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Abstract—This paper proposes a new anti-windup
method for integrative portion of many controllers: PI,
PID and fuzzy PD+Il. The proposed method does not
require any coefficient for the anti-windup method, as
other known anti-windup methods does. All the deduction
and development of the proposed anti-windup method for
PI, PID and fuzzy PD+I are presented here, resulting in
two general and simple anti-windup equivalent methods.
Following, the application of the proposed anti-windup
method in a brushless DC motor speed control, employing
a fuzzy PD+I controller, is shown and compared to a
traditional anti-windup method, which achieves better
results than that traditional method.

Keywords—anti-windup integrative method, brushless
DC motors, proportional integrative derivative control,
fuzzy PD+I control

I. INTRODUCTION

Electrical machines are indispensable elements in contem-
porary world, from processes industry to home applications.
Electrical motors have innumerable advantages over other
kind of motors, not limited to, but including: low cost,
high power density, simple construction and installation
requirements, robustness, versatility, so it can be easily
adapted to various types of loads, high efficiency, control
simplicity, thus electrical motors are widely used in industrial
applications [1].

Among the various types of electrical motors, direct-
current motors are very attractive and widely used in
variable speed applications. However, its brushes are a source
of disadvantages, increasing machine operational cost due
to maintenance, efficiency decrease due to losses in the
mechanical commutator and brushes themselves, noise, etc.
In this way, brushless DC motors come to address some
of those issues. Perhaps, usually their cost for equivalent
machines are higher, due to the fact that such machines are a
set of a permanent magnet synchronous machine and a static
electric converter [2]. If the cost of such a machine is critical
in an application, another kinds of machine can be used, as
induction motors and switched reluctance motors [3][]

A. Fuzzy Controllers

Zadeh presents a new controller, named Fuzzy Controller,
in 1965, which is based on fuzzy logic. That controller
has high efficiency if applied to many kinds of non-linear
systems, since other linear controllers, like PID controller,

have some problematic issues in plants which have some kind
of non-linearity during its operation [4].

Fuzzy controllers are based on a set of knowledge
represented by fuzzy set theory, where is characterized by
three main aspects: it works using linguistic concepts, which
avoid the necessity of a precise plant model; it is a non-linear
controller, allowing the possibility of plant non-linearity
compensation; it is robust to parametric variations of the
plant.

Many fuzzy controllers structures are used in the motor
speed control area, among them, one of the most used
structure is fuzzy-PD [5][6].

A block diagram of a fuzzy-PD controller is shown in
Fig. 1. There, the error ey and its variation in time (d/dt) are
the inputs for a fuzzy controller. That inputs are multiplied
by constants (kp and kp), chosen properly by the designer,
and are then applied to a set of fuzzy rules in order to the
controller output be evaluated, which is then multiplied by
the output constant (k) and used as the control action, as an
input to the plant.
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Fig. 1. Block diagram of fuzzy PD controller.

Although this kind of controller is very robust to parameter
variations, it still presents an error in steady state operation.
There are some controllers configurations to eliminate this er-
ror, using fuzzy controllers, which includes fuzzy incremental
controllers, as in [7], and fuzzy PD controllers combined to an
integrative controller, such as fuzzy PD+I controller, which is
very common structure (Fig. 2). However, the incorporation
of a parallel integrative action with a fuzzy PD controller
leads to a very known problem related to the integrative
action, i. e., the overshoot in plant output.

B. Linear controllers

During the past years, many theories involving optimal
control and robust control have given important results,
although some special architectures use the classical PID
topology. This topology has simplicity, robustness and is very
effective in many industrial processes. The continuous form
of such control is given in (1).
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Fig. 2. Block diagram of fuzzy PD+I controller.

t
u(t) = kpe(t) + k;/o e(¢)d¢ + kD%e(t) +u(0) (1)
Where:

u(t): controller output control action;

e(t): error value, the difference between the refer-
ence value and measured value;

kp: proportional gain;

kr: integrative gain;

kp: derivative gain;

u(0): controller output initial value, normally this
initial value is 0 (u(0) = 0).

