Z’ I l I A International Information and
Engineering Technology Association

High Performance Hybrid FOC-Fuzzy-PI Controller for PMSM Drives

Imene Djelamda”, Mohamed Seif Eddine Boulkenafet, Redouane Bouaroua

7N
. )
)

Check for
updates |

Department of Electrical Engineering, Constantine Polytechnic Electrical Engineering Laboratory (LGEPC), National
Polytechnic School of Constantine (ENPC), BP 75, A, Nouvelle ville RP, C25000, Constantine, Algeria

Corresponding Author Email: djelamdaimene@gmail.com

https://doi.org/10.18280/ejee.230403 ABSTRACT

Received: 6 May 2021
Accepted: 6 July 2021

Keywords:

electric ~ vehicle, permanent  magnet
synchronous motor (PMSM), field-oriented
control (FOC), Fuzzy-PI controller

This work presents a field oriented control (FOC) strategy (Fuzzy Logic (FL)) associated
with PI controller applied to the control system of an permanent magnet synchronous
motor (PMSM) powered by an inverter dedicated to electric vehicles, the major challenge
of our research work is a control law for a permanent magnet synchronous motor more
efficient in terms of rejection of disturbances; stability and robustness with respect to
parametric uncertainties, A comparison of the performance of the proposed FOC with the
FOC with the fuzzy-P1 will be presented. The overall development scheme is summarized
and an example illustrates features of the control approach performed on a 0.5 kW PMSM

drive. The torque and the speed will be judged and compared for the two orders offered.
As results, the behavior of the FOC based on fuzzy-PI controller is more efficient
compared to the conventional vector control.

1. INTRODUCTION

In electric vehicles based on permanent magnet
synchronous motor, in order to avoid mechanical vibrations
and speed variations, the resulting torque must be as constant
as possible [1].

In order to achieve high efficiency of the entire drive, each
part must be designed in relation to all other components so
that total losses are truly minimized. A key component in any
VE application is the electrical machine; naturally an
additional limitation in this optimization procedure is the cost
which makes the electrical machine design step even more
complicated. Today, permanent magnet machines are the most
common types [2, 3], although switched reluctance (due to
their low cost and potential for operation in a wide power
range).

Permanent magnet machines are due to their high efficiency
power density and inertia torque a common choice in EV
concepts. In an EV application the electric machine must
operate at varying loads and speeds, which requires careful
selection of motor parameters by the machine designer to
minimize losses permanent magnet machines depend on the
waveform of supply voltage, divided into brushless DC
machines with trapezoidal voltage waveforms and permanent
magnet synchronous machines with sine waveforms, both
types are found in VE [4, 5].

Today, permanent magnet synchronous motors are
recommended in the industrial world. This is because they are
reliable, have a rotational speed proportional to the power
supply frequency, and they are less bulky than DC motors due
to the elimination of the excitation source. Thus, their
construction is simpler since it does not belong to a mechanical
collector which leads to major drawbacks such as power
limitation, brush wear and rotor losses [6, 7]. Therefore, this
in-creases their service life and avoids permanent maintenance
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Control without speed and position sensors has become an area
of intensive research and development [8, 9].

The main goal of fuzzy logic being to achieve a simple
adaptive and efficient control [10].

This controller offers the possibility of obtaining the
reproduction of the dynamics of a complex nonlinear system
only with the inputs outputs.[11]

The researchers want to avoid the problems encountered in
regulation systems [12, 13], caused by the imperfections
inherent in the rotational motion sensors used. Incorporating
these into systems can increase their complexity and size. It
can also degrade the performance of the regulation. For these
reasons, the removal of these sensors is essential [14, 15].

In 1971, BLASCKE proposed a field-oriented control
theory (FOC) which makes it possible to assimilate the
behavior of the PMSM to a DC machine with separate
excitation, the control law corresponding to this dynamic
mode of action are gathered under the name vector control, the
main objective of which is therefore to control the torque in an
optimal way according to a chosen criterion [16].

On the other hand, several modern strategies applied to
permanent magnet synchronous machines such as control by
fuzzy logic [17].

The main goal of fuzzy logic being to achieve a simple
adaptive and efficient control [10].

This controller offers the possibility of obtaining the
reproduction of the dynamics of a complex nonlinear system
only with the inputs outputs [11].

