We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



Chapter 11

Optimization of Fuzzy Logic Controllers by Particle
Swarm Optimization to Increase the Lifetime in Power
Electronic Stages

Pedro Ponce, Luis Arturo Soriano,
Arturo Molina and Manuel Garcia

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.79212

Abstract

In recent years, brushless direct current motor (BLDCM) applications have been
increased due to their advantages as low size, mechanical torque, high-speed range, to
mention some. The BLDCM control is required to operate at high frequency, high
temperature, large voltage, and quick changes of current; as a result of this kind of
operation, the power drive lifetime is affected. The power drives commonly utilized
insulated gate bipolar transistors (IGBTs) and metal oxide semiconductor field effect
transistors (MOSFETs), which present power losses, on-state losses, and switching
losses caused by temperature oscillations. Hence, the power losses are related to the
command signals generated by the controller. In this sense, the BLDC motor drive
controller design, frequently, does not take into account the power losses and the
temperature oscillations, which cause the IGBT lifetime decrease or premature fail. In
this chapter, a brushless DC motor drive is designed based on a fuzzy controller tuned
with the particle swarm optimization algorithm, where the temperature oscillations and
speed set points are considered in order to increase IGBT module lifetime. The valida-
tion of the proposed fuzzy-PSO controller is carried out by the co-simulation between
LabVIEW™ and Multisim™ and finally analysis and conclusion of the work.

Keywords: power electronics lifetime, speed controller, fuzzy logic, PSO, BLDCM

1. Introduction

In this chapter, a design of a BLDCM speed control based and tuned by particle swarm
optimization is presented; this proposal control considers two objectives, the first one is
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the speed set point and the second one is the power electronic lifetime. The BLDC motor
covers a wide range of applications in several fields as the robotic systems, aerospace
industry, medical industry, automotive industry, and electronic devices [8, 17, 25, 32].
Their structure of control is integrated by BLDC motor stage, power drive stage, and
sensor stage. The power drive is integrated by semiconductors as IGBTs and MOSFETs,
these semiconductors frequently work under high thermal stress to reach the mechanical
reference of speed, and in some cases, after a certain period of operation, they are dam-
aged due to the generation of command signals by the speed controller [7, 9, 12, 23, 34,
35]. There are several methods to predict and evaluate the lifetime of power electronics
devices [34], the manufactures develop these studies as an estimation of certain conditions
and operation features, but in some applications, these conditions are not always the same
and change according to the control objective, which affects the power electronics lifetime
used. For these reason, it is important that the controller design not only considers the
mechanical references such as position and velocity in the case of BLDCM, as well as the
lifetime of semiconductors [10, 22, 23, 24, 33, 34, 35]. Hence, a great effort for predicting
and improving the lifetime in semiconductors has been pushing to develop new control
algorithms that help to improve the conditions in the semiconductor [16]. In this chapter,
the designed controller uses an optimization process based on an objective function that
takes into account the temperature of the power electronic stages in order to increase their
lifetime, and tracking motor speed reference [1, 10]. Thus, PSO algorithm has been
implemented to optimize the controller proposed as in [13, 18, 21, 27, 30], due to its few
parameters that need to be tuned and its easy implementation. Finally, the proposed
controller in BLDCM is validated through co-simulation, which helps to combine two or
more specialized programs utilizing advanced models and avoiding implementation prob-
lems between the control systems and power electronics stage [11, 14, 15].

2. Structure and drive mode of BLDC motor

2.1. Types of BLDCM drives

The BLDC motor drive employs a permanent magnet alternating current; the stator windings are
commonly star connection, when voltage source is applied between any two terminals, the
current flows between two phases, leaving one of the three without energy, and as a result, only
one current at a time needs to be controlled. This kind of operation is known as back electromotive
force (EMF) and Figure 1 shows the waveform in the BLDC motor with two phases active.

According to their physical position, the output is related to 60° or 120° phase shift to each
other. To drive the windings, a sequence of commutation is necessary; this kind of operation is
commonly called “six-step commutation.” The trapezoidal waveform is due to the rotor
revolving in a counterclockwise direction, for example, to phase A, after the 120° rotation to
the top conductor of phase.