The integrative therm of (1) is essentially used to keep
system stead state error equal to zero. However, the controller
can be lead to a saturation state due to excessive error
accumulation in the integrative therm, causing a high value of
output plant overshoot [8]. Therefore, an anti-windup method
is used in such situations. Literature are plenty of anti-windup
methods in order to minimize output plant overshoot.

C. Anti-windup methods

In this way, some specialized commercial software have
some of this methods implemented inherently, as the case
of back-calculation, integrative clamping and feedforward
methods, implemented in the software MATLAB [9]. Those
methods require additional parameters in order to operate,
i. e., designer must choose parameters that will be used by
this methods, besides the parameters of the controller itself.
Other anti-windup methods will also use extra parameters, as
conditional integration and integral state prediction [10].

II. PROPOSED TOPOLOGY

The proposed topology regards to a fuzzy PD+I, PID and
PI controllers, perhaps it is better understood if taken as a
base a simple integrative anti-windup method.

A. Anti-windup method for integrative controller
The time continuous equation for integrative controllers is
given by (2).

u(t) = kr /0 e(r) dr +u(0) %)

The discrete time equation for integrative controllers is
given by (3). In order to introduce anti-windup method of
that controller, the output of the equation is passed through a
saturation function given by (4). The controller output value

not saturated is referred by uj, whereas the controller output
clamped value is referred by uy.

u} = kllek + Uk —1 3)

Where:
I[ = kl Ts
uj,: non saturated output control action.

Sat(x, Xarax, Xuin) =

Xyax ifz> Xyax, 4)
= XJV]IN if£U<XMIN7
x ifx > Xyrvandz < Xpyrax.

Where:

Xarax: Maximum output value of x (eg. if x is
the machine stator current, this is the maximum
stator current allowed for that machine);

Xarrn: Minimum output value of x (eg. if z is
the machine stator current, this is the minimum
stator current allowed for that machine, which
can be equal to —Xj/4x, for symmetrical
situations).

uk = Sat (U, Unrax, Unmin) )

The anti-windup action is simple, as the value of previous
step, ui—1, is passed through the saturation function, as well
as the current value is (5), it will not accumulate values above
the maximum (or minimum) values. The above equations can
be graphically represented by diagram shown in Fig. 3.
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Fig. 3. Graphical representation of simple integrative controller
anti-windup method.

B. Anti-windup method for proportional integrative con-
trollers

The time continuous equation for a proportional integrative
controller is given by (6).

u(t) = kpe(t) + kr /0 e(r) dr + u(0) (6)

It is assumed that e(0) = 0, thus the proportional
integrative controller equation for discrete time is shown
in (7).

U = kip(ek — e;g_l) + ki/lek + Up_1 (7)

One way to apply an anti-windup method is applying
saturation function (4) in controller output value (ug), as
done in the integrative controller. However, this can lead to
a little collateral effect: if the proportional action by itself
leads to a value higher than (or lower than) the maximum



value (or minimum value), the proportional action will be
also clamped, what will lead to errors in the next iterations.

Therefore, to correctly apply an anti-windup method, in the
same flavor of integrative one, the saturation action applied
in u; must be restricted only to the integral action. If the
saturation function is applied in the controller output value
(ug), it will affect not only the integrative action, but also
the proportional action, so the proportional action must be
compensated. Defining the proportional action by ay (8), the
compensation due to the saturation of output is Aay, which
is given by (9). The value of this difference of the previous
iteration is then added to output value of controller in (10).
The output value is eventually limited in (11).

ar = kpey, (®)

Aay, = ap — Sat(ar, Unax, Unin) )

up, = ap — ap—1 + ke + Aag_1 + up_1 (10

Where a1 is the proportional and derivative contribu-
tions of the previous step.

ug = Sat (W, Untax, Unin) (11)

The proposed method is graphically represented in Fig. 4.
Considering that it is possible to split the difference between
ag—1 and Aay_; from the global adder block, the delays
applied to both values can be applied in the difference of
current values of a; and Aay, so the method can be simplified
to that shown in Fig. 5 and a variation of this topology can be
viewed in Fig. 6.

Fig. 4. Proposed anti-windup method for proportional integrative
controllers.

+

Fig. 5. Proposed anti-windup method for proportional integrative
controllers. It is derived from the method of Fig. 4.

