ANALYTICAL COMPARISON WITH GENERALIZED
TWO-VECTOR-BASED ALGORITHM
One of the most specific techniques in the field of duty cycle
control has been introduced in [34]. The algorithm presented
in this method employs two voltage vectors at each control cy-
cle. This method is a comprehensive form of [33]. In [34], two
active voltage vectors and their respective duty ratios are deter-
mined based on the deadbeat response principle of the electrical
torque. In this paper the time duration of two active voltage vec-
tors #; and ii» are obtained as follows
(T71/0.75P) — T, — Ty (I3 gt2a — Ipattag)

=
Lpg (u1g —uzg) +1gg (w1 —uag)

Hh=Ts—1.

(44)

(45)

To determine the duty ratios, an estimation of predicted current
is necessary. Hence, I;; must be calculated as follows.

I; = (1= ARL,T, + jo,T;)

+ A (RrTv - Lr - jerrTv) I;I}S . (46)

The presented strategy has the following disadvantages in com-

parison with our proposed method.

1. In [34], around twenty-five combinations of voltage vectors
must be evaluated in the prediction loop beside the compli-
cated duty ratio calculations. Therefore, the computational
burden of the processor is extensively increased. In contrast,
the proposed method has been evaluated for three combi-
nations of voltage vectors and four duty ratios in the con-
trol loop. Consequently, prediction and cost function evalu-
ation are merely performed twelve times (around half of the
time [34]).

2. In [34], the duty ratio is calculated through a complicated re-
lationship depending on the motor parameters. This high pa-
rameter dependency deteriorates the robustness and leads to

Bull. Pol. Acad. Sci. Tech. Sci. 69(4) 2021, e137727
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a high level of complexity in the control strategy. Whereas,
in the proposed method, the duty ratios are obtained based
on reference variables. So, robustness against parameter
changes is very high, and complexity is low in the proposed
method.

3. The method introduced in [34] relies on torque deadbeat
response. However, flux ripple reduction is achieved along
with applying the torque deadbeat solution. Nevertheless,
the proposed method reduces both ripples of stator flux and
electrical torque concurrently without considering any prin-
ciple for reducing the torque or flux ripples.

5. SIMULATION STUDY

A series of simulation studies verify the superiority of the pro-
posed strategy. These simulations have been executed in the
environment of MATLAB/Simulink. Classical DTC, MPDTC
[21], MPDTC with optimal duty ratio [33], and the proposed
method will be compared in detail in this section. For simplic-
ity, the method in [33] is named Duty-MPDTC. The time dura-
tion of each control cycle in the proposed method is considered
80 us for all simulations. In the other methods, sampling fre-
quencies are increased to achieve the same switching frequen-

cies. The motor and controller parameters have been shown in
Table 2.

Table 2
Parameters of the system used in this paper
Ry Stator resistance 10.8 Q
R, Rotor resistance 15Q
Ly Stator inductance 0.477 H
L, Rotor inductance 0.477 H
Ly, Mutual inductance 0.435 H
J Moment of inertia 0.000152 kg m?
P Number of poles 4
Pyt Rated power 0.75 kW
Trated Rated torque 4 Nm
Orated Rated speed 1390 rpm
yref Flux amplitude reference 0.87 Wb
Vie DC-link rated voltage 540 V

tively the average values of torque and stator flux. Meanwhile,
N is the number of samples. The performance of stator cur-
rent has been evaluated through the THD criterion, which is
given by:

I

THD = ™" 4100, (49)
rms_1

Irms_h = (Irzms - Irzmsfl) ’ (50)

where I2,., and Irzms | are the root mean square (RMS) values of
the stator current and its fundamental component, respectively.

In the first simulation, the steady-state performance of DTC,
MPDTC, Duty-MPDTC, and the proposed method has been
performed. Figure 5 presents results of high-speed operation
1500 rpm under nominal torque. It can be seen, the proposed
method exhibits much better performance in terms of torque
and flux ripples reduction. Also, current THD is remarkably
lower than other methods.

Figure 6 presents the simulated steady-state responses at
150 rpm with nominal torque for four understudy methods. As
for that, the conventional DTC presents very high torque and
flux ripples with high current harmonics. MPDTC and Duty-
MPDTC relatively present high torque and flux ripple with re-
spect to the proposed method. Duty-MPDTC, due to implement
the torque dead beat response, has the lowest torque ripple.

The harmonic spectra of stator current at 150 rpm have been
shown in Fig. 7. In this figure, THD has been presented up to
8000 Hz. It is seen that the current THD of the proposed method
is only 0.05%, which is lower than the THD of other methods.