The motor position must be measured by three Hall effect sensors (A, B, and C) so a voltage
is sent to the specific coils to control the speed and position of the brushless motor [3, 25]. A
standard circuit to drive BLDCM in Multisim™ program is shown in Figure 2.
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Figure 2. BLDCM drive in Multisim™ for co-simulation.
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2.2. States space model

According to [25], the BLDCM can be represented by Eq. (1) where R is the stator resistance per
phase, iy, i, and, i are the stator phase current, and e, eps, and e are the rotating back-EMF
that are produced by the winding flux linkage caused by rotating rotor.

uus 100 ias 100 iﬂ eus

d
ups | =R | 010 | | dips | + (L — M) | 010 ¥ ip | + | eps (1)
Ues 001 | | fes 001 e €cs

The induced EMF is given by the Eq. (2)

€as = a)q)mfus(e)
eos = W, f1(0) 2)
ees = P, f(0)
where f,_ (0), f,. = f,.(0 —271/3) and f ., = f,.(0 + 27/3) are the back-EMF waveform function
of phase, respectively. {,, is the maximum value of PM; the flux linkage of each winding as

P, = 2NSBm. On the other hand, the dynamic features of BLCDM are expressed in state
equations as shown in Eq. (3):

[ Rs Ur) ] r1 1
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BELC RN EC e I | ° ’ °Tl
(©)

where windings are symmetrical, the self-inductance will be equal, and so as the mutual
inductance, Lys = Lys = Ls = L and Ly, = Ly = Les = M. The electromagnetic torque is given
in Eq. (4):

TE = l'])m [fas(er)iﬂs +fbs(6r)ib5 +fcs(6r)ics] (Nm) (4)
and, the complete model of the electromechanical system is described by Eq. (5):

Te_Tl:]a.)m'Fme (5)

where T; is the load torque, | is the rotor moment of inertia, and B is the viscous coefficient.
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3. Power losses

3.1. Semiconductor losses

Power losses can be classified as on-state losses and switching losses. The IGBT power losses in
on-state are calculated by Eq. (6):

Per = ucpo*Ica + el G (6)
and the diode power losses in on-state are calculated by Eq. (7):
Pcp = po*Ipay + TDIby )

These can also be estimated using datasheet information of Figure 3. On the other hand, the
IGBT energy losses in turn-on are given by Eq. (8):

Eyr — J (uceowic(t))dt 8)

and, the energy losses in turn-off are given by Eq. (9):
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Figure 3. The ucgop and r. (1. = AU, /Al;) values of datasheet diagram.
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Eoﬁq" = J (MCEo*ic(t))dt (9)
toff

On the other hand, the diode energy losses in turn-on are mostly presented when the reverse-
recovery energy occurs, and they are given by:

EonD = J (MD(t)*ip(t))dt (10)
toff

The switch-off losses in the diode are commonly neglected E,sp=0. In consequence, the
switching losses in the IGBT are calculated in Eq. (11) as:

Pgyr = (EonT + EoffT) *Fqp (11)

In the case of a diode, they are given as the product of switching energies and the switching
frequency Fy,, as shown in Eq. (12).

0A | | / /
o (3

g

Il
13
ul
=]

L
=

*\Q\
_ e

Iz FORWARD CURRENT
Ln
=
g

£
%

ov 1V 2V 3V 4v 5V

Ve FORWARD VOLTAGE

Typical diode forward current as a function of
forward voltage

Figure 4. The upo and rp (rq = AU, /Al.) values of datasheet diagram.
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Psyp = (EonD + Eoﬁ‘D) *(st) xEonD*(st) (12)

Finally, the total losses are calculated by Eq. (13).

W:PCT+Psz+PCD+Pst (13)

Besides, the IGBT and diode switching losses can be estimated from characteristic curve
provided by datasheet of manufactures as shown in Figures 3, 4 and 5, respectively [5]. Using
the equivalent circuit of Figure 6(a), where W is a module power loss, T; is the junction
temperature IGBT chip, Ty is the heat sink temperature, T is the module case temperature, T,
is the ambient temperature, Ry, ;) is the thermal resistance between case and heat sink, Ry,
is the contact thermal resistance between case and heat sink, and Ry, is the thermal
resistance between heat sink and ambient air. The junction temperature T; can be calculated
using the thermal Eq. (14), according to [1, 10].

