Electrical Engineering (2023) 105:207-219
https://doi.org/10.1007/500202-022-01660-y

ORIGINAL PAPER q

Check for
updates

Minimization of torque ripples in PMSM drive using PI- resonant
controller-based model predictive control

Suryakant™2@ - Mini Sreejeth! - Madhusudan Singh’ - Aakash Kumar Seth’

Received: 1 October 2021 / Accepted: 26 September 2022 / Published online: 7 October 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

This paper investigates minimization of torque ripples in permanent magnet synchronous motor (PMSM) drive and presents the
design and implementation of a proportional-plus-integral resonant (PI-RES) controller-based model predictive control (MPC)
of PMSM drive. In MPC, the machine model is used to predict the possible actions of control variables in the time domain
and the control operation is then selected based on the optimization of the objective function. In the proposed technique, an
objective function is defined by the error between reference current and predicted currents in d—q axis. The objective function
is minimized using the MATLAB/Simulink minimum function block for each voltage vector for each sampling interval and
provides optimal switching states to control VSI. The PI-RES controller is designed by connecting a variable frequency
resonant controller in parallel with a conventional proportional-plus-integral (PI) controller; and is implemented to produce
the reference current for MPC of PMSM. The resonant controller generates the compensating torque current, while the PI
controller delivers the reference current and establishes the reference torque current. A comparative study of the MPC-based
PMSM drive using the classical PI controller and PI-RES controller has been done and the results show the ripples in motor
torque are 27.2% and 9.1%, respectively. Simulation analysis shows THD of stator currents are 4.52% & 3.85% at 11 Nm load
and 6.53% & 4.4% at load of 5.5 Nm using PI and PI-RES controllers, respectively. Experimental analysis shows that THD
of stator currents are 3.10% & 2.29% at 11 Nm load and 8.13% & 5.73% at a load of 5.5 Nm using PI and PI-RES controllers,
respectively. The proposed technique shows superior performance over the classical PI controller-based MPC of PMSM drive.

Keywords Permanent magnet synchronous motor - Proportional-plus-integral controller - PI resonant controller - Model
predictive control

1 Introduction imperfections, pulsating torque resulting from effect of dead

time, error in current measurement and other uncertainties,

PMSMs have been commonly used in variable speed drives
for industrial applications, due to their high efficiency, low
volume, high torque density and wide range of speed of oper-
ation. Of the various methods developed to achieve high
performance control of PMSM, vector control (VC) and
direct torque control (DTC) are the most significant methods
[1]. VC helps to achieve better steady state performance and
fast dynamic response in PMSMs over a wide speed range.
PMSM has a few inherent limitations, such as machine design
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especially when motor is used for low-speed operations [2].
The ripples in motor torque can produce speed ripples in the
motor, which is not desirable for servo application such as
machine tools etc.

Torque dynamics can be improved through use of appro-
priate control technique. Predictive control technique is
one of the widely used techniques, which include deadbeat
control (DBC) and MPC techniques [3, 4]. These control
techniques can be implemented effectively using digital sig-
nal processors (DSP). Dead beat (DB) controller provides
good dynamic responses at constant switching frequency as
it can force the tracking of a variable to its reference value
[5]. Model predictive control (MPC) is a multi-objective con-
trol method that is simple to implement and appropriate for
nonlinear systems [6]. The use of MPC in the field of power
electronics and electrical drives is primarily driven by two
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facts: the mathematical models of these systems required
by MPC are well understood, and the design of the con-
troller must take into account a number of limitations [7].
The concept of MPC is very intuitive and has the capabil-
ity to compensate dead time, handle multivariable cases and
address nonlinearities [8, 9]. There are two types of MPC:
continuous control set MPC (CCS-MPC) and finite control
set MPC (FCS-MPC). A modulator is used in CCS-MPC and
it runs at constant switching frequency [10]. Model predic-
tive current controller (MPCC) and Model predictive torque
controller (MPTC) are the two types of FCS-MPC [11-15].
MPC is adept in predicting the performance parameters like
flux, current and torque. In MPTC the control variable are sta-
tor flux and motor torque and in MPCC the control variable
is defined only in terms of stator current [16, 17]. MPCC
is much easier to implement as compared to MPTC as an
observer or estimator is required in MPTC to find the value
of stator flux and motor torque; while in MPCC current is
the control variable that can be measured directly. The tuning
of weighting factor is a mandatory requirement for MPTC,
which is not the case with MPCC.

