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Abstract. Fuzzy logic offers nowadays an interesting alternative to the designers of non linear control laws
for electrical or electromechanical systems. However, due to the huge number of tuning parameters, this
kind of control is only used in a few industrial applications. This paper proposes a new, very simple, on-
site tuning strategy for a PID-like fuzzy logic controller. Thanks to the experimental designs methodology,
we will propose sets of optimized pre-established settings for this kind of fuzzy controllers. The proposed
parameters are only depending on one on-site open-loop identification test. In this way, this on-site tuning
methodology has to be compared to the Ziegler-Nichols one’s for conventional controllers. Experimental
results (on a permanent magnets synchronous motor and on a DC/DC converter) will underline all the
efficiency of this tuning methodology. Finally, the field of validity of the proposed pre-established settings

will be given.

PACS. 84.60.Bk Performance characteristics of energy conversion systems; figure of merit —
07.05.Fb Design of experiments — 07.05.Mh Neural networks, fuzzy logic, artificial intelligence

Introduction

Among the various types of control laws, the designers
can nowadays have recourse to fuzzy logic. This type of
control, in addition to its intrinsically nonlinear aspect
and to the good dynamic performances allowed, gives the
designer the possibility of incorporating the human oper-
ators experiment for the process control in his command
law. As we will see it thereafter, the main handicap of this
type of control is the huge number of parameters that have
to be tuned. Moreover, the adjustment of these parame-
ters is often unclear, the designer is generally satisfied to
fix some of them at an average value while the others are
fixed thanks to a fine knowledge of the process to control.
Unfortunately, it does not exist today a general, system-
atic, simple and robust method for the adjustment of fuzzy
controllers. This difficulty for their implementation is of-
ten a barrier to a more widespread use in spite of the re-
sulting dynamic performances improvement compared to
conventional control methods. The aim and the main con-
tribution is neither here to compare various types of con-
trols, nor their methods of parameters calculation, but to
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provide simple tools for the fast and experimental on-site
tuning of a fuzzy PID-type controller, from preestablished
adjustments, after only one open-loop step input.

In this paper, we will thus study fuzzy PID con-
trol structures of which we will systematize the param-
eters adjustment with the help of the experimental de-
signs [3,8,10,11]. This powerful methodology finds here a
great field of application for non-linear control laws opti-
mization. The parameters tuning will optimize, on a given
benchmark and in terms of performances and robustness,
the response of an open-loop system modeled by a first
order plus dead time or of an open-loop evolutive system.

In this way, this adjustment procedure approaches, on
the methodology, the experimental adjustments provided
by Broida or Ziegler-Nichols [12] for conventional PID
controllers. Nevertheless, the optimization criterion is not
here the damping ratio or the gain margin but the TAE
criterion (integrative absolute error). The minimization of
such a criterion makes it possible to optimize the system
response during both no-load step response and load reg-
ulation, and even with non linearities such as saturations.

In a first part of this paper, the considered fuzzy con-
troller will be described. Then a first set of preestablished
settings, that can only be used in non-noisy environments,
will be provided. A second set of preestablished settings
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Fig. 1. PID-like fuzzy controller.

for the same PID-like fuzzy controller, that takes into
account the possibility of the presence of white noise, a
process misidentification of an high order process, will be
given in a third part of this paper. Finally, a last set of set-
tings, that added to the second set the controller robust-
ness versus solicitation magnitude will be provided. As the
field of validity of a tuning methodology should always be
associated to its statement, a last part of this paper is
devoted to the limitations of our proposed preestablished
settings. All the proposed settings were validated on two
types of experimental systems: a DC/DC buck converter
and a permanent magnet synchronous machine.

1 System presentation

First of all, the FLC that will be used in the whole pa-
per has to be presented. This controller is a classical PID-
like fuzzy controller (see Fig. 1). A two-inputs/one-output
Sugeno type FLC [9] with seven triangular membership
functions is used [2]. In addition, a crisp integrator is
placed parallel of this controller so as to ensure a zero
steady-state error. The considered rules base is a classical
antidiagonal one’s. Of course, due to the fact that seven
membership functions are chosen on both inputs and that
only seven output singletons are considered, two satura-
tion areas appear on the boundaries of this rules base. The
parameters of such a controller are very numerous: for the
fuzzy part, the 3 normalization and denormalization gains,
the 49 fuzzy rules, the 7 positions of the membership func-
tions at the two inputs, the 7 positions of the singletons at
the output; for the crisp part, the value of the integrator
gain, so, at least, 74 parameters to tune.

The determination of optimum values for all this pa-
rameters according to a specified benchmark (in our case:
no-load step start, nominal load regulation, no-load regu-
lation) and criterion (in our case the integral of absolute
error (IAE) between the reference and the measured sig-
nal) is far from easy [4,7]. In this paper, the criterion
optimization is obtained by modifying the level of nine
“major” factors, which contribution to the result seams
to be the highests. These nine factors are the six member-
ship positions factors defined in Figures 2a and 2b (and
called A, B on input e, C, D on input de and E, F at

the output), the integrator gain K; (called G), the error
derivative normalization factor dem (called H) and the
denormalization gain g, (called I). On each input of the
FLC, the positions of the PS’s and PVS’s membership
function’s apex are mobile. A zero-symmetry and a 50%-
overlapping rate are always maintained and the PB’s and
NB’s membership functions apex are fixed (at +1 and —1
respectively). At the output of the fuzzy controller, as we
use a Sugeno-style fuzzy logic controller, the output mem-
bership functions are singletons. As on the inputs, the po-
sitions of the PS’s and PVS’s singletons are mobile and a
zero-symmetry is maintained.