This article describes the fuzzy logic and the classical PI
regulator that will be introduced in the vector control of the
permanent magnet synchronous machine. The general
principle and basic theory of FOC control will be presented
first. Then the artificial intelligence technique is applied to the
FOC control.
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2. PERMANENT MAGNET SYNCHRONOUS MOTOR
(PMSM) MODELLING

Mathematical model of the PMSM system can be expressed
by such equations in the rotating reference frame (d-q
reference frame). Accordingly, the rotor reference plane of the
PMSM equivalent circuit can be shown as in Figure 1.

Figure 1. PMSM dq-axis dynamic equivalent circuit [17]

Stator dq equations can be written in the rotor reference
plane of PMSM using Figure 1 as:

. di

V, =R, +de—:—a)eiq )
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where V; and V, are dq-axis voltages, is and i, are dq axis
currents, A¢ and 4, are dg-axis fluxes and w. is the electrical
rotor speed. The fluxes are described in Eqns. (3) and (4) [4].

Ay = Lylg + 4, (3)
Aq = Ll “4)

The expression of 1., represents mutual magnetic flux
caused by the permanent magnet:

3.0, o
Tom =§P(/1m|g)(Ld —Ly)(iq -iy) (5)

For constant flux operation, the electromagnetic torque is:
T == P(2y) (6)

P is the number of pairs of poles.

T, =T, +Bao +Jdaodt @)

, = J‘KW;—_BQ)V]dt (8)

where, w,is the mechanical speed, J is the inertia moment of
the motor and 7 is the load torque.

3. IDENTIFICATION OF PMSM PARAMETERS
The parametric identification of an electric machine is a first

phase of its modeling. The importance of electric machines, in
particular in variable speed systems, is such that the reliability

of any study is largely dependent on the precision of the
models on the one hand, and on the other hand on the
experimental methods for the identification of the parameters
contained therein in the model [8-18].

Among the parametric identification methods, we can cite
those based on the classical tests of synchronous machines
highly recommended by the International Electrotechnical
Commission (CEI). Scale attack index trials could also reveal
parameters of synchronous machines [8].

3.1 Exploiting the nameplate of PMSM
Table 1 shows the various parameters taken from the
nameplate of the permanent magnet synchronous motor used

in this work. Figure 2 depicts the PMSM machine.

Table 1. PMSM nameplate data

Nmax Tn In 2P BEMF
3000rpm  49N.m 556A 6 625 V/KRPM

Figure 2. PMSM machine

3.2 The tests to identify the parameters of the PMSM

One of the possible methods to adjust the P1 controller gains
is to calculate them from the motor parameters. The gains of
the current controllers in the time domain are calculated from
the electrical parameters of the motor [8].

The necessary electrical parameters are shown in Table 2.

Table 2. Electrical Parameters

Parameter Dimension Designation

Rs Q Stator resistance

Ld H Direct axis inductance
Lq H Quadrature axis inductance
Ke V.s/ rad Electric constant

P / Number of pole pairs

Table 3. Mechanical Parameter

Parameter Dimension Designation
] Kg.m? Moment of inertia
f N.m.s/rad  Coefficient of viscous friction

The speed regulator gains in the time domain are calculated
from the mechanical parameters (motor / load) in Table 3.

A test bench was prepared to carry out the various tests to
identify the electrical and mechanical parameters represented
in Figure 3.



Figure 3. Identification test bench

3.2.1 Identification of the number of pole pairs

Usually, the number of motor pole pairs is listed on the
motor nameplate. If there is no information regarding the
number of pole pairs, it can be determined by the tests below:

. The motor is rotated by an external drive motor at a
constant speed N = 1500 rpm (Figure 4).

. The voltage curve generated by the permanent
magnet synchronous machine is saved using the Cassy-Lab.

. The frequency of the voltage generated by the
permanent magnet synchronous machine is measured

. The engine speed is measured by a hand-held
tachometer.

. We calculate the number of pairs of poles.

N
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w1 /] T=134ms /]
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o0 002 [ [0
)

Figure 4. Voltage curve obtained for N = 1500 rpm

P=60f/n ©)

f is the frequency with:

f=1/T (10)

After calculating we find that P = 3.