PMSM can achieve good control performance when the
real-time three-phase current is measured accurately. How-
ever, error in measuring the current can produce speed ripples
in PMSM drive. Current measurement errors are usually
caused by the hall sensor units, the signal processing cir-
cuit, analog to digital (A/D) converter and filter circuits [18].
Torque ripples produced due to error in current measurement
can be reduced by compensation of the torque generating cur-
rent. This technique depends on motor variables of machine
and is difficult to realize for practical applications.

Speed ripples in motor can be reduced by employing suit-
able control approach based on principle of internal mode
such as repetitive controller [19, 20] and resonant controllers
[21,22]. Repetitive controller has limitation relating to adapt-
ing the frequency as it requires variable sampling frequency.
Resonant controllers can achieve precise reference tracking
and disturbance rejection while producing infinite gain at the
unbalanced frequency.

This paper elucidates the design and implementation of
a PI-RES speed controller for minimization of torque rip-
ples in MPC-based PMSM drive. The PI-RES controller is
designed by connecting a frequency variable resonant con-
troller with PI controller in parallel. The PI-RES controller
produces the reference current for MPC of PMSM. The pro-
posed controller produces the reference torque current and
is able to reduce ripples by generating compensation torque
current from resonant controller along with the main refer-
ence current. Simulation studies are carried out to compare
the performance of the developed PI-RES controller and the
classical PI controller for MPC of PMSM drive. The simu-
lation results are validated on a laboratory prototype using
dSPACE ds1104 controller, and it is observed that proposed
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method improves the overall performance of PMSM drive
effectively. The novelty of this paper include:

e An adaptive model predictive controller is developed and
implemented as a current controller to find the suitable
voltage vectors for the control of the PMSM drive, which
provides superior dynamic performance of the drive under
various operating conditions.

e A PI-RES controller is designed and implemented in the
outer speed loop for MPC of PMSM to ensure reduction
in speed ripples.

This paper is structured into six sections including intro-
duction in Sect. 1, Sects. 2, 3, 4, 5, 6, 7, 8 cover Modelling
of PMSM, Design of Proposed PI-RES Controller, Principle
of proposed MPC of PMSM, Control of PMSM Drive with
proposed PI-RES Controller, Simulation Studies and Discus-
sions, Experimental Results followed by Conclusions.

2 Modelling of PMSM

To facilitate simple analysis, the following assumption are
made while modelling the PMSM: -

e Magnetic saturation is ignored,

e Back-EMF is assumed to be sinusoidal and

e Cogging torque, hysteresis and eddy current are very small
and hence neglected.

The direct and quadrature axes voltages of surface
mounted PMSM are [23]:

. dig .
Vg = Rsld + Lda — (,()quq (1)

. di .
vy = Rsig + qu—f + wLgig + wen 2)

where vy, vy, i4, iy, La, Ly are the d—q axes voltage, current
and inductances respectively and Rsw, ¢, are stator resis-
tance, angular speed, and flux of PMSM, respectively. For a
surface mounted PMSM, L = L; = L,. Hence

. dig .
vg = Rsig + LE —wlLi, 3)

di
vg = Ryig + Ld—;f + wLig + ogn, 4)

The torque dynamics of PMSM is given as:

dow,

T.=T+J
e [ dr

+ By, &)
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Fig. 1 Outer loop PMSM drive with classical PI speed controller

where 7; and T, are load torque and electromagnetic torque
respectively and w,, B, J are rotor speed, friction coefficient
and moment of inertia, respectively.