In this paper, pre-established values for these nine pa-
rameters will be provided, but only three of this param-
eters (two of the normalization gains and the integrator
gain) will depend on the open-loop identification of the
process. The others will be defined on the normalized uni-
verse of discourse. In this way, this methodology can be
seen as a Ziegler-Nichols-like tuning strategy [12] for fuzzy
controllers. For open-loop stable processes, the open-loop
step response of the process will provide three parame-
ters K, T and 7 for an open-loop transfer function of the
process that can be expressed as equation (1) (Fig. 3a).
For evolutive open-loop processes, the open-loop step re-
sponse of the process will provide two parameters K and T
for an open-loop transfer function of the process that can
be expressed as equation (2) (Fig. 3b).

T': dead time
7: time constant (1)
K: open-loop gain

TR = K 2
(p) = T

with

7Tp . .
TF@p) = K e with {T. dead time

K: open-loop gain.

(2)

2 Standard settings for a PID-like FLC
2.1 Experimental designs methodology

Considering for example only two levels for each of the
nine factors described above, the classical experimental
tuning method that consists in varying one of the param-
eters when all the others are maintained constant, results
in 22 = 512 required experiments in order to test all cases
and to find the suitable combination of factors levels that
minimize the I AFE-criterion. The main difference between
this classical experimental method and the experimental
designs method resides in the fact that the level of each
factor is modified at each experiment according to a spe-
cific procedure [3,4]. This allows a drastic reduction of the
number of required experiments, the possibility of taking
into account much more parameters, the detection of in-
teractions between factors and a result optimization.

To simplify the experimental strategy definition, pre-
defined tables have been published [8] based on the hy-
pothesis that second-order interactions (that are interac-
tions between three factors) are always negligible. These
tables are called “experiment matrices” and are noted
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L,(b°) where a is the number of required experiments,
b the number of levels for each factor and ¢ the number of
factors that can be studied. Each row of such a table is as-
signed to one experiment and each column can be assigned
to one factor. The first order interactions (if they exist...)
are placed in the columns depending on the positions of
the factors which are involved in these interactions. Num-
bers 1 and 2 symbolizes the (two) levels of each factor.
When the required experiments have been done, the ef-
fect of each factor (noted E4,) added up by the effect of
the first order interactions that are in the same column
as the factor (noted X Exy) at a specified level ¢ can be
determined according to the relation:

EA% + YExy = (IAE)Azi—IAE. (3)

If we suppose (or of course, if we know) that Y Exy can-
not be neglected in front of E4,, it’s possible to use a

so-called complementary-table so as to evaluate E4, —
Y Exy. Using these two equations, F4, and Y Exy can
then be evaluated separately. From this time onwards, it’s
easy to determine the combination of the factors levels
which minimize the I AE-criterion.

2.2 Application on the PID-like FLC

In our case, only two discrete levels are chosen for each
of the nine factors in order to reduce the number of re-
quired experiments. These two levels are defined in a rel-
ative way for factors A to D due to the mechanical con-
straint which exists between the positions of membership
functions apex. To illustrate this fact, let us consider the
value 0.7 for factor A; in that case, the position of fac-
tor B must be between 0 and 0.7. Thus, considering the
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Table 1. Levels 1 and 2 for the chosen factors.

Factors Level 1 Level 2

A 0.3 0.7

B 0.3 0.7

C 0.3 0.7

D 0.3 0.7

E 0.8 0.4

F 0.6 0,2

H 1 (r+oA4TTT)Tsamp 3 (T+0A43"T)Tsamp
I 0.5 7£0AT) 1.501047)

relative value 0.7 (70% of the remaining interval) for B
corresponds in fact, to the absolute position 0.49. The two
chosen levels are provided in Table 1 (for the open-loop
stable case).

The choice of the two levels for factors G, H and I has
been done by taking one’s inspiration from the Broida
predefined settings for conventional PID controllers [1].
For example in case of an open-loop stable process, Broida
proposes the settings provided in equation (4) for K, K;
and Kg.

0.

—~
o

)

Ky o (t14+04T)

0.8
K; KT (4)
Kd3 0%{27’

Intuitively, under the assumptions of an equal-interval
scaling of membership functions and of a non-saturation
of the control values, relationships such as K, = gm /€em
and K4 = gm/den can be shown. Thus, two levels have
been chosen in terms of K, T and 7 on both sides of the
Broida settings obtained for dey,, gn and K; (considering
a normalized solicitation e, = 1).

It has here been possible to obtain the optimized com-
bination of factors levels according to the I AFE-criterion in
only 32 experiments instead of 512. Table 2 provides the
simulation results in case of an open-loop stable process
(K=5T=0.192s, 7=25s).

