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Original scientific paper
This paper presents the use of proportional integral (PI), proportional integral derivative (PID) and fuzzy logic (FL) speed controller techniques in the
permanent magnet synchronous motor (PMSM) drive. PI and PID controllers require precise linear mathematical model of the system. On the other hand,
FL needs linguistic description of the system. The dynamic response of PMSM with the controllers was studied under different load disturbances. The
effectiveness of the fuzzy logic controller was compared with the conventional PI and PID controllers. The FL controller responded better than
conventional techniques under transient load conditions and also achieved faster settling response.
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Analiza razliitih tehnika reguliranja brzine sinkronog motora s permanentnim magnetima

Izvorni znanstveni ¢lanak
U radu se predstavljaju tehnike reguliranja brzine primjenom proporcionalnog integrala (PI), derivacije proporcionalnog integrala i fuzzy logike u pogonu
sinkronog motora s permanentnim magnetima. PI i PID regulatori zahtijevaju precizni linearni matematicki model sustava. S druge strane, FL zahtijeva
lingvisti¢ki opis sustava. Analizirana je dinamicka reakcija PMSMa na regulatore pri razli¢itim optere¢enjima. Usporedena je u€inkovitost reguliranja
fuzzy logikom i uobicajenim nac¢inima pomocu PI i PID. FL regulatori su reagirali bolje od uobicajenih tehnika pri prelaznim uvjetima optereéenja te

postigli brzu regulaciju.

Kljucne rijeci: PI regulator; prelazna opterecenja, regulator neizrazite (fuzzy) logike; sinkroni motor s permanentnim magnetima

1 Introduction

Permanent Magnet Synchronous Motor (PMSM) has
been widely used in high performance applications due to
its advantages such as compactness, high efficiency, and
reliability, high torque to current ratio and large power to
weight ratio [1].

The controller design for PMSM model plays an
important role in the system performance. Usually, the PI
control is used in the speed loop of PMSM closed loop
control system. Control algorithm of the conventional PI
control strategy is easy to realize, so higher steady-state
accuracy could be acquired and it could be widely used in
engineering practice. On the other hand, the adverse
nonlinear nature of PMSM interior variables, the coupling
characteristics and the external disturbances make it
difficult to build the accurate mathematical model of
controlled object and the controlled object often changes
with the working condition. The expected control
performance index could only be acquired through precise
mathematical model and dynamic response of the system.
Again, anti-disturbance performance of the system is not
ideal enough [2]. Therefore, a suitable control method is
necessary in order to obtain good adjustment
performances in various working conditions. But, it is
very difficult to identify system -characteristics and
dynamic control parameters in real time due to the
complexity of PMSM servo system. Therefore, many
nonlinear control methods have been developed to
improve the system control performances for different
disturbances and uncertainties, for example, examined
dynamic behaviour model of permanent magnet
synchronous motor using PWM inverter and fuzzy logic
controller for stator phase current, flux and torque control
of PMSM [3]. Examined current, voltage, speed and
torque variation graphs and realized performance analysis

with FL controller of PMSM driver [4]. Simulation results
are compared with responses obtained from experiments
and FL fundamental speed control of Interior PMSM is
made [5]. Measurement of real parameters for high speed
PMSMs is carried out and comparison is made between
calculated values and measured values [6]. Additionally,
some techniques were proposed in literature such as
robust control [7, 8], sliding mode control (SMC) [9, 10,
11, 12], adaptive control [13], back stepping control [14],
predictive control [15], intelligent control [16, 17] and so
on. All these control methods have been designed to
improve the performance of PMSM at the various speeds
and load conditions.

This paper presents the PI, PID and FL speed
controllers for the PMSM system. The controllers were
designed to achieve zero steady state error, minimum
overshoot and minimum settling time. At the same time,
these methods can guarantee both robust control and
closed-loop stability of the PMSM drive systems over the
existing control strategies. To verify the methods, a
simulation system was implemented in the MATLAB
environment. The dynamic performance of the system
was studied under the load changes and parameter
variations of the PMSM drive system. The simulation
results were provided to demonstrate the effectiveness of
the FL method.

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-g reference frame). Accordingly, the rotor
reference plane of the PMSM equivalent circuit can be
shown as in Fig. 1 [18].
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Figure 1 PMSM dg-axis dynamic equivalent circuit

Stator dg equations can be written in the rotor
reference plane of PMSM using Fig. 1 as:

Vy =R iy, +dei—a)e/1q, (N
dr
and
) di,
Vq:Rs-lq+LqE+a)eld, 2)

where V; and V, are dg-axis voltages, i, and i, are dq axis
currents, A, and 4, are dg-axis fluxes and . is the
electrical rotor speed. The fluxes are described in Egs. (3)
and (4) [18].

Aa=Ly - igthy, (€))
Ay=L, 0y “4)

The expression of 4, represents mutual magnetic flux
caused by the permanent magnet. Expression of the
induced torque is provided with Eq. (5) [18].