T, can also be represented as

3 P, . .
T, = E : E((pdlq + (pqld) (6)
where P is number of poles and ¢4, ¢, are d — g axes flux
linkages and is defined as

@4 = Lgiqg + om @)

®q = Lqig (®)
Using Eq. (5), electromagnetic torque is expressed as

3P

T, = zafpmiq 9

The mechanical speed is expressed as

G

= (10)

W
Here w,, and 6 is defined as mechanical speed and rotor
position, respectively.

3 Design of proposed PI-RES controller

The outer loop of the PMSM drive with classical PI con-
troller is presented in Fig. 1, where T is the inner loop delay,
K, and K; are the gains of PI controller and w;' is the refer-
ence speed.

The expression of proportional resonant (PR) controller
to track AC signal in s-domain is [24, 25]

2Kirwes

G(S)PR = Kp + S2 +2(,()CS +Cl)2

(1D
where, o is the regulated signal frequency, w. is cut off
frequency and Kj; is the resonance coefficient. The damp-
ing coefficient contributes to increasing the bandwidth of
centre frequency of w as well as expand the phase margin
of control system. G(s)pr gives the open loop infinite gain
at resonant frequency w, that promises accurate tracing for

O P 2K, @ s

52 + 200 + (20))
T,

w; Ki il 3P, <> 1 (o
K"J's 'é@' Tds+1_> 4 (\'A‘ Js

Fig.2 Outer loop of PMSM drive with PI-RES speed controller

oscillating variables at w when applied in closed loop, similar
to the G (s)py applied in rotational reference frame of w. The
G (8)pr—res 18 designed by connecting G (s)p; and G(s)pg in
parallel. In this controller only one gain i.e., K, is required
to be tuned [26]

K;
G(s)pr = Kp + T (12)

K; 2Kirwes

G _res = K —_t = 13
($)PI—res p+ s + Sz+2wcs+w2 (13)

Figure 2 shows the outer loop of PMSM with proposed
PI-RES speed controller. Since the controlling perturbation
is repeated and with twice the sinusoidal rotor frequency, the
proposed PI-RES controller is created by combining a PR
controller with a classical PI controller. The proposed con-
troller has good ability to control the harmonics as compared
to classical PI controller. Here the resonance word addresses
the rotor frequency of second harmonic, that is acquired from
position sensors or through sensor-less control techniques.
By combining the compensating torque current produced by
the resonant controller and reference current generated by
the PI controller, the speed ripples are minimized. PI-RES
controller generates the reference of pulsating torque current
that counter the ripples in load torque.

The motor speed is generally obtained by differentiating
the rotor position as shown in (10); however, in this process
high frequency noise is produced in discrete systems. A low-
pass filter of 500 Hz frequency is employed to reduce this
noise in the speed signal.

When the PI-RES controller is employed in the speed loop,
the dynamic performance is controlled by K, ,while K; and
K;ir remove the error in steady state condition. The phase
margin of the speed loop is almost 90° when K; = Kj; =0
and the system will be stable. The system behaves like a
second order system if K; and Kj; are neglected and the
speed loop transfer function is expressed as:

1 1 3P\
YIS T+ 1 4

Gy(s) = K, (14)
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where T; = B%_ + tpr. The proportional constant of the
speed loop, Kps is:

I
I I
I I
I I
I I
i . Ga |,
Ko — 1 4J (15) : :
P 4827, 3P, : Minimization of|_Gb > J
: Cost Function c :
where § is the damping coefficient, 71 pr is time constant and N Predictive | i, - C e
B; is bandwidth of w. 1 17| Model - |
I I
I
I S N J

4 Principle of proposed MPC of PMSM

The basic concept behind the MPC is to use a machine model
to predict the possible actions of control variables in the time
domain and then select the control operation based on an opti- Fig.3 Scheme for MPC of PMSM
mization of objective function. In proposed MPC an objective
function is defined as the selection criteria, which selects the
optimal switching states fed to the VSI. The estimated val-
ues of the variables to be monitored are used to determine the
objective function and it is minimized using minimum func-
tion block of the MATLAB/Simulink for each voltage vector I ML = i=0 |
for each sampling interval. The optimal switching state with =

the minimum objective function value is chosen and used to
control the three-leg VSI. The proposed MPC involves the
following three steps: -

