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Speed ripple at low speed-high torque operation of Permanent Magnet Synchronous Machine (PMSM) drives
is considered as one of the major issues to be treated. The presented work proposes an efficient PMSM speed
controller based on Grey Wolf (GW) algorithm to ensure a high-performance control for speed ripple reduc-
tion at low speed operation. The main idea of the proposed control algorithm is to propose a specific objec-

tive function in order to incorporate the advantage of fast optimization process of the GW optimizer. The
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role of GW optimizer is to find the optimal input controls that satisfy the speed tracking requirements. The
synthesis methodology of the proposed control algorithm is detailed and the feasibility and performances of
the proposed speed controller is confirmed by simulation and experimental results. The GW algorithm is a
model-free controller and the parameters of its objective function are easy to be tuned. The GW controller is
compared to Pl one on real test bench. Then, the superiority of the first algorithm is highlighted.

© 2018 ISA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Permanent Magnet Synchronous Motors are employed in various
applications such as electrical or hybrid electrical vehicles, elevator
drives, and generically variable speed applications, where smooth
speed regulation is required. The study of speed control of PMSM in
normal mode with or without mechanical sensors is still in progress
[1-3]. However, at critical operation conditions, low speed-high
torque operation, low-frequency torque ripples occur and generate
a severe speed ripples [4-6]. Commonly, a speed lower than 20%
of the nominal speed can be considered a low speeds and a torque
higher than 80% of the nominal torque can be considered as a high
torque. The generated ripples can be seriously harmful due to tem-
perature rise in the stator windings and fatigue phenomena in the
shaft material, which leads to a significant reduction in the lifetime
of the overall system.

Several control approaches to minimize the low-frequency
torque ripples in PMSM have been reported in the literature [7-14].
For example, in Ref. [7], the disturbance frequency arising from cur-
rent sensor offsets is embedded in the design of a model predictive
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based controller (MPC) to minimize the torque ripple. Also, in Ref.
[8] the measured offsets and presence of unequal sensor gains,
which are possible sources of unbalanced phase currents, are com-
pensated by a phase current reconstruction strategy. In Ref. [9],
an improved torque predictive control (TPC) is proposed to reduce
the torque ripple and improve the system dynamics. The main
idea was to include both torque and stator-flux errors informa-
tion in the control algorithm calculation. In Ref. [10], the effect
of unbalanced stator resistances on the torque ripple is investi-
gated. Then, it was shown that the estimated values of these resis-
tances can be used to compensate the high-frequency components
of the torque ripple. In Ref. [11], the proposed torque ripple reduc-
tion is based on instantaneous torque estimation with a rigorous
analytical model that takes spatial harmonics into account. The
work presented in Ref. [15] calculates the best current reference
which minimizes the torque oscillation by the use of an algorithm
based on ANN (Artificial Neural Networks). Other interesting com-
pensating solutions can be found in the literature such as itera-
tive current harmonics elimination and predictive sequential switch-
ing control techniques that integrate the inverter dynamic in the
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control algorithm, which is respectively reported in Refs. [16] and
[17].