Tj = Wx(Rth(j — c¢) + Rth(c — f) + Rth(f —a)) + Ta (14)
Modeling of commutation and conduction losses as well as the temperature profiles on IGBT

junction is done by electrothermic networks considering averages on a modulation period as
shown in Figure 6(b).
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Figure 6. (a) Thermal resistance equivalent circuit, (b) electrothermal model.

4. Power cycle life

The power cycle life can be calculated from the power cycle capability curve that shows the
relation between the temperature change AT; and the number cycles. An example of the
temperature changes is shown in Figure 7.
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Figure 7. Pattern diagram flow current of AT; power cycle and temperature change.
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During the AT; power cycle tests, the junction temperature goes up and down in a short time
cycle; as a consequence, the temperature difference between silicon and bonding wire results
in thermal stress. The AT; power cycle lifetime is mainly limited by the aluminum bonding
wire joints. Figure 8 shows the power cycle capability curve of the IGBT module to

ATjin = 25 C and to ATy = 150 C according to [5].

On the other hand, the cycles before failure (CBF) can be calculated by Eq. (15), according to
[28, 29].

CBF = 541162959016419+AT 12121 (15)
where AT = P;Zy,, Py = IfmsRon, and Zy, = 2.3354F 0165 "3nd the time before failure (TBF) can
be calculate in years by Eq. (16).

TBF = % 6024265 years (16)

where F, is the frequency of the thermal oscillations [5, 29]. Table 2 shows the parameters of
IGBTs, which are considered in Multisim co-simulation; these parameters are obtained from
datasheet of IGBT 10-0B066P A00Sb-M992F0 [24].
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5. Fuzzy logic controller

The fuzzy logic was proposed in [26] as a class of fuzzy sets with a continuum grade of
membership; hence, a useful methodology to design fuzzy logic controllers is based on a
linguistic phase plane [19, 20] as shown in Figure 9, where the error e(t), change of error é(t),
and the variation of current i. are considered as membership functions in the fuzzification

stage.

Decrens y
o erhoot

e(t) =e.+ e

e(t) —e(t—1)

(17)

(18)

DE
Set I \a £ 1 i &
/f‘ — :
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fa ‘\ - | | I a4 8 e e
k J P FE FdeEd LE
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" G VA -
£ Y o st ¥ Tie
1 S DE o W Ll $ 5k 8
Figure 9. Linguistic phase plane.
Rules Values Reference point
e é i
1 P Z P ael
2 N N V4 b,fj
3 N V4 N cgk
4 P P Z d,h,1
5 Z V4 V4 sp
6 P N P i(rt)v
7 N N N ii(os) vi
8 N P N ii, vii
9 P P P iv,viii
10 Z N P ix
11 Z P N Xi

Note: The meaning of symbols is as follows, N: negative, Z: zero, P: positive, e: error, é: error derivative, i.: output, sp: set

point, rt: rise time, os: overshot.

Table 1. Fuzzy control rules for Figure 12.
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Thus, Eq. (17) is defined as the sum of control error (e.) and error of temperature (e;), where e,
is defined as the difference of the desired speed e; and the real speed e,; on the other hand, e; is
defined as e; = ey — ey, Where ey is the desired temperature and ey, is the real temperature.

The design of membership functions is according to Mamdani method; the knowledge base
can be expressed as if-then statements to design a rules base, which is shown in Table 1. At
last, the defuzzification stage gets a crisp value from the rule evaluation stage. Hence, the
method of the center of gravity is used to compute the crisp value and is given by Eq. (19).

7* = IMB(Z)'ZdZ

= 19
J up(z)dz 1)

So that, the fuzzy control design is carried out by means of the linguistic plane and the rules
presented in Table 1. Thus, the controller with small/big rise time as well as small/big over-
shoot is possible.

