Journal of Engineering and Sustainable Development
https://jeasd.uomustansiriyah.edu.ig/index.php/jeasd

Vol. 27, No. 03, May 2023
ISSN 2520-0917

https://doi.org/10.31272/jeasd.27.3.9

Z
Original Research

PERMANENT MAGNET SYNCHRONOUS MOTOR TORQUE RIPPLE
REDUCTION USING PREDICTIVE TORQUE CONTROL

Saif T. Bahar”, Riyadh G. Omar

Electrical Engineering Department, College of Engineering, Mustansiriyah University, Baghdad Iraq

Received 26/6/2022 Accepted in revised form 23/9/2022 Published 1/5/2023

Abstract: The control a permanent magnet synchronous
motors is the subject of this study and the torque ripple
reduction in these motors is the main goal of this work.
Torque and flux are controlled using a predictive model
and vector control. Because it is commonly employed in
regulating electric motors. Space vector control and
predictive torque control are two permanent magnet
synchronous motor control approaches used in this
study. Predictive control was determined to be more
effective in terms of response and action after a Mat lab
simulation of the two approaches. Predictive torque
control covers all potential switching states that decrease
actual torque and flux ripples as well as total harmonic
distortion. The benefits of predictive torque control
include simple principles, an easy-to-use console, and the
ability to implement limits quickly. However, there are
some drawbacks to this technique, including the
requirement for bigger accounts and faster machines.
The fundamental principles of the control techniques
discussed are provided. A permanent magnet
synchronous motor powered by a two-level power
converter is then used to simulate the control
approaches. Their performance in comparison is based
on the obtained results. An analytical model of the
predictive torque control is presented utilizing SIMULINK
to explain the operation.

Keywords: Current ripple; torque ripple; predictive
torque control

1. Introduction

Permanent magnet synchronous motor (PMSM)
drives are frequently utilized in great-
performance applications such as robots,

aviation devices, and cars powered by electricity
[1]. This fact arises because of their great power
density, better torque per inertia, and good
competence [2], [3]. For decades, Vector
Control VC methods have been utilized to
operate this type of motor well and keep its
speed under control [4]. Model-predictive DTC
(MPDTC) has been presented as a solution to
several DTC issues. The essential idea behind
MPC is to make certain predictions about
potential future machine states using a discrete
description of the system. The ideal voltage
vector for a converter is chosen based on the
prediction of machine states using an objective
function that is minimized. Torque, flux, or
switching frequency are typically the key
optimization objectives for cost functions [5]-
[6]. The torque and flux of the machine are
controlled by a hysteresis-based switching table
in the DTC drive. Moreover, the PMSM has
excellent dynamic performance; steady-state
ripples are still substantial. A suitable vector
conversion is used in the VC technique to
regulate decoupled torque and flux. Ripples in
the stable equilibrium are reduced compared to
DTC drives, and yet dynamic behavior is
reduced. Model-predictive control (MPC) has
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gained a lot of respect and interest in the power
electronics and industrial drive communities in
recent years. This MPC control approach, which
was designed for process control applications
and initially introduced in 1970, is widely used
in industrial settings with a variety of
applications. [7]. The controller's decision is
either based on anticipated state variables and
the accurate choice of control parameters,
whether offline or live, or on the system's past
state. Model-predictive control approaches are
predicated on this basic notion. There is a
considerable potential in the techniques of
predictive current control (PCC) and predictive
torque control [8]. The FCS-PTC technique
offers many benefits in addition to reducing
torque ripples, including the ability to easily
accommodate limitations, uncomplicated
construction, a simple algorithm, and quick
dynamic reactions. The (MPDTC) approach
works on the principle of calculating the
appropriate control signals ahead of time [9].
Pulse width modulation is not required in the
MPTC approach. As opposed to the DTC
technique, the PTC technique has two
disadvantages: first, it is speed-dependent, and
second it takes time and effort to calculate.
Following the application of the optimum
objective function, The PTC method requires
easily solved with a quicker and more efficient
micro processing unit [8].