The classical solution for the reduction of torque ripple at low
speeds is the use of current harmonic injection techniques [4,18,19].
For this, an additional algorithm is added to modify the reference
current or directly the control voltage in order to reduce the speed
ripple. The added algorithms are commonly based on disturbance
observer approaches that need the knowledge of the torque ripples
models (first harmonic (offset), flux harmonics, cogging torque.),
where the disturbance is estimated by an observer and then com-
pensated by subtracting it from the control signal. Even if these
algorithms are efficient in steady state, their effect is negative in case
of external perturbation (variable speed applications) because the
algorithm tries to compensate the perturbation. In other approaches,
as resonant controller [20] and embedded MPC control [7], the
undesired frequency(ies) is (are) directly integrated in the controller
design. In such controllers, if the undesired frequency(ies) changes
due the operation condition of the drive (parametric variation,
unknown perturbation ...), the rejection of this new undesired
frequency is not efficient because this(these) frequency(ies) is(are)
not considered during the synthesis step. To ensure high perfor-
mance control of PMSM drives at low speed operation, the present
paper aims to present a free-model controller based on a recent
optimization method. The main objective is to ensure speed tracking
tasks with smooth evolution at low speed-high torque operation.
The proposed optimization speed-controller is based on Grey Wolf
algorithm, which is a new member of meta-heuristic algorithms
proposed by Mirjalili in 2014 [21]. The philosophy of this optimiza-
tion algorithm is inspired from the social behavior of grey wolves
when they attack a prey. This algorithm moves the wolves group
toward prey by updating location vector, which is an average of
best locations of the group. It presents several advantages in terms
of low computing complexity, high solution accuracy, convergence
independence of initial conditions and its ability to deal with local
minima. In this subject, a comparative study based on twenty nine
test [21] with Particle Swarm Optimization (PSO), Gravitational
Search Algorithm (GSA), Differential Evolution (DE), Evolutionary
Programming (EP), and Evolution strategy (ES) has shown that GW
algorithm is highly competitive in terms of local optima avoidance
and convergence to the global optimum. In other comparative study
[22], it was shown that GW optimization algorithm exhibits attract-
ing features like robustness and fast convergence with a reduced
number of search parameters. These proprieties are particularly
important from the point of view of real time implementation.
The aforementioned advantages are also reflected in various recent
research works [23,24]. For example, in Ref. [23], GW is applied to
find optimal sizing of a micro-grid. This is done by solving the cost
minimization problem of the system under various constraints, such
as the storage capacity and the load demand satisfaction. In Ref.
[22], GW is used to the design of an MPPT controller working under
normal and abnormal modes like shading conditions. In Refs. [24]
and [25], the GW optimization algorithm is used for an optimal tun-
ing of fuzzy controllers with a reduced process small time constant
sensitivity.

In this paper, the use of a speed-controller based on the GW
algorithm is motivated by the usefulness of GW approach for
locating the minimum objective function with attracting propri-
eties like fast convergence and few adjustment parameters with-
out needing to know the system parameters. The key idea is to
incorporate the benefit of the fast optimization process of the
GW optimizer in real-time working conditions in order to find
the optimal trajectory of the input controls. The resulting con-
trol input should secures the desired speed tracking tasks with
a reduced ripple at low speed-high torque working conditions.
In addition, a comparison with a fairly known control method is
performed to highlight the effectiveness of the proposed control

method especially in terms of speed ripple reduction at low
speed.

The synthesis method of the proposed control algorithm nei-
ther requires the introduction of a predefined frequency(ies) to be
rejected nor additional observers. The desired performances (speed
tracking and speed ripple reduction) are achieved thanks to the pro-
posed objective function where both speed and current are mini-
mized in a one-loop structured controller. The algorithm parameters
are selected to minimize the speed ripples at low speed by generat-
ing adapted current profiles.

This paper is organized as follows. In section 2 and 3, descriptions
of the studied system and one of the principal speed ripple sources
in PMSM drives are respectively presented. Section 4 introduces the
proposed GW speed-controller design methodology. Sections 5 and
6 present simulation and experimental results and discuss the effec-
tiveness of the proposed control approach. Finally, section 7 summa-
rizes the major contributions of this work.

2. System description

The topology of the studied system with the proposed GW-
controller is depicted in Fig. 1. The drive is composed of a DC power
supply, a three phase inverter and PMSM with smooth poles. The
GW based speed-controller is developed in a one-loop structure.
The electrical model of a smooth poles PMSM expressed in the syn-
chronous Park frame is:

qws (1)

. 0
u, = R + ¥, + o, [1 0
where ug = [vy vq]T is the stator voltage vector, ig = [iy iq]T is the sta-
tor current vector, ¥ = [¥, ‘I’q]T is the stator flux vector, R; is the
stator per-phase resistance, w, = p Q is the rotor electrical speed, p
is the number of the pole pairs, Q the mechanical angular speed of
the rotor. The stator flux can be formulated as follows:

¥ = Liis + ¥pm (2)

where ¥, = [¥pn, 0]7 is the magnet’s flux and L, is the stator induc-
tance.