3.2.2 Identification of stator resistance

If the nameplate does not indicate any reference resistance,
the following Ohmmeter (or digital multimeter) method can be
used [12]:

We flick the measuring instrument between two phases and
we will find the resistance value from the following Two
relations:

If the stator is connected in star:

Rs=R/2 (11)

If the stator is connected in delta:
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Rs=3.R/2 (12)
3.2.3 Identification of synchronous inductors

Tests for the identification of synchronous inductance Ld.

The rotor is aligned along the d axis, phase A is connected
to the positive potential, and the other two phases (C and B) to
ground according to Figure 5 [8].

. We block the rotor shaft.

. A voltage step is applied; phase A is grounded and
the other two phases connected to the positive potential (The
usual level of the current is about 10% of the nominal current
of the phase).

. The current measurements are taken by Cassy-Lab.

. We calculate the inductance Ld from the time
constant of the current response.

Figure 6 represents the voltage step and the current response
as a function of time.
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Figure 6. Voltage and current curve as a function of time for
the test of Ld

. The applied current is equal to 10% of the nominal
current, so we find I = 0.5564.

. The time constant t is the time for which the current
equals 63.2% of the current scale, therefore 7 = 0.0115s.

. According to Eq. (13):

Li,=7R /2 (13)

. We calculate the inductance of the d axis and we find

that Ld = 12.65mH.

Test for the identification of synchronous inductance Lg.

. Align the rotor along the g axis, connect phase B to
positive potential and phase C is grounded and leave phase A
unconnected.



. We calculate the inductance Lq in the same way as
Ld.

3.2.4 Identification of the constant Ke Back_EMF

The constant Ke is obtained by measuring the phase-to-
neutral voltage Vpk of the motor while it is being driven by an
external drive motor at a constant speed. The constant Ke is
defined as the BEMF voltage in each of the phases per unit of
rotation speed [18].

. We run the PMSM by an external drive motor at a
constant speed, in our case n = 1207 rpm.

. We measure the compound voltage between two
phases.

. We calculate the BEMF constant by the following
equation:

K, =V @y = (Vy_y Ty )/ 210 (14)

After carrying out the diagram (Figure 7), we obtained the
voltage curve of phase A and B by Cassy Lab (Figure 8):

Phaso A

Phaso B

PMSM

Noutral Point

Figure 7. Three-phase voltage measurement diagram of the
constant Ke [12]

AFSIT="

200 -

Figure 8. Voltage curve of phase A and B as a function of
time

Peak to peak line voltage: Vprpxk=218.4 V.
. The period: T = 16.2 ms.
. A numerical map on Eq. (13) and we find that:

Ke=0.5631V.s/rad =>Ke =58.96V / kRPM.
3.2.5 Identification of mechanical parameters

. No-load test of PMSM
In this test we supplied the motor with a voltage = 300 V,

the motor rotates at a speed equal to 3000 rpm, at this point,
we noted the no-load current, the active power consumed no-
load, using the two-wattmeter method see the Table 4.
We calculate the mechanical losses using the following
relation:
P=P.+P, =2P (15)

fer mec

Table 4. Power measured by the two-wattmeter

Vo(V)  1o(A)  Wi(W)  W2(W)  Po(W)
300 1~14 65 70 135

* Deceleration test of PMSM

Method used to determine the mechanical parameters,
consists in controlling the MSAP assembly coupled to the
induction machine using a speed variator.

The machine starts up to reach the maximum speed of 3000
rpm. Then, the power is cut off at this speed and the machine
decelerates via mechanical losses.

We record the speed deceleration and we get the mechanical
speed decrease curve in this experiment [19] (Figure 9):

T T

%0}

Figure 9. Voltage curve versus time of the deceleration test

We calculate the moment of inertia and the coefficient of
friction from the following equations:

P =JQ. -dQ/dt (16)

7, =J/f (17)

The characteristics of the MSAP studied are shown in the
Table 5.

Table 5. PMSM parameters

Parameter Symbol Value
Nominal power Pn 513.12 W
Nominal torque Tn 4.9 N.m
Nominal speed Nn 1000 tr/min
Maximum speed Nmax 3000 tr/min
Stator resistance Rs 22Q

Direct axis inductance La 12.65 mH
Quadrature axis inductance Lq 12.65 mH
Magnets flux Dsf 0.27 Wh
Number of poles 2p 6 pdes
Moment of inertia ] 0.000715 Kg.m2
Coefficient of friction f 0.001489 N.m.s/rad
Supply voltage Vn 124V




4. FOC FOR PMSM

The principle of vector control is identical to that of
controlling a DC machine with separate excitation, it consists
of regulating the flow by one component of the current and the
torque by the other component (Figure 10).