The frame of the paper is arranged as
consequently: Section 2 explains the dynamic
model of the PMSM, Section 3 explains the
Three-Phase Converter Model, Section 4
explains Predictive Current, Section 5 explains
Predictive Torque, Section 6 explains Cost
Function, Section (7 explains Predictive Torque
Control (PTC), Section 8 explains the
Traditional Vector Control Scheme, and Section
9 explains Results.
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2. Dynamic Model of the PMSM

The two-phase equivalent circuit approach is
ideal for analyzing multiphase machinery.
Inside a rotational d-q frame of reference, a
mathematical formulation of PMSM may be
constructed.

dips
” 1)

Where R is the stator resistance. The stator
flux (s ) can be described as:

vs = R; * 5 +

Ys = Lg *ig + Py, * elo" (2)

Where L, is the stator inductance, vy, Is
permanent magnet flux, 8r is the rotor angle. In
addition, the voltage equations are obtained
from the model are given by [10, 11].

vs=Rs*iS+Ls%+j1/Jm*a)r*ej9T ©)
VsquS*iq+Wr*CDd+Lq*%iq ()]
V5d=Rs*id—Wr*<Dq+Ld*%id (5)

Where w, is rotor speed and Lg and Ld d-q
stator inductance. iq And id stator current.
Flux linkages are given by,

cI)sq =Lq *iq (6)
Dy = Ld * id + O (7)
The actual torque is given by,

3 . ,
To = > C)(Psa * iq — Dgq * id) (8)

3. Three-Phase Converter Model

Figure 1 depicts the three-phase inverter circuit
schematic used to convert the DC power to AC
power. So, in order to avoid a DC supply short
circuit, assume that any two switches in each
inverter leg function in conjunction with one
another.
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Figure 1. Circuit Diagram of the Three-Phase Inverter.

The implementation of switching combinations
is as follows [9]:

Sq = 1if s1 ON and s4 OFF]
2= 10 if s1 OFF and s4 ON
Sh = [1 if s2 ON and s5 OFF
~ [0if s2 OFF and s5 ON
S = [1 if s3 ON and s6 OFF]
= |oif s3 OFF and s6 ON

S =2 (Sq—aSy — a?s) 9)

2T _
Wherea = e’3 = 71 +j§ .Deduced

relationship between output voltage vector and

change in the state of the switch may be
deduced [10, 11]:

2V4e
Vour = SVac = Td (Sq —aSy — azsc) (10)
Where, Vdc is the dc-link voltage and Vout is
the output voltage at inverter terminals.

Eight alternative voltage vectors are produced
by considering the various switching states of
the inverter; this can be illustrated in Table 1. It
is worth noting that (V0 = V7) [7].

Table 1. switching combinations
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3 )3
1 _ Vdc 3xvdc
6= 3 s
1 1 1 v, =0

Sa Sb Sc V
0 0 o0 Vo =0
1 0 0 2Vdc
V= 3
1 v, = %+j\/§*:dc
-vd *Vdc
1 0 ‘U3 = 3 C+ ﬁ :d
1 1 —2Vdc
Uy =

3

4. Predictive Current

The algorithm can be used to discretize
according the core idea of predictive control
[12]. The sample period T is used, at the same
time, the (k+1) time current is predictive (k).

isd (k + 1) = (1 - RSL*;S) isd + (WT*II:Z*TS) isq + (Z_:)Vsd (11)

isg (k1) = (1= 52 igq = (“1 ) tsa + (33) Yoo =

Wy @ p*Ts (12)

Lq

5. Predictive Torque

Discretization is another use of the Euler
method. The sampling time is s, and the (k+1)
time current is predicted at time (k) using this
data.

Gk +1) =Lq *isq(k+1) (13)
O ,k+1)=Ld *igz(k+ 1)+ oF (14)
ok +1) = J (@sa(k + 1))2 + (Dsq (k + 1)? (15)

T,(k + 1) Is the predictive torque [13]:

To(k +1) = 2 &) (Dq(k + 1)  igq(k + 1) = Dyq (k +
1) *isq(k +1)) (16)

6. Cost Function

Developing a non-negative function that
measures the expected system state's distance
from the intended values supplied by the
reference and extra control goals is necessary.
There are also the following correlations with
two variables of varying magnitudes in these
cost-function structures[14,15].Predictive torque
and flux, which takes into account the
associated cost function, [16,17]. Cost function
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of PMSM drive controlled by traditional PTC is
provided.