The motion equation is expressed as follows:
Q=}@—n—ﬂn 3)
In the above equation T; is the load torque, F is the frictional coef-
ficient and J is the moment of inertia. The electromagnetic torque
equation is given by:

T, = p¥pniq (4)
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Fig. 1. Schematic of the PMSM speed regulation system based on GW controller.
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3. Effect of back electromotive force on speed harmonics

Harmonics in back electromotive force (BEMF) can cause torque
ripple. For example, if the phase currents of the stator are sinusoidal
and the BEMF has harmonics 5 and 7 (the most predominant har-
monics in a three-phase machine PMSM), then harmonic 6 that will
appear on the torque.

Demonstration:

As the phase currents are sinusoidal, their expressions are:

iy = I'sin(w,t)
7

5)

i =1Isin (a)et— =
27[)

3
The expressions of the BEMF in presence of harmonics 5 and 7
are:

(5)
i. =1Isin (a)et+

e, = Eq sin(w,t) + Es5 sin(5w,t) + E; sin(7w,t)
107

3

147

3 )
)

e, = Eq sin (a)et - z?ﬂ) + E5 sin <5wet - ) + E; sin <7wet - —

e. = E; sin (a)et + z?ﬂ) + Es sin <5wet+ ]OT]T) + E; sin <7wet + MT”
(6)
The torque can be computed as:
P ey, +epip + e
T. = = Zaa b'b c'c 7
=5 B )
Then, the expression of the torque is:
3 3
Te= 5B~ 55 (Es — E7) I cos (6w,t) (8)

To investigate the harmonic content in the BEMF, the test
machine in this paper is coupled as a generator and conducted at low
speed (100 rpm) under no load. Fig. 2 reports the time and frequency
domains of the resulted back electromotive force (BEMF). The har-
monic spectra illustrates the presence of low harmonic orders mainly
caused by the coupling motor, and it can be seen that the most pre-
dominant harmonics are 5th and 7th. These harmonic contents can
be considered as the principal source of the speed ripple in low speed
operation.

According to (3), as it’s a linear differential equation, the motor
speed has the same harmonics (6 order harmonics) as the torque
produced by the PMSM. It can be noted that when considering the
other principal harmonic contents in the BEMF like: 11, 13, 17, 19,
multiples of 6th harmonic appear in the speed.

BEMEF (V)

Time (s)

(a)

4. Grey Wolf based speed-controller

This section presents the design methodology of the proposed
GW speed-controller. The global control scheme of the PMSM drive
is given in Fig. 1. Grey Wolf is a new member of swarm intelligence-
based optimization algorithms, introduced in 2014 by Mirjalili [21].
The philosophy of this technique is inspired by the social behavior of
grey wolves when they attack a prey. In a pack, the grey wolves have
avery strict social dominant hierarchy where they are classified from
the highest to the lowest hierarchy ranks called, alpha, beta, delta,
and then the other hunters respectively. The complete theory of the
Grey Wolf theory can be found in Ref. [21].

To formulate the PMSM control problem in accordance with the
GW theory, three steps are to be defined: objective function formu-
lation and evaluation, candidate input control calculation, and finally
reference control selection.