Calculate voltage tamplete using
equations [20] and [21]
(1) Define the objective function. ¥
(2) Build predictive model of inverter and find out its opti- " : — -
g Wait for next Calculate predictive current using
mal switching states. sampling equations [22] and [23]
(3) Create a prediction model of load. v

| Calculate cost function |

PMSM being the load on the VSI, a discrete time PMSM L]

. . . . I

model is needed to predict the be'ha\{wr of Va‘rlables (such as M < Mype,then Mpe = M and ippe = il
load current) assessed by the objective functions. The block :
diagram of MPC algorithm applied in current control method
of PMSM drive is presented in Fig. 3.

The stator reference current, i ,’g is obtained from the outer

opt]

speed loop of PI-RES controller and iy is measured. For each Find the suitable
of the different voltage vectors, the motor’s modelling equa- switching states
tions are used to predict the value of iy in the next sampling v
period (ix+1). The objective function measures the error of apply optimal
predicted and reference currents for the next sampling time. veolor

The voltage which produces the minimum value of current
error is chosen and applied to the load. The flow chart of the
algorithm for implementation of MPC of PMSM is shown as
Fig. 4.

The states of the switching are defined as:

Fig.4 Flow chart for MPC for PMSM drive

2
G = g(Ga +aGy + azGc> (16)
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where G, G, and G are the pulses given to the inverter and

2 / . .
a = e’ /3. The output of the inverter is

2
G = g(van +avy, + azvcn) (17)

Similarly, the current vector, i, and back-EMF, e, of
PMSM are expressed as:

2

i= §<ia +aip + azic> (18)
2

e = §(€a + aep + azec) (19)

From the modelling equations of PMSM in d — g axes the
predictive model is derived as

L
vy (k) = Ryiy (k) + 7[iq(k +1) —ig(K)] + Loiq(k) — pno
‘ (20)

L
va(k) = Rsia (k) + -lia(k + 1) = ia(k)] = Loig (k) (21)

Ty . .
ig(k +1) =i (k) + f‘[vq(k) — Ryig(k) — Lwig(k) — gno)
(22)

gk + 1) = ig(k) + %[vd(k) — Ryia(h) + Loiy (0] 23)

The objective function, M, for the model predictive control
is defined as

M = |ig,—iq(k + D] + |ig,e,—ia(k + 1| (24)

where iy, and ig,, are reference current in d—q axis.

5 Control of PMSM drive with proposed
PI-RES controller

Field oriented control (FOC) technique is used to control
space vectors of flux, current, and voltage in vector con-
trolled PMSM drive [27, 28]. The block diagram for MPC of
a PMSM drive with a PI-RES controller is presented in Fig. 5.
The PI-RES controller is used in the outer speed loop to gen-
erate reference current depending on the error in reference
and motor speeds.

MPC is employed to generate the ideal voltage vector and
supplied to inverter. The voltage is chosen and fed to inverter
in such a way that the error between reference and predicted
current is minimized. Using the observed voltage and current
from the inverter, the predicted current for the Kt sampling
is determined.

Vde

, i, =
> 2K; @5 lSd_B
B + 20 + (20n)" Objective function ::
evaluation & -
" . SEaeT [ 5]
W; 4 . K & lsq Minimization )
->{ ]% ) » Ky -
w PI-RES ’ "
¥ B ik +1) igg(k+1)
Vs (k) Position
. sensor '

(O Calculation of

> predictiv i (k ¢ isa
redictive current jdq( abe isb
L] —ig
Pre- 8
processor
Fig.5 PMSM drive with PI-RES speed controller
Table 1 Ratings of PMSM
Parameter Ratings Parameter Ratings
Voltage, V 380V Rated speed, 314 rad/s
N
Current, I 6.9 A Torque, T 11 Nm
Stator resistance, 193 Q No. of poles, 8
Ry P
Ly&L, 11.4mH PM Flux 0.265 Wb
Inertia, J 0.11kgm? linkage.@m