Fig. 6. A variation of the proposed anti-windup method for
proportional integrative controllers.

C. Anti-windup method for proportional derivative integra-
tive controllers

The time continuous equation for a proportional derivative
integrative controller is given by (12) and its discrete form is
given by (7).

u(t) = kpe(t) + k]/o e(¢)d¢ + kD%E(t) +u(0) (12)

up = kp(ex —ex—1) +kp(ex —2ek_1+ex—2) +kper +up—1

(13)
Where:
kp
ki = =
D TS
up = kpep +kp(ex —ex—1)

— (kpex—1 + kp(er—1 — ex—2)) (14)
+krTser + up—1

Considering the current proportional and derivative contri-
butions as ay, as in (15), the previous value of this component
must be passed through the saturation function, as the case of
PI controller, then PID equation (16) is evaluated and its
output is passed through the saturation function again, as
in (11).

ay = kpey + kp(ex — ex—1) (15)

The PID controller discrete equation can be written as:

u;v =ar —ap—1 + krlser + up—1 (16)

The proposed anti-windup method for PID controller is
shown in Fig. 7. Figure clearly show the aj (proportional
and derivative) contribution is saturated before being added
to integrative contribution, so in the next step, it will not
decrease more than its contribution.

D. Anti-windup method for Fuzzy PD+I controllers

The literature are plenty of Fuzzy controllers, however
those used to emulate a PID controller are absent of an anti-
windup method.

The proposed anti-windup for Fuzzy PD+I controllers is
directly derived from that of PID anti-windup. In the place of
ag, in (16), the current Fuzzy PD output value is used (F}).
This output value is limited to the maximum and minimum
values, so in this case, saturation function is not necessary for
that output, as it is in Figs. 5, 6 and 7, if the value limits of



Fig. 7. Proposed anti-windup method for proportional integrative
derivative controller.

fuzzy PD block (multiplied by k,) are the same or bellow
the limits of the output saturation function. Nevertheless, the
saturation function is necessary in the output, which has the
contribution of the integrative function. Thus the controller
output uy, is the clamped value of uj}, given in (17), like (11).
Thus, the resulting method for a fuzzy controller (in this case
a fuzzy PD controller) is shown in Fig. 8, which is based on
Fig. 5, and a variation can be based on Fig. 6, in the same
way, given the same results. However, if the output value
limits of fuzzy PD block (multiplied by k,) are above the
value limits of the output saturation function, it is necessary,
like in PI and PID anti-windup block diagram controllers, to
use a saturation function in the fuzzy PD output, as shown in
Fig. 9.

up, = Fy — F—1 + krTsey + ug—1 )

Where:

F.: current output value of Fuzzy controller;
Fj;_1: last output value of Fuzzy controller;
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Fig. 9. Proposed anti-windup method for Fuzzy PD+I controller
using additional saturation block for fuzzy PD block output, in the
case of different output limits of fuzzy PD block and the output
saturation block.

III. BRUSHLESS DC MOTOR ELECTRICAL DRIVE

The therm brushless DC motor is the composition of an
electrical machine, more preciselly a surface-mount perma-
nent magnet synchronous machine, with its electric converter,
commonly a three phase machine with a three phase electric
converter (a three phase inverter) [11][2]. Ideally, the electri-
cal machine has a trapezoidal back-EMF waveform and with
a 120° square wave stator current produces an almost ripple
free electromagnetic torque, as in Fig. 10.
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Fig. 10. Brushless DC motor ideal electromagnetic torque
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Fig. 11. The electrical drive, composed by a brushless DC motor
and a current control loop, in order to control machine
electromagnetic torque, and the mechanical load.

Fig. 12 shows the electromagnetic torque response of used
electric drive, a permanent magnet synchronous machine,
which its parameters are shown in Table I, fed by a three
phase inverter, operating in six-step mode.

The machine model is shown in (18) to (21).

ua LS MS MS 1 ia
[ Up ] = My, L, M, % [ 1} +
uC MS MS LS Z.C
(18)
iq €q [ un
Rs ib + €p + Un ]
ie €c L Un

Where:

€q, €p and e.: induced voltage
a, b and c, respectively, due
movement, as in (19);

of stator phases
to rotor magnets
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Fig. 12. Electromagnetic torque response of the electric drive
shown in Fig. 11.