4.1. Candidate objective function

The proposed objective function is inspired by the standard way
of controlling PMSM electrical drives, i.e. vector control. Commonly,
the conventional scheme is based on cascaded PI loops; i.e. an outer
speed loop and an inner current loop. As usual in PMSM control, the
d-axis current reference i;ef is fixed to zero and the quadratic cur-

rent reference i;ef which presents the main electromagnetic torque
is deduced directly from the speed outer loop. Contrary to classi-
cal approaches where the speed control is constructed within two
loops, herein, the control problem is a MIMO one and it is formu-
lated within one loop structure. The candidate objective function
may summarize the global control objective: speed tracking tasks
with smooth waveform at low speed operation. The proposed objec-
tive function G is defined as follows:

K, 0

Gkl=|-- olk]

0

(9)

Ks K

where k is the current iteration, and G[k] = [G4[k] Gq[k]]T is the
objective vector. The first objective function denoted G,[k] is char-
acterized by the d-axis current iy[k] and the d-axis control input
uy[k]. The second objective function denoted Gq[k] is characterized
by the g-axis current ig[k], the speed Q[k] and the g-axis control
input uq[k]. The minimization of this function is mainly related to

the speed ripple amplitude. o[k] = [O‘d[k],O'q[k]]T, with og4[k] =
[ 1K1 = iglk]. i k= 1] —iglk=1]], and o, = [Q[k] - Q[k],
ik —1]-Qlk—1], iq[k]]. Parameters K;, K, K3, K4, K5 are con-
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Fig. 2. The BEMF of the PMSM working as a generator at 100 rpm speed and under no load: (a) phase (a) voltage, (b) harmonic components of phase voltage (a).
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Fig. 3. Principle of grey wolves hunting [21].

stant gains whose design is presented in the simulation part. T; is
the sample time.

4.2. Optimal hunting distance calculation

The algorithm mechanism searches three best solutions among
the global possible hunting solutions and then calculates the attack-
ing candidate input control (inverter voltages). The mechanism of the
hunting is depicted in Fig. 3. The three best solutions obtained can be
formulated as follows:

Dy k] Ca 0 0 ||vglkl| |Gk
Dylkl||=1{| 0 Co O [|veslkl|—|GilkI (10)
D, [k] 0 0 Callvylka| |Gk

where C,; = 2a,,;, X = {d,q}, ry; are random vectors whose

values are within [0, 1], a,; are linearly decreased from 2
to O over. The optimal distance vector [D,,[k] Dxﬂ[k] ny[k]]T,
is then used to formulate intermediate input control variables
[Veo Lk + 1] vxﬂ[k +1] vxy[k + 111" as defined in (Eq. (11)).

Valk+ 11| |vealkl] |Ag 0 0 || Dylkl
valk+11|=|vylkl|=| 0 Ay 0 || Dylkl (11)
Valk + 1] vxy[k] 0 0 Ag ny[k]

where A,; = 2a,; Ty; — 0y, I € {],2,3}, and x = {d, q}.

Finally, by the use of the predefined intermediate control vari-
ables, the candidate dg-input control (inverter voltages) are calcu-
lated by:

i=n

vik+11=Y w (12)
i=1

4.3. Reference control selection

The final design step consists in the evaluation of the established
control solutions in step 2. Herein, the established control solutions
are parameterized by their specified distance |A,;|. Therefore, the d-q
axis input control voltages are selected as follow:

ud =v¥k+1] if(Agl < 1) 3

ref _ . ref . (13)

u,” =V, [kl if(|Ay;]l > 1)

where x = {d, q } v'¥ [k] is the actual input control, v;ef[k + 1]is the

X
future input control, and u;ef is the input control. The candidate input

control established in step 2, and its specified distance |A,;| are evalu-
ated (|A,;| compared to 1) in order to predict the future input control.

s N
| START |
N J

/ N
] Initialize the input parameters ]

v

‘ Calculate the objective function G

J

Eq (9)

>
: v \
[ Store the present best particle ‘
N J

~— Max Number
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Next itration [ ¢
N J N
Updata the postion and
velocity of particle Eq (11)
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e N
| Output the best solution |
~ 0000/

Fig. 4. Flowchart of the proposed GW algorithm.

4.4. Flowchart of the GW algorithm

The flowchart of the proposed GW algorithm is shown in Fig. 4.
Adding to the design methodology, decrypted previously, the algo-
rithm must be initialized. In this phase, the parameters must be set
by including the maximum cycle number search agents, the sam-
pling time, and the distance variables |A,;| and |C|. Then, a ran-
domly distributed initial reference voltage is generated. To highlight
the importance of the iteration number in the control effectiveness,
especially in the point of view on-line optimization, supporting sim-
ulation results are given in the following section.