6 Simulation studies and discussions

The performance of classical PI controller and proposed PI-
RES controller for speed control for MPC of PMSM drive
are investigated through simulation studies using MATLAB/
Simulink, for the motor with specifications as given in Table
1. Load variation, low speed operation, torque ripple analysis
and total harmonic distortion (THD) analysis are carried out,
with a sampling time of /0 ps for testing of the proposed
controller.

A. Starting characteristics of PMSM drive:
The starting characteristics of PMSM drive at no-load
and rated-speed operation are presented in Fig. 6a, b
using PI and proposed PI-RES controller, respectively.
Some overshoot and distortion in speed, torque and stator
current are observed when PI controller is used as speed
controller; while PI-RES controller regulates the speed
of the motor without overshoot and gives fast and smooth
response.

B. Dynamic response of PMSM drive during sudden
change of load torque:
Figure 7a, b shows the zoomed dynamic response of the
drive during torque transition at rated speed operation
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of the motor. The rising time and settling time are also
observed to be less with PI-RES controller in comparison
with PI controller, which makes the response of the drive
faster.

Figure 8 shows the transient characteristics of MPC of
PMSM drive at rated speed with PI controller and PI-
RES controller, respectively. During starting with no
load, some overshoot and undershoot are observed with
the PI controller; while PI-RES gives smooth speed char-
acteristics. When the full load is applied at t = 0.06 s,
speed of the motor settled to the commanded value
earlier with PI-RES controller as compared to the PI
controller. During the torque transition, the speed per-
turbation is less in the PI-RES controller.

Dynamic performance of PMSM drive at low-speed
operation:

Figure 9a, b presents the speed, torque and stator current
characteristics for MPC of PMSM drive with PI con-
troller and PI-RES controller, respectively, for low-speed
(10% of rated-speed) operation. The motor is initially
started at a speed of 30 rad/sec under no load condition.
Theload of rated valuei.e., 11 Nmis applied att =0.06 s
to the motor. From Fig. 9a, b it can be seen that when
the load is applied to motor an overshoot is observed in
torque characteristics of motor. It is also observed that
PI-RES controller provide smooth dynamic characteris-
tics of speed, torque and current of MPC of PMSM drive
in comparison of PI controller.

Figure 10 presents the zoomed speed characteristics
during torque transition for this operating speed. The
proposed PI-RES controller reduces the overshoot and
undershoot of speed when load torque is applied. In addi-
tion, the settling time of motor speed to its reference
speed with PI-RES speed controller is less than that of
conventional PI speed controller.

Steady state characteristics of PMSM drive:

The steady state characteristics for MPC of PMSM drive
with PI controller and PI-RES controller are shown
in Fig. 11a, b, respectively. Some torque ripples are
observed in the steady state characteristics. The ripples
in motor torque are 27.2% and 9.1% for MPC of PMSM
drive with PI controller and proposed PI-RES controller,
respectively. Thus, it is evident that the use of PI-RES
for MPC of PMSM achieves better torque characteris-
tics, with less ripples during steady state condition, as
compared to classical PI controller.

Output response of PI and PI-RES controller

Figure 12 shows the reference current in g-axis (i ;‘) for
PMSM drive using PI controller and PI-RES controller-
based MPC.

It is observed that PI-RES generates reference pulsating
torque current that counter the toque ripples in g-axis
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Fig.6 Starting characteristics for MPC of PMSM drive at rated opera-
tion with: a PI Controller b PI-RES Controller

current of motor and torque of the motor resulting in
reduced torque ripples as compared to PI controller.
Stator currents of PMSM drive in d-axis and g-axis
Figures 13 and 14 show the stator current of PMSM
drive using PI controller and PI-RES controller-based
model predictive control. At constant torque operation
direct axis current is zero and quadrature axis current i,
is proportional to load torque.