6. Particle swarm optimization

Particle swarm optimization (PSO) was developed by [4]; this method is based on the behavior
and movement of bird flocks looking for targets; this algorithm was developed to optimize
nonlinear and multidimensional functions as in [13, 18, 27, 30, 31]. PSO algorithm needs to
initialize the population in a random manner; each particle has a position x;(¢) and velocity
v;(t) with respect to target; then in main loop stage, the x;(t) and v;(t) update each iteration;
this information is called best local position P;(¢); on the other hand, between all population,
there exists a particle that is more closest with respect to the target and it is called global best
g(t). Additionally, the position and velocity update are defined by:

Z)i]'(k + 1) = a)vi]-(k) + 1’1]'C1 (Pﬁ(k) — xi]'<k)) + szCQ <gj<k) — xij(k)> (20)
xij(k + 1) = x;i(k) + vij(k +1) (21)

where

e i=12,..N,and N is the size of population;

e j=12,..D,and D is the number of dimensions;

e k=12, ... iter, and iter is the maximum iteration number;

*  x;i(k) is the position of particle i, dimension j at iteration k;

*  v;i(k) is the velocity of particle i, dimension j at iteration k;

*  Pji(k) is the local best position of particle i, dimension j at iteration k;
* (k) is the global best;

e  wis an inertia factor;
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e (s an acceleration constant; and
* 1,1, are the independent random numbers, uniformly distributed in (0, 1).

Thus, the primary objective is to find a minimal global value from the cost function to be
minimized as it is shown in the next pseudocode [31].

Step 1. Initialization.
For each particle of population N,
1. Initialize the position of each particle.
2. Initialize Pj(k).
3. Initialize g; (k).

4. Initialize v;(k).

Step 2. Repeat until the criterion is satisfied.
For each particle of population N,
1. Set random numbers to r1; and 7y;.
2. Update its velocity with Eq. (20).
3. Update its position with Eq. (21).
4. If x;i(k) < Pjj(k), then
a. Update the best local position.
b. If P;(k) < gj(k), then update the best global position g(k).

Step 3. Get the best solution g(k).

7. Design of fuzzy-PSO controller

The design of controller considers two objectives, the first one reaches the desired motor speed,
and the second one is the increase of the semiconductor lifetime. The design of fuzzy-PSO
controller to the speed control of BLDCM is based on the diagram shown in Figure 11, where
1, is the desired speed and temperature, y, is the temperature sensed, and y is the speed sensed.
Furthermore, one of the leading features is the definition of objective function; this is considered
as the sum of error of temperature ¢; and error of speed e., which is given by Eq. (22).

fe=ete (22)

where ¢; is the difference between the desired temperature and the operating temperature; on the
other hand, e, is the difference between the desired speed and the real speed. In optimization
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Figure 10. Diagram of fuzzy-PSO control.

Figure 11. Input-output membership functions where e: error, ¢: error derivative, and i.: output.
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IGBT 10-0B066PA00Sb-M992F09

Parameter Value Unit
Ve 600 mH
Reeony 0.1 Q

Ic 8-6 Vs/rad
T}, junction temperature 80 to 175 Nm/A
Rj_s thermal resistance junction to sink 3.50 K/W
BLDC motor

Stator inductance 0.15 mH
Stator resistance 0.6 Q
Velocity constant 0.03 Vs/rad
Torque constant 0.03 Nm/A
Number of poles 0.03

Parameter of IGBT in co-simulation Multisim™

IGBT control threshold 0.5 \Y%
IGBT on resistance 0.1 meg Q
IGBT off resistance 10 Q
IGBT forward voltage drop 0.7 \Y%
Diode on resistance 1m Q
Diode off resistance 10 meg Q
Number of switches in parallel 1

Table 2. Experiment settings.

process, Eq. (22) is defined as the cost function to be minimized, and each membership functions
proposed in Figure 10 are considered as a decision variable; finally, the mechanical capacity of
BLDC and thermal capacity of IGBT shown in Table 2 are the constraints of the controller
optimization.

8. Co-simulation design

The experimental frame is a set of assumptions to obtain the behavior trace and compare it with
a real world, which is carried out by co-simulation in order to analyze its dynamic response
during a specific period of time [6]. Hence, co-simulation helps to validate how it works under
specific assumptions [2, 6]. The problem solution of speed control and lifetime of power elec-
tronic components is developed with co-simulation tool of Labview™ and Multisim™, where
the BLDCM, the Hall effect sensors, and the six steps are simulated in Multisim™ and the
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Figure 12. BLDCM speed response.

parameter design of the BLDCM, the six IGBT 10-0B066PA00Sb-M992F09 [24], and the six-steps
inverter are shown in Table 2.