The purpose of this command is to orient the rotor flux
along the d axis, this strategy is to keep the d axis constantly
aligned with the flux vector of the magnet [3].

The reference for the current id is kept at zero, the reference
for the current ig is de-terminated by means of a speed
Integral-Proportional (PI) corrector. This regulator has the
advantage of not introducing zero in the closed loop transfer
function while ensuring zero static error. In this command, we
will use the non-linear type decoupling in order to close the

regulation loop of Park currents through Proportional-Integral
(PI) regulators [5].

id=0=A4d =4, (18)
Ton =K-i, >Tem=3.P.4; -i /2 (19)
The model of the machine in Park's frame becomes:
vd =-o,L,, (20)
V, =R, + L diq/dt + e, A (21)

]
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Figure 10. Diagram of the vector control [9]
5. DESCRIPTION OF FUZZY LOGIC CONTROLLER Z NP NM NG Z PP PM PG
PP NM NP A PP PM PG PG
The inputs of the fuzzy controller FLC are: the error and the PM NP Z PP PM PG PG PG
PG Z PP PM PG PG PG PG

derivative of the error of, the outputs are: the normalized value
of the proportional action k, and the normalized value of the
integral action k; (Figure 11).

NG NM NP Z PP PEM FG

=

MIN MAX

Figure 11. Membership function form
The fuzzy subsets of the input variables are defined as
shown in Table 6. knowing that ‘e’ is the speed error and ‘de’
is the derivation of speed error

Table 6. Seven class command rules table

e de NG NM NP Z PP PM PG
NG NP NP NP NP NM NG Z
NM NG NG NG NM NP Z PP
NP NG NG NM NP Z PP PM
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6. SIMULATION RESULTS AND DISCUSSION
6.1. Results and discussion

This test is carried out with a speed step Nref = 750 rpm
with application of a load Tr =4 N. m (0.5 s), supplied by a
voltage inverter.

We notice that the speed takes very important peaks at the
beginning (Figure 12b) then stabilizes at the speed of
synchronism.

The speed quickly reaches steady state this being due to the
low inertia of the PMSM. This imposes a short response time
of 0.2 s. In steady state the speed remains constant and equal
to the synchronism speed 1000 rpm, until the application of Cr
=4 N.matt=0.5s, then we see that the speed takes peaks but
always stabilizes at the synchronous speed despite the
application of the load.

According to (Figure 12a) there is a very high starting
torque 37 N.m, the latter stabilizes in the vicinity of zero; at
0.5 S the electromagnetic torque responds quickly to the load
demand and stabilizes at the same value of the resistive torque
4 N.m.
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Figure 12. Performance of PMSM
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When applying the FOC (Figure 13); the starting torque is

(c) d-axis current (THD=5.47%)

(d) g-axis current (THD=3.71%)

Figure 14. Performance of Fuzzy-PI controller associate with FOC applied to the PMSM

The starting torque is high, it stabilizes around zero since

high, the latter stabilizes around zero since there is no load, the there is no load.

speed following the reference with a response time t = 0.07 s,

overshoot and static error non zero.

When applying some faults short circuit (Figure 15) and
(Figure 16), open circuit (Figure 17) and (Figure 18), moment

From the response of performance of Fuzzy-Pl controller of inertia defect (Figure 19) and (Figure 20) we notice the
associate with FOC applied to PMSM (Figure 14) the speed robustness of the fuzzy-PI controller associated with the FOC
follows the reference perfectly with a very short response time compared to the FOC only.

t =0.02 s, overshoot and zero static error.
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7. CONCLUSION

In this article we have highlighted the improvement brought
by the fuzzy-Pl associated with vector control on the
performance of the permanent magnet synchronous motor
compared to the vector control only.

The simulation results showed: a remarkable behavior of the
adaptive Flou-PI controller in regulation and in tracking, a
disturbance rejection much better than for the other regulators,
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very good performances with regard to robustness. Thus, the
use of such a hybrid solution (PI adjusted by an FLC) makes
it possible to rationally exploit the advantages of classical and
fuzzy PI regulators and to overcome their drawbacks.
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