From this table and thanks to the so-called
complementary-table, it becomes possible to separate the
effects of each factor from the first-order interactions ef-
fects. Table 3 summarizes the calculation of the effects,
assuming that second order interactions are negligible
and according to a experimental design rule called in-
heritance interactions (the highest level for each factor,
the highest interaction). Thus, it is possible to underline,
in the first-order interactions summations, the most in-
fluential interactions. Considering these interactions ef-
fects and the nine factors effects, it is possible to de-
termine the combination of factors levels that optimize

the I AE-criterion: Ay ByC1DoFE4 FiGoHyI5. This combi-
nation leads to TAE = 0.395 (this criterion is here sup-
posed to be adimensional).

Until now, the definition of pre-established settings for
the PID-like FLC has just been led on discrete levels. To
ensure a fine optimization of these settings in the vicinity
of those obtained in the last paragraph, a simplex algo-
rithm has been used. The main handicap of this optimiza-
tion algorithm resides in its high number of required ex-
periments. Therefore and in order to reduce this number,
the simplex has been led only on the most influential fac-
tors. Those can be identified thanks to the effects provided
in Table 3.

Exactly the same procedure was followed in case of
evolutive systems.

2.3 Pre-established standard settings

After a fine optimization of the most influent factors levels
using a simplex algorithm, the final optimized settings for
the FLC parameters in case of use with open-loop stable
process are those given by equation (5). It can be noticed
that the normalization factor on input e (called ey,) is
here supposed to be defined considering the solicitation
magnitude sy,.

PS.  :0.25

PVS, :0.03

PSge :0.70

PV S, : 0.21

PS,  :0.80

PVS, :0.62 (5)

em I Sm

dem : (T + 0'4 Z%TSaIIlp SIII
2.07(7 4+ 0.4T) s

gm . KT

K. 160

KT’

For open-loop evolutive systems, the optimized pre-
established settings are (Eq. (6)):

PS. :0.26
PVS, :0.02
PSze :0.70
PV S :0.21
PS, : 0.80
PVS; :0.70
Ki : ;){;;92 (6)
€m 1 Sm
Ts S
d o - 1.50 samp °m
o (Bp)
2258,
Im CTRT
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Table 2. Table Li6(2'%) and complementary-Lis(2'%) table.

Exp A B C D E F G H I IAE Exp A B C D E F G H I IAE

1 1 1 1 1 1 1 1 1 1 1.792 1 11 1 2 1 2 1 2 2 1.782

2 1 12 2 1 1 2 2 2 0.868 2 11 2 1 1 2 2 1 1 2.864

3 1 1 1 1 2 2 2 1 2 1.018 3 11 1 2 2 1 2 2 1 1.354

4 1 12 2 2 2 1 2 1 2.602 4 11 2 1 2 1 1 1 2 1.182

5 12 1 1 2 1 1 2 2 0.702 5 1 2 1 2 2 2 1 1 1 2177

6 1 2 2 2 2 1 2 1 1 1.384 6 12 2 1 2 2 2 2 2 0.871

7 1 2 1 1 1 2 2 2 1 1.718 7 1 2 1 2 1 1 2 1 2 0.606

8 1 2 2 2 1 2 1 1 2 1.336 8 1 2 2 1 1 1 1 2 1 1.318

9 2 1 1 2 2 1 1 1 2 0.630 9 2 1 1 1 2 2 1 2 1 2.008

10 2 1 2 1 2 1 2 2 1 1.183 10 2 1 2 2 2 2 2 1 2 1.092

11 2 1 1 2 1 2 2 1 1 1.174 11 2 1 1 1 1 1 2 2 2 0.633

12 2 1 2 1 1 2 1 2 2 1.249 12 2 1 2 2 1 1 1 1 1 1.396

13 2 2 1 2 1 1 1 2 1 0.942 13 2 2 1 1 1 2 1 1 2 0.723

14 2 2 2 1 1 1 2 1 2 0.447 14 2 2 2 2 1 2 2 2 1 1.094

15 2 2 1 2 2 2 2 2 2 0.708 15 2 2 1 1 2 1 2 1 1 1.110

16 2 2 2 1 2 2 1 1 1 1.617 16 2 2 2 2 2 1 1 2 2 0.444

Table 3. Calculation of effects. are leading respectively to transfer functions (7) and (8).
= —0.0028p

Ea, +0.222 FEap + Epn +0.033 FTec (p) 147 e (7)

Ep, = +0176 Epg+Eur = +0.047 1+0.0174p

Ec, = —0059 FEap+Ep; = -+0.066 0—0.019p

Ep, = +0027 Epi+Epe = —0.047 Flsm(p) = —15807— 0.372p ()

Ep, = -0.004 Eac+Epr = +0.020 Figures 4a and 4b give the experimental results for the

Er = -0251 Epc+Ern = +0035 DC/DC converter controlled either by our PID-like FLC

Eg, = 40118 Egr+Ecr = +0.006 or by a conventional Broida PID controller. The experi-

Ey, = 40033 Ear+Epec = —0.072 mental results for the PMSN(I speed control e;re also pro-

_ - _ vided in the two same cases (Figs. 5a and 5b).

En = 0357 EpptFon = 0.045 With the optimized FLC, all the experiments lead to
Ean+FEpp = +0.038 an outstanding improvement of the behavior with respect
Epr+ Epn = +0.012 to the standard tunings of the Broida PID controller (be-
FEar+FEpr = +0.071 tween 70% and 80% improvement of the I AFE-criterion,

Eop = —0005 Ecn —  _0.072 overshoot and time response reduction).