3 . .
T, =5P(/1m'lq)+(Ld — L)y i) (5)
For constant flux operation, the electromagnetic torque is

3 .
Te =5 P(An +iy)- (6)

P is the number of pairs of poles. The first term in the
expression is the torque produced by the magnet and the
second term is the reluctance torque due to the difference
in reluctances. Because dg-axis inductances in PMSM are
equal to each other, the reluctance torque will be zero.
The mechanical expression is provided in Eq. (7) [18].

Tm:TL+B-a)r+J-d§;r, (7

where w, is the mechanical speed, J is the inertia moment
of the motor and 77 is the load torque. w, is expressed as
follows.

o, = J‘(M) .de. (8)

The torque equation for PMSM resembles to that of
the regular DC motor. Therefore, it may facilitate the
control of the machine very efficiently. The motor
currents are decomposed into id and i, components in the
rotor based dq coordinates system. The maximum torque
is obtained with i,=0 which corresponds to the case when
the rotor and stator fluxes are perpendicular. The
operation of the drive is then similar to that of armature
current controlled DC motor. The drive behaviour can be
adequately described by a simplified model expressed by
the Eq. (7) [19].

3 Control structure

Fig. 2 illustrates the block diagram of the Field
Oriented Control (FOC) scheme based PMSM drive
system used in this work. The rotor speed w, was
compared with the reference speed w.; The resulting
error was processed in the PI, PID or FL speed controllers
for each sampling interval. The output of the controller

was then considered to be the reference torque T;n.

el dg Vave SPWM Elnverter
w a,b,c
0

la

[ 14/

ld abcre e
L
PMSM

Figure 2 Block diagram of field oriented control scheme based PMSM drive

4 Pl and PID controllers

A proportional-integral-derivative controller (PID
controller) is a feedback control loop mechanism which is
widely used in control systems in industries. A PID

controller calculates the difference between a measured
process variable and a desired set-point which is
considered as an error. By manipulating the variables the
error can be reduced by the controller.
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The controller can provide control action designed for
specific process required by tuning the three parameters
in the PID controller. Some of the applications may
require using only one or two actions to provide the
appropriate system control. This is achieved by keeping
the other parameters to zero. A PID controller will be
called PI, PD, P or I controller in the absence of the
respective control actions. PI controllers are quite
common, since the derivative action is sensitive to
measurement of noise, whereas the absence of an integral
term may prevent the system from reaching its desired
value due to the control action [21].

The principle of a conventional PID controller is
shown in Fig. 3.

Proportion (P)

Controlled Y@

object

Figure 3 Block diagram of PID controller

The error e(f), which exists between the given value
R(?) and the actual output value Y(¢), is used by PID
controller to constitute the control through the linear
combination of proportion (P), integral (I) and differential
(D) so as to achieve the effective control of the controlled
object. The conventional PID control process is written in
the form of transfer function as:

U(s) 1 1
G(s)=—==K,(I+—+T;-5) =K, +K,—+ K -s.
(S) R(S) p( TiS d S) p ls 4's )

In formula (9), K, is the proportional action
coefficient, K; is the integral action coefficient and K is
the differential action coefficient. Transfer function can
be easily changed by adjusting the parameters K, K; and
Ky, for which the control effect of the PMSM vector
control system can be greatly improved [22].

Usually, the conventional PI controller is preferred
for speed control in outer loop due to its simplicity in
implementation and satisfying performance during steady
state. However, its response depends on the gain values of
proportional (K,) and integral (Kj) which are responsible
for the sensitivity of error speed in steady state. Highly
precise mathematical model of the system and appropriate
gain values are required to achieve high performance
drive. Fig. 4 shows the block diagram for a conventional
PI controller.

PI controller

P R R
.

Kp

L ]
Figure 4 Block diagram of conventional PI-controller

In the PI-controller, they require high gain values for
speeding up the motor and for quick load disturbances
rejection. Therefore sudden change in load condition or
speed change will result in overshoot, oscillation in speed,
high torque ripple and high stator flux ripple.

U,(n)=K,e(n), (10)
U,(n)=U;(n =1)+K;-e(n —1), (11)
Y,(n)=U,(n)+U;(n) =

(12)

=Ui(n -D+K, -e(n)+K;-e(n —1).

where K, is proportional coefficient, K; is integral
coefficient, Y,(n) is the output control volume in the n-
sampling time, e(n) is the input deviation in the n-
sampling time, e(n — 1) is the input deviation in the (n —
1)-sampling time [23].

5 Fuzzy logic controller

Various applications of the FL have shown fast
growth in the past few years. Also, FLC has become
popular in the field of industrial control applications for
solving control, estimation and optimization problems
[19]. In this section, a FL controller was proposed to
replace the PI controller used for error minimization in
the conventional PI speed controller.