14, 1p and i.: stator phase currents a, b and c,
respectively;

L,: stator phase self-inductance;

M;: stator phases mutual inductances;

R: stator phase resistance;

Ug, Up and u.: a, b and c stator phases applied
voltages, respectively;

Uy, stator neutral terminal voltage (this terminal is
not normally connected.

@,
ﬁ} (19)

e 0]
a d ra
€c dt (brc re
Where:

Dy, 5 and P,..: linked magnetic fluxes between
rotor magnets and stator winding phases a, b
and c, respectively;

wy: electrical rotor speed.

Ter = npp (Pl + Phyiv + Pl ic) (20)

Where:
T,;: machine-generated electromagnetic torque;
npp: number of machine’s pole pairs;

From (19), it is possible to derive:

! P

ra 1 ra
oy | =20 ey @
(I);‘c Wy dt (I)rc

The dynamic mechanical load equation is shown in (22).

dwpm,
J%L+B%H41_T (22)

Where:
B: equivalent frictional coefficient, composed by
rotor shaft bearings and load frictional losses;

J: combined inertia momentum of machine rotor
and load;

Ty load torque;
Wyt Totor mechanical speed.
The machine parameters as well as mechanical load
parameters are in Table I, load torque (77) is not show
because it is different in each simulation.

TABLE I

BLDC motor and mechanical load parameters used in
simulations.

Motor Load
Rs = 2.3Q J =4.2-10"%kgm?
(Ls — Ms) =12.5mH B = 3.032-10"3kgm? /s
Npp = 3
&, = 0.12Whb

IV. Fuzzy SPEED CONTROLLER

The speed control topology is shown in Fig. 13, where
the fuzzy controller is used in the speed control loop. The
output value of this controller is the torque reference for
electrical drive, shown in the previous section. As the output
value of fuzzy controller is limited, thus the electromagnetic
torque reference to electric drive is also limited, which
means a limit in stator current applied to the machine, or
better, the maximum allowed stator current for the machine.
This current value is about 5A, giving 3.6Nm of maximum
electromagnetic torque.
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Fig. 13. Bloack diagram of BLDC motor speed control using fuzzy
controller in speed control loop.

The fuzzy controller referred in Fig. 13 is a fuzzy PD+I
controller, as shown in Fig. 2. The fuzzy PD membership
functions are shown in Fig. 14 and rules table is shown in
Table II.

NB NM NS Z PS PM PB

1

0

-1 0 1
Fig. 14. Used fuzzy membership functions.

V. RESULTS

A very simple anti-windup method is the conditional
integration method, where the integrative portion of controller
is activated only when the absolute value of the error is
bellow of a determined value [10]. Some results considering
different values of speed errors (Aw,;,) are shown in Fig. 15,
which means that the integrative portion of controller is
activated only when the absolute value of error is bellow



TABLE II
Fuzzy table for used controller.

e(t) de(t)/dt
NB NM NS Z PS PM PB

NB NB NB NB NB NM NS Z
NM NB NB NB NM NS Z PS
NS NB NB NM NS Z PS PM
Z NB NM NS Z PS PM PB
PS NM NS Z PS PM PB PB
PM NS Z PS PM PB PB PB
PB Z PS PM PB PB PB PB

5, 2, and 1rd/s. In that figure, a very good result is achieved
using 2rd/s, however if the error limit of 1rd/s is used, the
rotor speed error does not fall bellow 1rd/s only with fuzzy
PD controller action, so the integrative action of the controller
will not be ever activated. The proposed anti-windup (PAWU)
method gives an intermediate response. The used values for
kp, kp, k, and kj for fuzzy controller are 0.1, 0.01, 4.5 and
250, and they were not optimized, as the focus of this work is
the comparison between different anti-windup methods.
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Fig. 15. Rotor speed versus time for load torque of 77, = 2.5Nm
and w,, rer = 157.1rd /s (1500rpm), using activation of
integrative controller when the absolute speed error is bellow some

values (Aw,,) and using proposed anti wind up method (PAWU).