FEiac = -0.022 Ecr = —0.016

Ecc = +0.034 FEcr = +0.030 2.4.2 Open-loop evolutive systems

Brc = —0069 Fer = 0016 The position control of the PMSM is an example of evolu-

Eap + Erc + Egr + Epn = —0.066

2.4 Experimental results

2.4.1 Open-loop stable systems

In this case, the pre-established settings have been tested
on both a DC/DC buck converter (output voltage control
- supply voltage = 200 V, IGBT power switches) and a
PMSM (speed control, nominal torque = 5 Nm, maxi-
mal speed = 4500 rpm, type Mavilor BLS112) [6]. As the
proposed standard settings have been obtained without
taking into account the effect of white noise, a low-pass
filter (50 Hz for the converter and 10 Hz for the PMSM)
has to be added. Thus, the open-loop identification tests

tive systems and its experimental step identification leads
to the model given by transfer function (9).
e—0.0SQp

FThos(p) = —366 - (9)
From this result, the settings of the PID-like FLC could
be deducted from (6). Figures 6a and 6b present only
the experimental results for a step input and not for the
whole considerated benchmark, because of our test pos-
sibilities. As for Broida or Ziegler-Nichols controllers, i.e.
from only one open-loop identification test, the FLC op-
timized through our procedure gives a very fast response
with a slight overshoot.

3 Robust settings for a PID-like FLC

In the previous part, after having briefly described the ex-
perimental designs methodology, we applied it to obtain



output voltage (V)

measured speed (rpm)

position (deg)

The European Physical Journal Applied Physics

a. PID-like FLC b. Broida PID controller
90 T T T T 90
80 4 sol 4
70+ 4 70k 4
60 60
S
50 %50 = 4
-
40 g_ a0 4
3
30 30 -
20 PID-like:FLC : IAE=0.52 V.s i 20 PID_controller : IAE=1.70 V.s. i
10 | 10 A
0 L L L L L L L L L 0 L L L L L L L L L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
time (s) time (s)
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Fig. 6. Experimental results for the position control of the PMSM during step input.
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pre-defined optimized settings for the FLC parameters.
These settings only depend on two or three parameters
(K, T and eventually 7) coming from an open-loop iden-
tification of the process. Experimental results show that
it is now possible, as with the Broida or Ziegler-Nichols
methodologies for conventional PID controllers, to obtain
satisfying results for FLC in just one open-loop identifica-
tion test. In this way, these settings could be seen as an
on-site efficient FLC tuning strategy.

It’s however possible to notice the parameters settings
sensitivity to system parameters variations or white noise
has not been taken into account in the design procedure.
Consequently, these settings should only be used in noise-
lessly environments or with systems where the open-loop
identification has been done with a high precision degree.
In this part, a second set of pre-established settings for the
same PID-like FLC, that integrate, from the beginning of
the design procedure, the robustness of the FLC, will be
proposed. This new set can also be seen as a complement
of the existing set. It will warrant a high performances pro-
cess response on the considered benchmark combined with
an high robustness. The process performances are always
evaluated considering the integrative absolute error (IAE)
between the reference and the measured signal. The FLC
will then be all the more robust since this I AFE-criterion
remains insensitive to uncontrollable factors (here white
noise, process misindentification or high order process).
To some extent, it is thus possible to say that we want to
provide settings for the PID-like FLC that satisfy a mul-
tiobjective criterion: on the one hand, the I AE-criterion,
on the other hand the robustness (or the quality...) of the
set of settings.

3.1 Taguchi quality design of experiments

Taguchi methods [10] were developed in Japan by Genichi
Taguchi to improve the implementation of total quality
control in Japan. They are based on the design of experi-
ments to provide near optimal quality characteristics for
a specific objective. The real power of Taguchi methods
comes from their simplicity of implementation. The goal
is not just to optimize an arbitrary objective function,
but also to reduce the sensitivity of engineering designs to
uncontrollable factors or noise. Taguchi methods are also
called robust design in the USA.

In the traditional experimentation strategy, one sup-
poses that the factors on which we act, are perfectly
controlled and that their values remain constant throu-
ghout all experiment. The factors not included in the
study are supposed not to vary. This concept is however
well too theoretical because no one is certain that these
factors remain constant indeed. To avoid the bias caused
by these uncontrollable factors, the traditional experimen-
tal strategy consists in making the experiments in a ran-
dom order. The effects of uncontrollable factors are then
included in the experimental results dispersion. One thus
seeks to eliminate all the possible variation sources, which
is unfortunately often impossible in practice.

n, experiments
Experimental
Plan for

"uncontrollable”
factors

P=QxR

™

. ol ™ N X Ny
Experimental Plan ‘R - ‘ Required
for the controllable factors L] —- Experiments

-

n, experiments

o 14

Fig. 7. Experimental product-plan.