If the structure of the FL controller, given in Fig. 5, is
investigated, it can be seen that the controller has two
input variables namely the speed error e and the change
of speed error d, [19]. At the same time, change in the
reference phase current i,* was output Ai,*. e and d, were
then calculated as in Eqs. (13) and (14) for every
sampling time:

e(k) =w" (k) —w,(k), (13)
d, (k) =e(k)—e(k —1). (14)

The structure of the fuzzy logic system is given in Fig. 3.

[—od )
T

Fuzzy Logic

Figure 5 Structure of the fuzzy logic controller

These two inputs were multiplied by two scaling
factors k; and k,, respectively. The output of the
controller was multiplied by a third scaling factor £;.

The choice of the values of the scaling factors greatly
affects the performance of the FLC. A trial and error
technique is usually used to tune these gains to ensure
optimal performance of the controllers [20]. Each
variable of the FLC has seven membership functions.
The following fuzzy sets were used: NB = negative big,
NM = negative medium, NS = negative small, ZE = zero,
PS = positive small, PM = positive medium and PB =
positive big. The universe of discourse of the inputs was
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—1,5 and 1,5, and outputs of the FLC were chosen
between —3 and 3 with triangular membership functions,
as shown in Figs. 6, 7 and 8. Tab. 1 shows the fuzzy rule
base with 49 rules [20]. The FLC was modelled using the
MATLAB fuzzy-logic toolbox GUI.

NB NM NS ZE Ps PM PB

Figure 6 Membership functions of e

NB MM N§ ZE PS PM PB

logic controller and conventional PI and PID controllers
was carried out by several simulations for confirming the
superiority of the Fuzzy logic controller. Figs. 9a, 9b and
9c¢ show the PI, PID and FLC response speeds in step no
load. It is seen from Fig. 4 that the PI controller’s rise
time is less than the others, on the other hand the settling
time of the FL controller is shorter than the others and
the FL does not have overshoot at all. Hence, FLC
performance is much better than the other two
controllers.

Table 2 Parameters of PMSM

Figure 7 Membership functions of d,

NB M N§ ZE PS PM PB

Figure 8 Membership functions of d,

Table 1 Rules of fuzzy logic control

J | NB | NM | NS | ZE | PS | PM | PB
NB | NB | NB | NM | NM | NS | NS | ZE
NM | NB | NB | NM | NM | NS | ZE | PS
NS | NM | NM | NM | NS | ZE | PS | PS
ZE | NM | NM | NS | ZE | PS | PM | PM
PS | NS | NS | ZE | PS | PM | PM | PM
PM | NS | ZE | PS | PM | PM | PB | PB
PB | ZE | PS | PS | PM | PM | PB | PB

6 Simulation and discussions

In this paper, three different types of speed
controllers namely, PI, PID and FLC were used to
investigate the dynamic behaviour of the PMSM drive.

The parameters of the PMSM used in the simulation
research were as follows in Tab. 2.

Several simulation tests for vector control of the
PMSM were carried out using the PI, PID and fuzzy
logic controllers. The speed responses under different
operating conditions such as step changes in the
command speed or sudden changes in the load were
observed. A performance comparison between the fuzzy

Rated power P (kW) 5
Rated voltage Uy (V) 300
Magnetic pole pairs p, 4
Rated speed (r/min) 2300
Inertia (kg/m°) 0,001469
Viscous damping coefficient (Nm-s) 0,0003035
Stator resistance Ry(Q) 0,4578
Rotor flux linkage ¥;(Wb) 0,171
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Figure 9 Simulation results for speed in step: a) Reference and actual
rotor speeds; b) zoom around 20 ms; ¢) zoom around 150 ms

Fig. 9 shows the speed tracking performance while
changing the speed from 1000 rpm/min. to 0 rpm/min at
0,15 s and again to previous state at 0,28 s. It is evident
from Figs. 9 and 10 that the FLC based PMSM drive
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follows the command speed without any overshoot and
steady state error. The similar responses for full load
condition are shown in Fig. 11. It can be seen from Fig.
12 that the FL drive can follow the command speed even
after a change of armature resistance at different loading
conditions.
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g Fuzzy
£ Pl
£ 600f .
o
]
& 400F »
200 B
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Time (sec.)
Figure 10 Starting responses of the drive using PL, PID and Fuzzy
controller with no load
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Figure 11 b) Simulation results for speed under load torque at 0,015 s;
b) zoom around 15 ms

The load disturbance has an effect on the speed
responses produced by using both PI and PID controllers
but the FLC has better transient response. It is evident
from the results that the fuzzy controller gives better
responses in terms of overshoot and fast response.

The FLC exhibited high performance in tracking the
speed reference. The stator current, flux and torque
responses of the PMSM with fuzzy controller were faster
than the PI and PID controllers during the start-up and
the step changes in torque. At the same time, dynamic
behaviour of the PMSM with fuzzy logic controller was
more stable than the PI and PID controllers.
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Figure 12 a) Speed responses with change in stator resistance R to 100R
at load and rated speed; b) zoom around 13 ms
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