It is observed that as the load changes, there is a pro-
portional change in i, while iy is maintained at zero for
constant torque operation. The ripples in stator current
in d—q axis are observed to be less for the PI-RES con-
troller as compared to conventional PI controller, which
results in lower torque ripples.

G. THD in stator current of PMSM:

Figure 15a, b presents the harmonics spectrum of stator

current at full load with PI controller and PI-RES controller,
respectively.
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Fig.7 Torque dynamics for MPC of PMSM during torque transition at
rated speed operation: a PI Controller b PI-RES Controller
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Fig. 8 Transient characteristics for MPC of PMSM Drive at rated speed
with: a PI Controller b PI-RES Controller

Figure 16a, b presents the harmonics spectrum of stator
current at 50% of rated load with PI controller and PI-RES
controller, respectively.

The ripples in stator current of the motor are low when
the switching frequency is high. The average frequencies
of switching in both methods i.e., PI and PI-RES are set
similar for the comparative analysis. The THD is analyzed
unto 6 kHz for the motor fundamental frequency of 200 Hz.
The stator current is selected up to 2 cycles for THD analysis.

Figure 17 shows the comparative results of THD in stator
current for load torques of 11 Nm and 5.5 Nm. It is observed
that THD in stator current using PI-RES is lower in compar-
ison with that of PI controller.
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Fig. 9 Dynamic performance for MPC of PMSM at 10% of rated-speed
operation with: a PI Controller b PI-RES Controller

7 Experimental results

To validate the aforesaid simulation studies, an experimental
laboratory prototype for the operation of PMSM drive with
different controllers is developed and implemented, which
is shown in Fig. 18. The laboratory prototype consists of
the dSPACE controller ds1104, VSI, current and voltage
sensors, driver circuit and power supplies along with the
PMSM. The control method is implemented using a dS1104
TMS320F240 controller board and MATLAB/Simulink. The
parameters of PMSM used for the experimental analysis is
specified in Table 1. The VSI supplies the stator voltage to
the PMSM, which is regulated by gate pulses generated by
the dS1104 controller through various control techniques. A
DC machine is coupled to PMSM for electrical loading on
the PMSM. The two current sensors sense the stator currents
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Fig. 10 Zoomed speed-response during torque transition for MPC of
PMSM at 10% of rated-speed operation with: a PI Controller b PI-RES
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Fig. 11 Steady state characteristics for MPC of PMSM at rated torque
operation with: PI a Controller b PI-RES Controller
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Fig. 13 i, and iz of PMSM drive using PI controller-based MPC
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Fig. 14 i, and iy of PMSM drive using PI controller-based MPC
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Fig. 15 THD in stator current during rated-load operation with: a PI
Controller b PI-RES controller

of PMSM. The sampling time is set to 50 ps for both control
techniques.

A. Performance of PMSM drive during starting under
no load condition:
Figure 19a, b shows the dynamic response for MPC
of PMSM drive with conventional PI and PI-RES
controllers respectively during starting under no load
condition. This includes the motor speed, w,, torque, T,
and stator currents, .. The PMSM takes a few seconds
to reach steady state speed, and the torque generated is
sufficient to achieve and maintain the desired rotor speed.
The current required by the motor during startup is large
to overcome the motor inertia, but gradually decreases
to zero load current. The no-load dynamics for the two
controllers are similar with the PI-RES controller being
slightly faster in achieving steady state condition.
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Fig. 16 THD in current during operation at 50% of rated-load with: a PI
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Fig. 18 Developed laboratory prototype of PMSM drive: 1-PC, 2-eight
channel MSO, 3- DC power supply, 4- three phase inverter, 5- dSPACE
1104, 6-driver circuit, 7-current sensors, §-voltage sensors, 9-encoder,
10-PMSM, 11-DC generator, 12-resistive load

B. Dynamic performance of PMSM drive during low-
speed operation:
Figure 20a, b shows the dynamic performance of the
PMSM drive during low-speed operation for MPC of
PMSM drive using PI and PI-RES controllers, respec-
tively. The reference speed of the motor is set to
31.4 rad/s. Initially the motor is started at no load and
after attaining the steady state condition, a rated load of
11 Nm is applied to the motor. From Fig. 20a, b, it is
observed that PI-RES controller has better performance
for the MPC of PMSM drive with lesser torque ripples
and smooth characteristics as compared to the conven-
tional PI controller.