Taguchi, on the other hand, considers that rather than
to eliminate the causes from the variations, it is preferable
to analyze them and to find experimental conditions for
which these causes have a minimum effect. Thus, instead
of seeking to eliminate the variation causes (called noises
by Taguchi), he proposes to minimize their influence. The
factors are divided into two categories: the factors rela-
ting to the system on which one can easily act (called
controllable factors) and the factors (called noise factors)
whose possible variations are not (or are with difficulty)
controllable and can generate a degradation of the sys-
tem characteristics. For the study of the controllable fac-
tors effects and for the determination of optimum settings
for these factors in as few experiments as possible, one
can refer to the experimental designs strategy presented
in the last paragraph. Taking into account the noise fac-
tors in this strategy is however far from being obvious.
Therefore Taguchi proposes a strategy based on two cross
experimental designs (called product-plans): a first expe-
rimental design (Q) for the controlled factors, a second
experimental design (R) for the noise factors (Fig. 7).

At each combination of the controlled factors is asso-
ciated an experimental design for the noise factors. There
is thus on the whole (n. x n,) different experiments.
Thanks to the experimental product-plan P, it will be
possible to determine the best combination of the control-
lable factors in order to obtain the desired characteristics
with a minimal variability. Of course, the counterpart of
this robustness concept is a much higher number of requi-
red experiments.

Starting from the experimental product-plan, the aim
is yet to obtain experimental informations representing
at the same time the studied characteristics and the va-
riability of these characteristics. The Taguchi approach is
empirical and proposes, for solving this problem, a set of
functions called signal-to-noise functions. These functions
are used to measure the effect of the noise factors on the
performance characteristics. In order to find at the same
time the best experimental conditions making it possible
to obtain optimal performances and minimal sensitivity to
noise factors, Taguchi proposes to maximize the function
signal-to-noise defined by (10).

Mn

>R

Vie {1, ... nc, (S/N)i=—10log [ =
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Table 4. Levels 1 and 2 for the noise factors.

Factors Level 1 Level 2
No 2nd order 3rd order

N3 perfect T+ 15%, T + 26%

This function depends however only on the various re-
sults R;; without taking into account the dispersion of
them around their average value. Thus, many statisticians
think that it is preferable to use two different functions, a
first one which measures the performance characteristic,
a second one devoted to the measure of this characteris-
tic variability. In our case, it seems more judicious (and
it is the solution that we will retain) to use R; (11) and
—log(s?) (12) rather than the function (S/N); to qualify
on one hand the performance of an FLC adjustment and
on the other hand its robustness with respect to the noise
factors.

vie{l, o, T=Y 2

X Tin
J=1
, N = (Rij — Ry)?
Vie{l,...,n.}, —log(sy)=—1log jg_l —
(12)

3.2 Application on the PID-like FLC

The nine tuning parameters are the same as before. The
two levels chosen for each of these factors are provided in
Table 1, they are chosen in the same way as in the last part
too. In our case, simulations have been done considering
K =5 T =0.192 s and 7 = 2 s and by taking into
account three types of noise factors. The first one, called
N7, consists in the presence of an additional white noise on
the measured signal (variance 03,5 = 0.004). The second
one, called Na, refers to the order of the considered system
(two different order systems leading to the same open-
loop identification have been considered). The last one,
called Nj, is intended to evaluate the effect of an open-
loop process misidentification on the robustness. All the
chosen levels for these three noise factors are presented in
Table 4.

The nine controllable factors have been studied consi-
dering a Lig(2'°)-Taguchi table [6,11] and the three noise
factors considering a L (23)-Taguchi table. In our case, the
measured result R;; is the I AE-criterion. The simulations
results are provided in Table 5.

According to this table, it is possible to determine the
effect of each controllable factor on the I AFE-criterion and
on the robustness [11]. The obtained results are given in
Table 6.

Thanks to Table 6, it is possible to determine the
combination of controllable factors levels that optimize
the T AFE-criterion with an as high robustness (measured

through —log(S?)) as possible. The counterpart of the
experimental designs methodology (and for the doing of
only 64 experiments among 4096 possible experiments)
is the necessity of making some approximations to de-
termine this optimum combination. The first approxima-
tion that can be done applies the so-called inheritance
rule. According to this rule, it is possible to underline in
Table 6 the effect of controllable factors or first order in-
teractions that may be prevailing on the I AFE-criterion. In
the factors levels optimal combination determination pro-
cess, the Taguchi methodology recommends to determine,
in a first time, this optimum combination according to the
only I AFE-criterion and then to modify if necessary this
combination in order to take into account the robustness
aspect.

Consequently, we first just consider the numerical va-
lues of the effects given by Table 6 on the I AF-criterion.
In a first time, the nine effects of controllable factors
are used to determine a combination that should mi-
nimize the IAE-criterion if there were no interactions:
AsBsCo Do Ey FyGoHq1o. Six controllable factors (A, E,
F, G, H and I) seam however to be most influencive.
Considering the values of the first order interactions bet-
ween these factors, it can be said that the level chosen for
factor C' could be affected. Effect of factor C appears in-
deed increased by effects of two non-negligible first order
interactions.

Therefore, the real effect of factor C' on the TAE-
criterion may be masked and the optimized combination
is also: A9 BsC1DoE1 F1GoHI5. A new simulation with
these settings results in a I AE-criterion equal to 0.566,
that improves, the best result obtained so far.