5. Simulation results

In order to investigate how the GW algorithm iteration number
influences the early stage convergence and how the objective func-
tion parameters are selected to reduce speed ripples, simulation tests
have been carried out using MATLAB/Simulink. The PMSM motor
parameters are listed in Table 1, (see APPENDIX).

5.1. Algorithm convergence

Fig. 5 (a) and (b) illustrate the initial position of the g-axis inter-
mediate input control variables (v:;f , v:g, vzgf) at the early stage dif-
ferent iteration numbers respectively: 3 and 30. It can be observed

Table 1
Performance indicators.

Control Peak IAE = [ le|dt ISE= [ |e|*dt ITAE= [tle|dt
strategy overshoot (%)

Pl controller 15.5 6.1 22.46 6.791

Proposed 0 1.616 1.813 1.882
controller
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that the particles are more and more attracted when the iteration
number is increased. Fig. 6 confirms the overall trend of the solution
convergence versus the iteration number. In this figure, the proposed
convergence criterion presents the Root Mean Squared Error (RMSE)
of the particules along the g-axis, calculated by:

1YL gtk = (vyT))2
n

n
RMSE = Z (14)
k=1

Considering this result, the iteration number is chosen equal to
20, which satisfies both convergence precision and minimizes time
calculation regarding real time implementation.

5.2. Objective function parameters tuning

The second simulation test highlights the setting of the objec-
tive function parameters regarding speed ripple rate. In this test,
the case of non-sinusoidal flux density distribution in the air gap of
the PMSM that causes the 6th harmonic and its multiples is consid-
ered.

Also, low order harmonics caused by the coupling load are added.
The test mechanism is described in Fig. 7. The parameters of the
objective function are changed sequentially and the corresponding
SRF values are calculated.

Fig. 8(a) illustrates the evolution of the speed ripple factor (SRF)
versus the q-axis objective function parameters when the parameter
K5 is set to 0.01 and K5 and K, are changed from 0 to 20. It can be
seen that the SRF evolution is more sensitive to the change of K, and

2.5

1

0 1 1 1
0 20 40 60 80 100

iteration number

Fig. 6. Root Mean Squared Errors of the intermediate input control versus the iteration
number.

(b)

Fig. 5. Initial position of the g-axis intermediate input control variables at the early stage for: (a) 3 iterations; (b) 30 iterations.

its values are minimized for K, greater than 5.

This gain is related to the g-axis current (Eq. (9)), which is
the main component for the production of the torque in smooth
poles PMSM. Therefore and as explained in section 3, the speed
harmonics are mainly related to the torque harmonic content. Than,
the reduction of the torque ripple lead to ensure smooth speed.

Fig. 8(b) illustrates the evolution of the SRF versus the d-axis
objective function parameters when the parameter K; and K, are
changed from O to 30. Herein, the SRF values are not affected by the
change of K; and K5, which means that the control objectives are well
decoupled.

In other hand, gains K1 and K3 should be selected not very high to
avoid big overshoots on transients conditions. Therefore, a trade-off
must be done to choose the adequate values. In our case, the chosen
values are: K;=4, K,=15,K3=0.2, K,=10, and Ks=0.01.

5.3. Performance illustration

To underline the performance of the proposed speed controller,
comparison tests with a classical field oriented control method based
on cascaded PI loops is considered. The current control loop calcu-
lates the control inputs:

Decoupling term

viT = K — i) + K / A —ig) - weLi, ()

v = Ky(iy — i) +K; / (ig = ig) = Wel iy = We ¥y

START
Initialize the input parameters
ki, ko, ks and ky

v

[ Simulation under simulink ]

v

[ Calculate SRF and save data ]

Results
Fig. 8

Fig. 7. Flowchart of the objective function parameters selection.
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Fig. 8. Evolution of the speed ripple factor (SRF) versus the objective function parameters: (a) G, parameters (K3 and K, ); (b) G4 parameters (K; and K;).
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Fig. 9. Measured speeds for a classical PI controller and the proposed GW controller.