C. Performance of PMSM drive during steady state con-
dition
Figure 21a, b shows the torque, 7, and stator currents,
iabe for MPC of PMSM drive during steady-state con-
dition with rated load using PI and PI-RES controllers.
The motor is started at no-load and after attaining the
desired speed, the rated load of 11 Nm is applied to the
PMSM. It is observed that the torque ripples are less in
the developed torque for the PI-RES controller as com-
pared to the PI controller.

D. THD analysis of stator currents of PMSM drive

Figures 22 and 23 show the harmonic spectrum of stator
current i, for MPC of PMSM drive using PI and PI-RES
controllers respectively, under rated load operation and half
rated-load operation. The harmonic spectrums are observed
up to harmonic order of 40 with a fundamental frequency
of 200 Hz. From Fig. 22a, b it is observed that THD in sta-
tor current of PMSM at rated load, i.e., 11 Nm, are 3.097%
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Fig. 19 Dynamic response of PMSM drive during Starting under no
load condition using: a PI controller b PI-RES controller

and 2.286% with PI and PI-RES controllers, respectively.
While THD in stator current of PMSM at half rated-load,
1.e., 5.5 Nm are 8.125% and 5.717% with PI and PI-RES
controllers respectively, which are shown in Fig. 23a, b. It is
observed that THD in stator current of PMSM is less with
PI-RES controller as compared to the conventional PI con-
troller. The comparative results of THD in stator current of
PMSM with PI and PI-RES controller are shown in Fig. 24.

8 Conclusions

A PI-RES controller is designed and implemented for MPC
of PMSM drive to regulate the speed and minimize the torque
ripples. The performance of the proposed controller is val-
idated by comparing it with the classical PI controller. The
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Fig. 20 Dynamic performance of PMSM drive during low-speed oper-
ation at rated load condition using: a PI controller b PI-RES controller

results of simulation studies verified that the proposed con-
troller provides superior dynamic performance compared to
the conventional PI controller in terms of starting charac-
teristics, low-speed operation, and transient characteristics.
The simulation studies were validated through the devel-
oped experimental laboratory prototype based on dSPACE
1104 DSP controller. It is observed that the proposed PI-
RES controller-based MPC has several advantages over the
PI controller-based MPC of PMSM.

a) The ripples in motor torque with simulation study are
observed as 27.2% and 9.1% for MPC of PMSM drive
with PI controller and proposed PI-RES controller,
respectively, which validates that the proposed method
can reduce ripples in the motor torque.
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Fig.21 Performance of PMSM drive during steady state condition
using: a PI Controller b PI-RES Controller

b) THDs are calculated as 4.52% & 3.85% at 11 Nm load

and 6.53% & 4.4% at the load of 5.5 Nm using PI and
PI-RES controller, respectively, with simulation, while
3.10% & 2.29% at 11 Nm load and 8.13% & 5.73%
at the load of 5.5 Nm using PI and PI-RES controller
respectively are observed with experimental analysis.
Thus proposed method has significantly less THD in sta-
tor current at different loads.
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The proposed drive may be useful for industrial applica-

tions without torque-ripple, such as spindle drives and accu- 9 8.13
rate positioning systems. In the future proposed technique 8
may also be implemented for electric vehicle applications, © 7 5.73
which require less ripples in torque by suitably addressing the é 6
assumptions related to magnetic saturation, cogging torque g i 310
etc. i 3 ) 2.29
2
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Fig. 24 Experimental results of THD in stator current for loads of 11 Nm
and 5.5 Nm
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