We now have to modify these settings in order to take
into account the robustness aspect. Accordingly, we now
consider the controllable factors effects on the — log(S?)-
criterion. Factors A, D, E, G, H and I don’t make any
problem because their optimum levels according to the
— log(5?)-criterion are the same as those chosen according
to the I AE-criterion. Factor B is the most influent on
the robustness and is less influent on the I AFE-criterion,
so factor B was modified. Effect of factor C' seams to be
relatively important on the robustness. This effect appears
however added with the effect of two important first order
interactions, so factor C' real effect is also probably less
important as it appears. Therefore, we don’t envisaged
any level modification for factor C. The case of factor F'is
more difficult to solve. Factor F effects on the two chosen
criterion are moderate. The two settings level possibilities
have thus been tested and the solution F5 leads to the
best compromise between performances and robustness.
In conclusion, the combination AsB1C1DoE1FoGoHqls,
which provides TAE = 0.843 and —log(S?) = 2.176, is
retained.

At this step and as in the determination procedure of
the standard settings, a simplex optimization has been led
on the major influencive factors, to ensure a fine optimiza-
tion of the settings in the vicinity of those obtained above.
The optimization criterion is here IAE but a close atten-
tion is also paid to robustness. The result of this simplex
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Table 5. Simulation results (product-plan).

Noise factors

S ~ ~ —

P ~ - ~

Z - ~ ~ ~

Exp. A B C D E F G H 1 IAE, IAE, IAE; IAE; TAE —log(S?)

1 1 1 1 1 1 1 1 1 1 1792 1918 2117 2006 1.958  1.723
2 1 1 2 2 1 1 2 2 2 088 0901 1009 0924 0.926  2.440
3 1 1 1 1 2 2 2 1 2 1018 118 1.205 1031 1.109  2.014
4 1 1 2 2 2 2 1 2 1 2602 2898 2439 2225 2541  1.094
5 1 2 1 1 2 1 1 2 2 0702 3719 0899 1361 1.670 -0.288
6 1 2 2 2 2 1 2 1 1 1384 1466 2254 1347 1.613  0.732
7 1 2 1 1 1 2 2 2 1 1718 2436 2230 1350 1.933  0.615
8 1 2 2 2 1 2 1 1 2 133 1294 1.024 0945 1.150  1.423
9 2 1 1 2 2 1 1 1 2 0630 0703 1.062 0963 0.839  1.372
o 2 1 2 1 2 1 2 2 1 118 1610 1533 1.153 1.369  1.256
11 2 1 1 2 1 2 2 1 1 1174 1373 1417 1177 1.285  1.786
12 2 1 2 1 1 2 1 2 2 1249 1606 1.027 0955 1.209  1.068
3 2 2 1 2 1 1 1 2 1 0942 1805 1229 1.084 1.265  0.844
4 2 2 2 1 1 1 2 1 2 0447 0569 0.683 0621 0.580  1.998
5 2 2 1 2 2 2 2 2 2 0708 1548 0.823 1.403 1.120  0.757
6 2 2 2 1 2 2 1 1 1 1617 1721 1.605 1283 1.556  1.444

Table 6. Calculation of controllable factors effects.

Considered effect

Effect on TAE  Effect on — log(S?)

Ea, + Ecp +0.230 —0.048

Ep, + Ecu +0.022 +0.326

Ec, + (Eap + Epn + Erc + Eer) +0.015 —0.164
Ep, + Eac -+0.040 —0.038

Ep, + Eci —0.095 +0.219

Ep + Ece —0.105 —0.008

& + Ecr +0.141 —0.183

Eu, + Epc —0.121 +0.294

En, + Eck +0.307 —0.081

Eap + Egr+ Epn + Ecr —0.001 +0.272
Ear+ Epe+ Epc + Enr +0.034 —0.059
Epr + Eag + Epr + Egu —0.026 +0.112
Er; + Eag + Epp + EEc —0.034 —0.040
Epr+ Eag+ Epr+ Egn +0.077 +0.026
Ear + Epc + Erg + EpEe +0.091 —0.095
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Fig. 8. Output voltage

optimization is given in (13). These equations constitute
a set of pre-established robust settings for a PID-like FLC
and are devoted to non-evolutive open-loop stable sys-
tems [5].

PS. =0.28

PVS, =0.18

PSze =0.70

PV Sy = 0.21

PSS, =0.80

PVS, =0.28
1.78

K & = (13)
KT

€m = Sm

dem = T (1+04T) Tiamp Sm
2.26

Now let us consider the case of evolutive open-loop sys-
tems. It is to be noted that robust settings for a PID-like
FLC are obviously useless in so far as the integrator inclu-
ded in the loop yields a sufficient robust behavior of the
system.

3.3 Experimental results
3.3.1 DC/DC converter

These pre-established robust settings (13) have to be tes-
ted on an experimental system. Therefore, we will first
consider the same 1kW DC/DC buck converter than be-
fore. Due to a relatively large-bandwidth low-pass filter
(500 Hz), the PID-like FLC has to work in a noisy envi-
ronment and the pre-established standard settings cannot
be used. An open-loop identification test results in trans-
fer function (14).

e—0.000?s

FT20H2(0y — 49— .
o (s) 1+ 0.0099s

(14)
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b. Broida PID controller
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- DC/DC buck converter.

The experimental results obtained on this system and
on the considered benchmark using our PID-like FLC
with pre-established robust settings are provided in Fi-
gure 8a. These results have to be compared because of
a same adjustment methodology, with those obtained on
the same benchmark and system using a conventional PID
controller whose parameters have been set according to
the Broida settings (Fig. 8b).