The proposed method exhibits the best steady-state perfor-
mance in terms of torque and flux ripples and stator current har-
monics, confirming the proposed method’s effectiveness. Ta-
ble 3 and Table 4 present the summarized results in the low and
high-speed operations that confirm the effectiveness of the pro-
posed method. Subsequently, Figs. 8 and 9 are the stator flux
locus of all understudy methods at low and high-speed perfor-
mance. As shown, the stator flux locus of the proposed method
presents good results in terms of shape and smoothness com-

In this study, the value of the weighting factor is set to 100,
which is used in [40]. The stator flux reference is tuned at
0.87 Wb, which is lower than the rated value of 0.94 Wb. This
reduction in reference flux is considered to prevent magnetic
saturation. Finally, the value of the maximum slip is adjusted to
55 rad/s. Meanwhile, Torque ripple and flux ripple indexes are
calculated as follows.

N

T, rip = \/ (1/N) Y (T(it) = T. o) , 47)
it=1
N

lVs_rip: \/(I/N) _;(hps(it”_ll/s,av% (48)

where T, i, and Y p, are the electrical torque ripple index
and stator flux ripple index. Also, 7, 4y and Y 4y are respec-
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Table 3
Simulated results at 1500 rpm with 4 Nm load
f ave Tefri p 'V,Lrip THD
Method &Ho) | (%) | %) | (%)
DTC 16.42 35 0.57 4.8
MPDTC 16.84 4 0.78 3.8
Duty-MPDTC f; = 16 kHz 16.26 2.5 0.82 3.1
Proposed method f; = 12.5 kHz 16.66 24 0.52 2
Table 4
Simulated results at 150 rpm with 4 Nm load
f ave Te_rip '//s_rip THD
Method &Hp) | (&) | (%) | (%)
DTC 16.42 6.7 0.086 5.93
MPDTC 16.84 22 0.05 2.72
Duty-MPDTC f; = 16 kHz 16.26 0.02 0.025 0.09
Proposed method f; = 12.5 kHz 16.66 0.2 0.021 0.05
7
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Fig. 5. Simulated steady-state response at 1500 rpm with rated torque (4 Nm):
a) DTC, b) MPDTC, c) Duty-MPDTC, and d) the proposed method

pared to other methods. Also, this locus accurately tracks a cir-
cular shape than that of other methods. While, a large amount
of distortion exists in the stator flux locus of classical DTC,
and MPDTC.

Examination results of the proposed method under different
loading conditions are shown in Fig. 10. At first, the motor ac-
celerates to the nominal speed of 1500 rpm. After the start-up
stage, the nominal torque is abruptly applied to the motor at
0.15 s. The waveforms of the equivalent duty ratio, duty ratio
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Fig. 6. Simulated steady-state response at 150 rpm with rated torque (4 Nm):

a) DTC, b) MPDTC, c¢) Duty -MPDTC, and d) the proposed method

of the first and second voltage vectors, stator current, mechani-
cal speed, stator flux, electrical torque are presented in Fig. 10.
It is revealed that the rotor speed, electrical torque and stator
flux have accurately tracked the setpoint values. Meanwhile,
it is observed that increasing the motor speed leads to BEMF
reference; the equivalent duty ratio fluctuates between 1 and a
value in the vicinity of 0.5. Also, proper portions of the equiv-
alent duty ratio are allocated to the first and second voltage
vectors.
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Fig. 9. Stator flux locus at 150 rpm with rated torque (4 Nm): for DTC,

MPDTC, Duty-MPDTC, and the proposed method
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Fig. 10. Simulated waveforms of equivalent duty ratio, duty ratio the first volt-
age vector, duty ratio the second voltage vector, stator current, speed, stator
flux, and electrical torque of the proposed method

Meanwhile, the voltage diagrams of three phases in low and
high speed at nominal load have been shown in Fig. 11. Also,
the voltage diagrams in the stationary o3 reference frame have
been shown in Fig. 12.

The responses to the abrupt exertion of mechanical torque for
all understudy methods are shown in Fig. 13. While the motor

0.08 0.1

-400

400
= 200
=0
>-200
_400 1 1 1 1
0 0.02 0.04_ 0.06 0.08 0.1
Time [s]

Fig. 11. Voltage diagrams of three phases in both low and high speed at nomi-
nal load
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Fig. 12. Voltage diagrams in the stationary af reference frame in both low
and high speed at nominal load

0.08 0.1

rotates at 1500 rpm, a mechanical load of 4 Nm is abruptly ap-
plied to the motor. It takes a very short time until the electrical
torque reaches 4 Nm for all understudy algorithms. This means
that the proposed method resists the abrupt change of external
load severely, and it has a very rapid dynamic performance.

E 4
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Fig. 13. Simulated dynamic operation at 1500 rpm with abrupt load change
(4 Nm) for DTC, MPDTC, Duty-MPDTC, and the proposed method

The variation of current’s magnitude, temperature, etc., leads
to the pertinent variations in motor parameters. Hence, the sen-
sitivity of the proposed method must be analyzed under the
variations of the motor parameters. To perform the robustness

10

analysis, the proposed method has been compared with Duty-
MPDTC. The relationship of duty ratio in [34] is fully depen-
dent on the motor parameters. The results of the robustness
analysis can be seen in Fig. 14. When the motor runs at 150 rpm
with 4 Nm load, stator resistance, rotor inductance, and stator
inductance increase from their rated values to 150% at the in-
stant 0.02 s. As shown in Fig. 14, torque, and speed responses
of the proposed method, in comparison with Duty-MPDTC, has
been not affected after the parameter variations, and the system
has tracked the setpoint values after the parameter mismatches.
Also, fluctuations of electrical torque are small, while, despite
low torque ripple in Duty-MPDTC method due to a continuous
relationship of duty ratio, electrical torque has a steady-state
error and transient fluctuations with high amplitude.