As usual in non-salient PMSM control, the d-axis current refer-

ence i;ef is fixed to zero while the quadratic current reference i;ef

Tnverter (4) DCGenerator

@ Load-converter
Control Desktop Current sensors Resistive load
ControlDesk

® me © WA, @ mrnmy

Fig. 10. Overview of the test bench.

results from the outer speed control loop.

i = KWl = wp) + K, / W —w,) (16)

5.3.1. Pl synthesis method

The controller design is based on the pole-placement technique
[4,26-29]. In terms of Laplace transform, the speed and currents
closed-loop transfer functions are given by:

(Kyis + Kip)
ref Ky +Ry) K
' s s

S S

KpeoS + Kiop)0*¥y)
@e J
= 18
Cl)gef SZ + Kpu)pz‘*'fS + Kiwpzwf ( )
J J

where x = d,q.

It can be noted that the speed closed-loop transfer function (18)

is obtained by considering an ideal current loop behavior and by
neglecting the friction torque.
The controller gains (Kp;, Kjj, K, and Kj,,) are selected by match-
ing the denominator polynomial to the desired second order charac-
teristic polynomial: s + 28wy,s + a)f/ = 0, w, denotes the controllers
natural frequencies (y = ¢, w: index c for current and w for speed),
The resulting control gains are Kp; = (2L,w, —Ry), K; = Liw?,
Koo = 2&J0,,)/(p*¥f) and Kiow = (Je?,)/(p*¥p).

The poles of the closed-loop control are characterized by the
damping coefficients £ and by the natural frequency w,:

Pup = -0, +1/(1-82) (19)

The control objectives aim to ensure high speeds tracking perfor-
mance (outer loop) and efficient disturbances rejection (inner loop).
This leads to choose large values of the natural control frequencies
(w. and w,,). Otherwise, the natural frequency of the outer loop
should be chosen sufficiently smaller (typically by ten times) than
that of the inner loop to avoid interaction issues between the two
loops. In addition, the inner loop natural frequency must be chosen
sufficiently below the inverter switching frequency (f;, =10 kHz).
In other hand, w, must be greater than the current open-loop cut-
off frequency (R,/L; = 52rad/s), while w,, must be greater than
the speed open-loop cut-off frequency (F/] = 1.15 rad/s). For our
application, w. and w,, are chosen equal to 1500 rad/s and 100
rad/s, respectively. Hence, the controllers gains are: K,; = 9.9308,
Kj; = 10800, Ky, = 0.21375 and K, = 15.112.
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Fig. 11. Experimental plots: speed and abc current responses for speed change from 100 to 200 rpm under nominal-load with: (a) a classical PI controller, (b) the proposed

controller.

5.3.2. Simulation analysis

Fig. 9 illustrates the measured speeds for a classical PI controller
(blue color) and the proposed GW controller (red color). In this test
the speed reference is fixed to 100 rpm. The load torque is changed
from 14.2 to 28.4 Nm at t = 2.5 s. It can be noted that the proposed
controller allows minimizing the oscillating speed at steady state and
reduces significantly the speed drop when the disturbance occurs.
Measured speed drop is around 3% with the GW controller and 18%
with the classical PI controller.

6. Experimental results

In order to validate the system performance with the proposed
control strategy, experiments are carried out. The picture of the
experimental setup is shown in Fig. 10. The test bench consists of a
PMSM and a DC generator load. The proposed PMSM control is imple-
mented in a dSPACE DS1103 PPC.