Tref—Te(k+1)
Tref

rep— P(k+1)

R

g=_ 17

Where Tref and®,., are reference torque and

reference flux value , T,(k + 1)and ®,(k + 1)
are predictive torque and flux predictive value. A
is a weight factor.

7. Predictive Torque Control (PTC)

Figure 2 shows (PTC) created on FCS-MPC for 3-
phase 2-L (PMSM) drives as described in [18, 19].
The stator flux and torque are the controllable
variables, and they are managed by an external Pl
based speed control and an internal PTC[20]. During
base speed operation, the stator flux reference is set
to its nominal value, while the torque reference
comes from an outside Pl that changes with the
speed error. The cost function is then assessed, and
the VSI is switched to the switching state with the
lowest cost (Q).

T Cost function

—  Minimization

o
' |
/.‘,"T'f"n';'”

Sy

W, Torque and flux
prediction

0 P

ll | ok
I | ¥y

Torque and flux
estimation

[
\
W t f )

Figure 2. Block diagram of the (PTC) [21].

8. Traditional VVector Control Scheme

Vector of PMSM at concurrently is known as
vector control. Using the Park and Clarke
transform, the stator currents are transformed
into space vector form with two orthogonally
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elements i, and i;,. One of the essential goals
for VC is to separate the control of torque and
flux. Torque is generated by i, and igq is
generated by igy .The Pl controller is used to
regulate both currents independently. The flux
component's reference current is set to zero,
whereas the torque component's reference
current is generated from speed controller.
Figure 3 shows Vector Control Scheme.

Park 't. y o

N, Igqref Vaicio [
l".}'ﬂ Pl |— o> Pl Sl /S =3
) ‘ SV |, 3-phase
H / | IV —» :
ISgref Vdref aB \.\Brcl' WM Inverter
*’k—ﬁ’ Pl / LPL "5 —>
A
Va|Vh Va

R T
Sq dgq e 0P fler s

ic ig iy
n 9 3/ ap 3 fabole—t—
. Clarke t.

Park t

WETTRY
position and PMSM
speed sensing

Sensor informations

motor

~—

Figure 3. Block diagram of Vector Control Scheme [22].

9. Results
The simulation is carried out via Mat
lab/Simulink 2021 package. The system

parameters are: Rated power=2.7kW, Rated
speed (wm)=3000rpm, Dc- link voltage =300V,
p=3,1.d =9 mH, g =9 mH, Rs = 1.3Q, load
torque = 8.5 Nm, flux = 0.41w», F= 50 Hz,
J=0.0008 kg.m? , T, =1 ps. Figure. 4 describe
the algorithm flow chart .It is necessary to avoid
two situations in order to use the suggested
MPC algorithm. The method determines the
best voltage vector for a particular cost function,
which is subsequently employed in predictive
direct torque control. As shown in figure 2.
MPC has far fewer fluxes and torque ripples
than Vector Control. Figure 9 shows that when
utilizing MPC, the inverter current THD is
lower than the THD in Vector Control.
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Figure 4. Flow chart of the MPTC

398

ISSN 2520-0917



Journal of Engineering and Sustainable Development (Vol. 27, No. 03, May 2023 ISSN 2520-0917

Figure 5 shows Simulink/MATLA for Vector
Control Scheme.
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Figure 5. Simulink/MATLAB Vector Control Scheme

Figure 6 shows Simulink/ MATLA for Model
Predictive Torque Control (PTC).
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Figure 6. Simulink/MATLAB Model Predictive Torque Control (PTC).
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9.1. Steady-State Performance

Forms of rotor speed, electromagnetic torque,
and stator current at steady state are displayed in
figures below for two different control methods.
The load torque is set at 8 Nm, and the reference
speed is 3000 rpm.

3

—Te

30F —Te-

T S S R O T T R
Time[ Sec]

Figure 7. Actual torque and reference torque for Vector

Control Scheme.