The measured [ AE-criterion is 0.542 Vs in the FLC
case and 0.786 Vs in the classical PID case. Beyond this
30%-criterion improvement, we can mainly underline the
minimization of the nominal-load regulation impact on the
output voltage.

3.3.2 Permanent magnet synchronous motor

The same test has been done on the speed regulation of the
Mavilor BLS-112A permanent magnet synchronous motor
(PMSM) already considered in Part 2. The low-pass fil-
ter on the speed measurement is here a 50 Hz first order
filter. One open-loop identification test leads to transfer
function (15).

670,0105

1+ 0.206s

Experimental tests carried out on the PMSM, with a speed
reference Nyef = 2000 rpm and a torque pulse of T =
4 Nm, considering the designed PID-like FLC with the
pre-defined robust settings, lead to the results shown in
Figure 9a. It is possible to measure an I A FE-criterion equal
to 33.4 rad for the FLC and equal to 59.6 rad for the
conventional PID. Thus, we improve this criterion about
44% and, what is more important, the speed perturbation
in case of a nominal load impact is about 70% smaller.
The experimental results presented till now show that
it is now possible, as with the Broida methodology for
conventional PID controllers, to obtain satisfying and ro-
bust results for FLC after just one open-loop identification
test. If the system to control works in a non-noisy environ-
ment or if it’s possible to filter the measured signal using a

FTEM(s) = —1580 (15)
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Fig. 9. Measured speed - PMSM.

very low-pass filter, the standard settings should be used.
On the other hand, if noise factors (in Taguchi acception)
may exist, the robust settings should be used to control
the system.

The only remaining problem, considering the two dif-
ferent sets of pre-established settings provided before, re-
sides in the fact that it’s necessary to know (or to ac-
quire...) the solicitation magnitude sy,. For solving this
problem, we propose, in the next part of this paper, a
3D-extension of the Taguchi quality design methodology.

4 Solicitation magnitude
4.1 3D-extension of Taguchi quality design

In this part, the solicitation magnitude will be conside-
red as another type of “uncontrollable factor”, that comes
in addition to those relative to the considered system (al-
ready described: white noise, process misidentification, or-
der of the system). As we will see, this strategy will allow
us to obtain two new criterions qualifying the robustness
of the FLC versus the two types of uncontrollable factors.
Therefore, we introduce the notion of three-dimensional
product-plans (Fig. 10). The nine factors that define the
FLC are located in the so-called Q-table, the uncontrol-
lable ones relating to the system in the R-table and those
relating to the magnitude of the solicitation in the S-table.
The combination of these three tables provides the expe-
rimental testing points (in our case simulations).

After having done the required simulations, the Q-
table is used to evaluate the effects of each factor on the
T AFE-criterion. As previously, the R-table is used to eva-
luate the robustness of each factors level combination ver-
sus uncontrollable factors relating to the system. Accor-
ding to Taguchi, the chosen robustness criterion can here
be defined by equation (16) (where Sg is an estimation
of the I AFE-criterion standard deviation). Finally, the S-
table is used to evaluate the robustness of each factors le-

e
>\ >\ N
( BN
&
&
V
8
k)
g
F~ g
< . <
o) jk
f\;\‘ 7 -
&
P
L&
/eﬁya\d\
S

nR experiences

Fig. 10. 3D experimental product-plans.

vel combination versus solicitation magnitude (using cri-
terion defined by Eq. (17)). The highest are the results
of these two criteria, the highest is the robustness of the
FLC. It is thus possible to determine a combination of
factors levels which provides a good I AE-criterion with a
high robustness.

Vi € {1,... ,nQ},

1 ns 0 2
g [n_s ; Riji — Ri]

—log(S%,) = —log | > (16)
e ng—1
1 nR 0 2
s [@ZRz‘jk Rz‘]
i—1
—log(Sgi) = —log J — (17)
k=1 s
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Table 7. Levels 1 and 2 for the magnitude noise factors.

Factors  Level 1 Level 2
Ml Snom + O Snom + 04 Snom
M2 Snom + 0 Snom — 0.7 Snom

4.2 Application on the PID-like FLC

The choice of factors levels for the tables Q and R is the
same as in the last part of the paper. What is new here is
that the normalization factor on input e (called ey,) is sup-
posed to be determined considering the nominal value of
the solicitation magnitude (called $yom), rather than the
real value of this solicitation s,,. In order to obtain robust
pre-established settings versus the solicitation magnitude,
two noise factors, called M7 and M5 and dedicated to the
evaluation of the system robustness versus this magnitude,
have been introduced. Those represent respectively a po-
sitive or a negative solicitation magnitude variation from
the standard level (Tab. 7).

In our case, the nine controllable factors have been
studied considering a Lj(2'°)-Taguchi table (Q-table in
Fig. 10), the three noise factors relating to the system
considering a L4(23)-Taguchi table (R-table in Fig. 10)
and the two noise factors relating to the solicitation consi-
dering a L, (2%)-Taguchi table (S-table in Fig. 10). The
measured result R;ji, is here the normalized I AE-criterion
on the considered benchmark defined as follows:

Cn b

1Ap = |e(t)|dt+/tmax e(ldt.  (18)

0 t1

According to Taguchi quality design methodology, the de-
termination of the effect of each controllable factor on the
T AE-criterion and on the robustness (versus noises or so-
licitation magnitude) turns to be possible with a reduced
number of simulations: 512 (only about 2% of the 16384
possible test points...). From this time onwards, it’s easy
to determine the best combination of controllable factors
levels, which maximize the I AE-criterion with a robust-
ness as high as possible.