The proposal control is developed in Labview™ software and its response is shown in Figure 14,
and the PID and fuzzy control are developed with control design and simulation module and
fuzzy logic toolkit [19]; moreover, PSO algorithm is also developed in Labview™, and their
parameters are shown in Table 3.

Finally, the primary purpose of co-simulation is to analyze the complete behavior of the electric
drive with the proposed control.

Parameter Values
Population size 30
Social rate (c1) 0.005
Cognitive rate (cy) 0.002
Inertia factor (W) 0.002

Table 3. Parameters of PSO.
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9. Discussion and results

The proposed control considers two control objectives, the first one is to track the speed reference
and the second one is to keep the desired temperature to increase the lifetime of the IGBTs.
Furthermore, the fuzzy-PSO trade-off was tested with PID and fuzzy controllers in co-simulation
program, which were evaluated under 25, 30, 35, 40, 60, 80, and 100°C as a temperature desired,
10 and 5 m/s as the reference speed, respectively. As a result, the PID controller response reaches
set point of speed in a short time, but it does not present an improvement in the temperature of
semiconductors. The fuzzy logic controller improves the response when the desired temperature
values are at 40° and 60° and fuzzy-PSO controller presents the best response in order to accom-
plish the control objective because they reduce the overshoot of current when it reaches the
temperature and reference speed. Figures 13 and 14 show the response of controllers, and
Figure 12 shows the final membership function adaptation of fuzzy-PSO controller.

Table 4 shows the mean square error (MSE) of each controller under different desired temper-
atures, where the MSE of the fuzzy-PSO response shows good performance. To compare the
proposed control response with the traditional estimation, the cycles before failure (CBF) given
by Eq. (15) was computed to take into account the maximum temperature Tjy, the change of
temperature, AT = Ty — Ty, and the IGBT datasheet.

Table 5 shows the calculation of TBF of the PID, fuzzy, and fuzzy-PSO controllers according to
Eq. (16), and Figure 15 shows the behavior of the TBF versus temperature, where the fuzzy-
PSO controller reaches a longer lifetime.
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Figure 13. PID, fuzzy, and fuzzy-PSO controllers under different temperatures.
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Figure 14. Tuning the input and output membership function parameters by means of the PSO.
MSE/T 25° 30° 35° 40° 60° 80° 100°
PID 61.8 60.8 60.8 60.8 60.8 60.8 60.8
Fuzzy 444 449 44.5 33.2 39.0 43.7 445
Fuzzy-PSO 39.6 37.5 43.7 424 52.5 44.0 45.1
Table 4. MSE of controllers.
Temperature TBF (in years) Temperature TBF (in years)
C PID °C PID
25 0.004105201 25 0.004105201
30 0.005355432 30 0.005355432
35 0.005355432 35 0.005355432
40 0.00535696 40 0.00535696
60 0.00535696 60 0.00535696
80 0.00535696 80 0.00535696
100 0.00535696 100 0.00535696

Table 5. TBF of the controllers.
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Figure 15. The behavior of TBF versus temperature in years.

10. Conclusions

In this chapter, a control design that takes into account the power electronics lifetime stage and
the speed set point for BLDCM is presented. The objective function of optimization is integrated
with the error of power stage temperature and the error of BLDCM speed. A voltage source
inverter with six IGBT to drive the BLDCM is considered as power stage, where the current
temperature in the power electronic stage, reference temperature, current motor speed, and
reference motor speed are considered in the controller design. The PID controller, fuzzy logic
controller, and fuzzy-PSO controller were designed and validated by NI Labview™ and
Multisim™ co-simulation software. As a result, the fuzzy-PSO controller obtains a good respo-
nse that increases the lifetime and reaches the set point desired due to the time that it takes to
reach the desired speed increases but it reduces the overshoot of current during the transition
time which produces minimal stress and degradation of the power electronic components.
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