Considering the curve denoted by “lrd/s” in Fig. 15, it
consists only by the fuzzy PD output, as the output error does
not fall bellow the value to activate the controller integrative
action. So, it is possible to note that integrative action of
the proposed method is gradually activated after around
0.45s, and integrative actions for other curves are activated
according to programmed value of Aw,,.

Another anti-windup method is the back calculation
method, available in MATLAB software [9]. There, the
designer must choose the value of a constant coefficient k.
This coefficient, like the error value of example shown in
Fig. 15, must be choosen by control designer and can be
optimal for a given situation, not for all possible situations.
The method works as follows: the non-saturated output of
the controller (u’(t)) is subtracted from the saturated output
(u(t)) and multiplied by k;. This value is then used to subtract
the the input of the main integrator as in (23) [9].

u'(t) = kpe(t)/(kje(t) — kp(u'(t) —u(t)))dt  (23)

u(t) = Sar(u'(t), Xprax, Xaain) (24)

As an example, two step responses are shown with
different situations: in Fig. 16 and in Fig. 17, which must
be analyzed together. In Fig. 16, the proposed anti-windup
method is plotted against back calculation with k; varying
from 0.8k; to 2.0K; and with a load torque of 77,=2.5Nm;
and in Fig. 17, the same rotor reference speed, but with
no load torque (717). In the former, The response of back
calculation method seems to be superior if compared with the
proposed method, but in the latter case, those step responses
present overshoot, and their responses are slightly inferior to
the proposed method. In both cases, the response of proposed
anti-windup method is almost the same, i. e., showing the
same behavior with in different situations of operation. In
the other hand, using back calculation method, the speed
responses vary depending on external parameters, which
means that the choice of k; by the designer is an optimal
issue that depends on the operating conditions, considering
that in some applications the load parameters vary.

Tp = 2.5 Nm, wy, ggr = 157.1rd/s (1500rpm)

W (rd/s)

Wm REF

156 PAWU 1

Back calculation, k, = 0.8ky

ky = 1.0k, 1

Ky = 2.0k;
.

. . .
0.5 0.505 0.51 0.515 0.52 0.525 0.53 0.535 0.54
#(s)

Fig. 16. Proposed (PAWU) and back calculation anti-windup
methods for a step response of 157.1rd/s (1500rpm) with a load
torque of 2.5Nm (77).

A. Considerations about the use of other kinds of motors

The used brushless DC motor electric time constant (7.)
has a value much lower than the mechanical system time
constant (7,,,), composed by the load and mechanical rotating
parts of the motor. In this way, the pole of the mechanical
system is dominant, far above the value of electrical system
pole, so the electrical drive and the mechanical load shown in
Fig. 11 can be approximated to a first order system [12].

Other kinds of motors can be used in spite of BLDC motor,
shown in Fig. 11, since its electric converter must be changed
properly and the condition that 7. << T,,, must be satisfied,
in order to the proposed anti-windup method works as well as
shown here.
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Fig. 17. Proposed (PAWU) and back calculation anti-windup
methods for a step response of 157.1rd/s (1500rpm) with a no load
torque (77,=0.0Nm).

VI. CONCLUSIONS

The presented anti-windup method is simple, with a
very low computational cost, and effective. It allows the
integrative portion of the controller, be it fuzzy, PID or
PI controllers, be activated only when the proportional or
fuzzy action of the controller is not under saturation, without
erroneous accumulation due to controller action saturation,
as if compared to other methods, as Fig. 15. Also it does
not need an extra coefficient or parameter, so the designer
does not have the need to evaluate another parameter for
the controller, neither needs to simulate different operational
conditions to pick up the best value, as is the case of
integrative activation shown in that figure.

Although back calculation method presents very good
responses, as shown in Figs. 16 and 17, it needs an extra
coefficient (kj), and is computationally more heavy than the
proposed anti-windup method. Also, opposed to the presented
anti-windup method, back calculation dynamically modifies
the integrative coefficient k;, or the integrative effect, of the
controller, what can be sometimes an undesirable behavior.

Additionally, the use of this method in speed controllers
employing other kinds of motors, for example, induction
motors or switched reluctance motors is also feasible, as
discussed above, on the condition that electric time constant
of the electrical drive is much lower than the mechanical
system time constant, composed by machine mechanical parts
and mechanical load.
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