After a fine optimization using the simplex algorithm,
a last set of pre-established robust settings that integrates
the robustness versus the solicitation magnitude can thus
be obtained:

PS. =0.75

PVS., =0.26

PSs =037

PVSg4 = 0.15

PS, =080

PVS, = 0.60
1.50

. (19)
KT

€m = Snom
2.55

de,, = T (7 +0.47T) Tsamp Snom
2.50

Jm = ﬁ (T + 04T) Snom-

4.3 Experimental results

These settings have been tested on our two different ex-
perimental systems: the DC/DC buck converter and the
permanent magnet synchronous motor (PMSM).

4.3.1 DC/DC converter

The pre-established robust settings, including versus so-
licitation magnitude, have been tested for three different
solicitations values (40 V, 60 V, 80 V) (Figs. 11a and 11b)
and compared with the results obtained on the same
benchmark with a conventional PID controller (Broida
settings — Fig. 11c¢). The measured voltage is still only
filtered with a 500 Hz low-pass filter, leading to the same
open-loop identification that in the last part of the paper
(Eq. (14)).

As it can be seen on these provided experimental re-
sults, our pre-established robust settings for a PID-like
fuzzy controller ensure much better performances as a
conventional PID controller (tuned using the same very
simple on-site methodology). Moreover, the behaviour de-
pends no longer on the input magnitude. For memory, the
measured [ AE-criterion is 0.48 V's for the FLC (0.79 V's
for the PID controller). Furthermore, a high level ro-
bustness (versus noises or magnitude of the solicitation
(Fig. 11b)) of our PID-like controller is warranted thanks
to the proposed 3D-adaptation of the Taguchi quality de-
sign approach.

4.3.2 PMSM

In a same way, these pre-established settings have been
tested for the speed regulation of the PMSM and for three
different solicitations (1500 rpm, 2000 rpm, 2500 rpm)
(Figs. 12a and 12b). Once again, the open-loop identifi-
cation test is leading to the same transfer function that in
the last part (Eq. (15)).

The obtained results have been compared with those
obtained on the same benchmark and with the same on-
site tuning methodology with a conventional PID control-
ler (Fig. 12c¢). We can measure an [AFE-criterion of
28.3 rad for the proposed FLC and 59.6 rad for the PID
controller. Beyond this performances improvement, the ro-
bustness has also been highly improved.

5 Field of validity

As the field of validity of a tuning methodology should al-
ways be associated to its statement, Table 8 presents the
limitations of the three types of proposed preestablished
settings. These limitations have been obtained in an em-
pirical way and constitutes the price to pay to guarantee
a rather spectacular improvement of the dynamical per-
formances.
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Fig. 11. Experimental results on the DC/DC converter.

Table 8. Fields of validity of our preestablished settings.

Standard settings

Robust settings  Solicitation magnitude

(Part 2) (Part 3) (Part 4)
Teamp <L <L <%
o N < 0.005 <0.013 < 0.008
L < 20% < 20% < 20%
Misidentification up to 15% up to 70% up to 30%
(versus the real values of (T, )
Acceptable overshoot up to 24% up to 7% up to 2%

6 Conclusion

In this paper, we first briefly described the PID-like
fuzzy logic controller that is used in the whole paper.
Then, we propose a first set of pre-established settings
for an open-loop stable or evolutive electrotechnical pro-
cess. These settings are only based, as Ziegler-Nichols set-
tings for conventional controllers, on a single open-loop
identification test. They have been obtained thanks to
the experimental designs methodology, from which some
rudiments of knowledge are presented. A second set of

pre-established settings is then proposed. It is a robust
one, which integrates, from the design procedure and
thanks to Taguchi quality design methodology, the robust-
ness of the FLC in case of white noise, open-loop process
misidentification or high order process. Nevertheless, this
kind of robust settings suppose that the user knows (or
can acquire) the solicitation magnitude. Therefore, a se-
cond set of robust settings that integrates, thanks to a
3D-extension of Taguchi quality design methodology, the
robustness versus the solicitation magnitude is finally pro-
posed. Experimental results in case of use with a DC/DC
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Fig. 12. Experimental results on the PMSM.

converter or with a permanent magnet synchronous motor
are presented for the three types of pre-defined settings.

In a more general way, it is possible to say that first
of all came the PID-controller, easy to tune but with
poor performances and a low robustness. Then came the
Fuzzy Logic controller, which warranted a high dynamic
and a sufficient robustness but which was very difficult to
tune on-site by a non-specialist. In this paper, we concea-
led the advantages of these two types of controllers and
their methods of adjustment to obtain fuzzy logic control-
lers as simple to tune on-site as a traditional PID. Of
course, some limitations already exist, but if those are too
constraining, the proposed methodology based on experi-
mental designs can be applied another time to obtain a
new set of preestablished settings.
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