Classical PI and the proposed GW speed-controller are tested
when the speed reference changes from 100 to 200 rpm under a
nominal load (28.4 Nm). In the case of a classical PI, Fig. 11(a), one
can remark that the speed waveform presents oscillations when the
stator currents waveforms are sinusoidal. When the proposed GW
speed-controller is tested, Fig. 11(b), it can be noted that the speed
waveform is more smoother than the one presented in Fig. 11(a). To
ensure this speed oscillations reduction, the GW controller introduce
harmonics in the stator currents profiles (Fig. 11(b)). In this subject,

0.1
6fI00
0.08 : F
]
= 0.06
=l
&0
§ 0.04
0.02 d :
0 sl i I it ALI "
0 20 40 60 80 100
Frequency (Hz)
(a)

as mentioned in the introduction, classical methods add a compen-
sator bloc that modifies currents profiles to achieve a smooth speed
waveform. Also, it can be noted, with the GW controller that the
motor velocity tracks its reference trajectory without overshoot.

To investigate the harmonic content of the speed at 100 rpm
under nominal load torque, frequency spectrums are presented for
both controllers in Fig. 12. These spectrums show the presence of
specific harmonic orders, particularly the 1th, 2th, 6th and 12th
harmonics. When the 6th and 12th harmonic components can be
related to the non-sinusoidal flux density distribution in the air-gap,
the lowest order harmonics are mainly introduced by the coupling
mechanical load. Compared to the spectrum obtained with the PI
controller, it can be seen that the specific harmonic amplitudes are
significantly reduced with the use of the proposed controller.

Fig. 13(a) and (b) show the system behavior with a classical PI
and the proposed GW speed-controller where the speed reference
is kept constant (100 rpm) under load torque step from half nom-
inal (14.2 Nm) to nominal torque (28.4 Nm). Likewise, speed oscil-
lations are reduced with GW controller compared to the classical PI
controller. Furthermore, the speed deviation is reduced with the GW
controller when the load disturbance is applied. Indeed, the speed
drop is around 10% with the GW controller and 25% with the classi-
cal PI controller.

In Table 1, different indicators are reported: peak overshoot, inte-
gral absolute error (IAE), integral of square error (ISE) and integral
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Fig. 12. Frequency spectrum of the speed at 100 rpm under nominal torque with: (a) a classical PI; (b) the proposed controller.
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Fig. 13. Experimental plots: speed and abc current responses at 100 rpm speed under step load (14.2 Nm to 28.4 Nm) with: (a) a classical PI, (b) the proposed controller.

time absolute error (ITAE). As it can be appreciated, these indicators
highlight the superiority of the proposed control algorithm.

7. Conclusion

This paper has proposed a GW algorithm for high performance
control of PMSM drives. The proposed controller aims to ensure
speed tracking tasks at low-speed high-torque while minimizing the
ripples. The main idea of the proposed speed controller is to exploit
the fast optimization process of the GW optimization algorithm
in real time working conditions to find the optimal control inputs
that ensure the desired speed tracking with a smooth speed time
evolution. The design methodology of the GW based speed controller
is detailed, and the influence of the objective function parameters
in the torque ripple is analyzed in the simulation part. The real time
implementation is performed under dSPACE 1103 control board and
the obtained results verify the feasibility of the proposed approach.
To underline, the improvement of the GW speed-controller a
comparative student with a classical PI controller are provided.

As perspective, further comparisons with advanced control
methods like intelligence-based algorithms (PSO, ANN ...) are
needed to provide better comprehension on the GW controller
effectiveness under real time working conditions. The use of the GW
optimization algorithm can be extended to solve speed or torque
tracking tasks of others PMSM drives where low order harmonics
are undesired and classical control algorithms are not effective.

Appendix

The system parameters are listed in Table 1.

Table 2

System Parameters.
PMSM Parameters Value
Stator resistance 025Q
Stator inductance 4,8 mH
Number of the pole pairs 4
Magnet flux 0.32 Wb
Inertia 0,00774 kg m?
Frictional coefficient 0,0089 Nm/s
Nominal speed 1500 rpm
Nominal torque 28.4Nm
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