— 165
§ 150 v
13571 Duty-MPDTC Proposed method
3 I
120
= 6
Z 4 i T
0 ' Duty-MPDTC Proposed method
2
0 002 0.04 0.06 0 0.02 0.04 0.06
Time [s] Time [s]

Fig. 14. Torque and speed responses at 150 rpm after 150% increment in rotor
and stator inductance and stator resistance instant 0.02 s for Duty-MPDTC and
the proposed method

6. IMPLEMENTATION AND EXPERIMENTAL RESULTS

Besides the simulation results, the proposed method has
been experimentally evaluated on the 2L-VSI induction mo-
tor drive platform. The controller and motor parameters are
the same as those listed in Table 2. The results obtained
from DTC, MPDTC, Duty-MPDTC, and the proposed method
have been compared. Launchpad XL TMS320F28379D, a
200 MHz and floating-point discrete signal processor board, is
used to implement the understudy algorithms coded through
Simulink/MATLAB. The sampling frequency for all the exper-
iments is set to 12.5 kHz. Figure 15 shows the relevant test
bench. The first experimental test has been performed under
the steady-state condition when the motor runs at 1500 r/min
with 4 Nm mechanical load. The waveforms of the electrical
torque, stator flux, and stator current are presented in Fig. 16.

Fig. 15. Test bench of control system

Bull. Pol. Acad. Sci. Tech. Sci. 69(4) 2021, e137727
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Fig. 16. Experimental steady-state response at 1500 rpm with rated torque:
a) DTC, b) MPDTC, c¢) Duty-MPDTC, and d) the proposed method

The torque and flux ripples, as well as the current’s THD are
compared in Table 5. The results presented in Fig 16. indi-
cate that the presented method has much lower flux and torque
ripples and lower current THD than the other three methods,
which verify the simulation study results. Figure 17 shows the
dynamic state of the four methods. In this case, the motor runs
at nominal speed without any mechanical load. The nominal
torque (4 Nm) of the induction machine is abruptly changed.

Bull. Pol. Acad. Sci. Tech. Sci. 69(4) 2021, e137727

The results of full rated load disturbance indicate that the pro-
posed method has rapidly tracked the commanding torque, like
the other three methods. As depicted in Fig. 14, after exerting
the mechanical load, the mechanical speed declined to around
135 rpm and returned to the setpoint values at about 8.6 ms,
which is a very short time.

Table 5
Experimental results at 1500 rpm with 4 Nm load
Method Save ’kHz) | To 4ip (%) | Wixip (%) | THD (%)
DTC 72 5.7 1.3 8.9
MPDTC 6.1 5.7 1.2 8.3
Duty-MPDTC 12.5 3 1 5.8
Proposed method 16.6 2.7 0.5 4.1

N
m]
o
=)
=)

=
1300
3
Sy Al 21500
=
£1300 \/

» O

T_INm] T_[Nm] T_[Nm] T_[Nm]
» O
r["pm] w
» o
8 8

0 3
4 'E1500
o
Brool
0 3
0 0.01 _0.02 0.03
B g0 Ti%gQ[s] 003 Time [s]

Fig. 17. After applying an abrupt load (4 Nm) from up to down for DTC,
MPDTC, Duty-MPDTC, and the proposed method, respectively, experimental
results of speed and torque responses were applied

7. CONCLUSION
Applying two or three vectors at each cycle control instead of
one vector leads to the appearance of the best technique to re-
duce the torque and flux ripples in FS-MPDTC. In contrast to
two-vector based MPTC, which focuses on one of the torque
or flux ripples reduction, three-vector based FS-MPDTC can
reduce both the torque and flux ripples at the same time due
to the increase of the freedom degrees. The main conclusions
drawn from the proposed strategy are given as follows:

e Unlike those methods compared with the proposed method
that merely reduces the flux or torque ripples in a single
speed range, the proposed method has simultaneously re-
duced both flux and torque ripples in all speed ranges.

e Discrete and parameter independence duty ratios are em-
ployed to enhance the robust performance of the control sys-
tem.

e Duty ratios are calculated based on an intuitive and simple
method.

o The calculations related to the SVM method is eliminated. In
contrast, the performance of the proposed control strategy in
terms of ripple reduction is similar to SVM based methods.
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e The determination challenge of the classical controller in
SVM based methods is eliminated by using the proposed
controller.

Both the simulation and experimental results have transparently
confirmed the proposed method’s excellent operation compared
to the conventional DTC, MPDTC and Duty-MPDTC.
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