3500

3000~ T

— reference speed |

| — Actual speed

000+ 1

1500 1

Speed [ RPM ]

1000 1

S0 1

0 1 1 | 1 | 1 | |
0 2 4 3 8 10 12 14 16 1% 0
Time[ Sec ]

Figure 8. Actual speed and reference speed for VVector
Control Scheme
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Figure 9. Measured three phases stator currents for
Vector Control Scheme
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Figure 10. Actual torque and reference torque for Model
Predictive Torque Control .
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Figure 11. Actual speed and reference speed for Model
Predictive Torque Control.
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Currents [ A ]

2 205 21 215 22 225
Time[ Sec ]
Figures 12. measured three phases stator currents for
Model Predictive Torque Control

9.2. Dynamic Response

Dynamic responses of two control systems are
evaluated and displayed in figures below, in
addition to the steady-state performance. After
10 seconds, the load torque increases from 4Nm
to 8.5 Nm, while the rotor speed is changes (0,
400, 800, 1800 ,3000) rpm.

Figures 13 and 14 show the measured three
phases stator currents for Model Predictive
Torque Control (PTC) and Vector Control
Scheme

Currents [ A ]

15L 1 | | | | |
9.85 99 9.95 10 10.05 10.1 1015
Time[ Sec]

Figure 13. measured three phases stator currents for
Model Predictive Torque Control
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Figures 14. measured three phases stator currents for
Vector Control Scheme

Figure 15 and 16 presents the harmonics
contain, also the result in this figure shows the
MPTC excellent THD in the stator current with
PMSM drive.

Fundamental (50Hz) = 4.619 , THD=0.31%
T T
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Figure 15. Total Harmonic Distortion for Model
Predictive Torque Control.

I (50Hz) = 4.333, THD= 9.94%
' - - :

Mag (% of Fundamental)

0 2 4 6 8 10 12 14 16 18 20
Harmonic order

10.45



Journal of Engineering and Sustainable Development (Vol. 27, No. 03, May 2023

Figure 16. Total Harmonic Distortion for Vector Control
Scheme.

Figure 17, 18 shows Actual torque, and
reference torque generating from the PI
controller. The load torque is change (0, 4, 8.5
Nm).

pu—TE"

— TE

Te [N.M]
F =S

2 . I : . " . L . .
0 2 4 6 8 0 12 14 16 18 2

Time[ Sec]

Figure 17. Actual torque and reference torque for Model
Predictive Torque Control .

3% T
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0
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Time( Sec]

Figure 18. Actual torque and reference torque for Vector
Control Scheme.

Figure 19 shows the reference speed, actual
speed.
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Figure 19. Actual speed and reference speed for Model
Predictive Torque Control.

Figure 20 shows the errors among Actual speed
and reference speed.

12 T T T — T T T T T

10

Speed Error [RPM]
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Figure 20. Error for Model Predictive Torque Control.

Figure 21 shows the reference speed, actual
speed.
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Figure 21. Actual speed and reference speed for Vector
Control Scheme.

Figure 22 shows the errors among Actual speed
and reference speed.

60 T T T

50-

s
1

Speed Error [RPM]

Time[ Sec ]
Figure 22. Error for Vector Control Scheme.

The results showed an error decrease in the
speed and the motor torque disparity. Moreover,
the THD is enhanced. And this strategy can be
utilized in applications that required such
values. The reliability and robustness of the
control system are also demonstrated by the
outcomes achieved and the necessary costs.
Table (2) demonstrated the conclusion of a
comparison between the results of PTC and
Vector Control.
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Table 2 .comparison between of PTC and
Vector Control

Results PTC Vector Control
Tracking speed  Less Good

Torque ripple Good bad

THD (%) 0.31% 9.94%

Current ripple Good bad

10. Conclusions

The control of (PMSM) is the subject of this
study and the torque ripple reduction in the
(PMSM) is the main goal of this work. Torque
and flux are controlled using a predictive model
and Vector Control. Because it is commonly
employed in regulating electric motors, MPC
covers all potential switching states that
decrease torque and flux ripples as well as THD.
PTC provides fast dynamic response, according
to a comparison of the two approaches. Future
work will involve testing switched reluctance
motors and using PTC method to servomotors
with 2-level VSI and multilevel inverters.

The following points illustrate the contribution
to the paper:

1. Torque ripple is less in PTC opposite
method vector control.

2. Vector control THD is larger than the
predictive control. Notice that the value
of THD in vector control (9.94%) is
much greater than that of THD in PTC
(0.31%).

3. Because of this, predictive control is
favored for PMSM control, which results
in lower torque ripple and lower THD
than conventional control.
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