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Abstract. This chapter gives two–degree–of–freedom (2–DOF) speed control so-
lutions for brushless Direct Current motor (BLDC–m) drives with focus on design
methodologies. A classical 2–DOF structure, 2–DOF proportional-integral (PI) and
proportional–integral–derivative (PID) structures and 2–DOF fuzzy control solu-
tions are presented and approaches regarding the methods are highlighted. A case
study concerning a BLDC–m drive with variable moment of inertia is presented.
Comparative studies based on digital simulation results are included to exemplify
the design methods.
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1 Introduction

The research results obtained in mechatronics systems during the last decade have
been focused on setting theoretical foundations and, based on it, on enlarging the
application domains. The studies are oriented to assessing the quality of motion
control systems and on disclosing the insurmountable performance limitations
inherent in the mechanical structures. Both accuracy and robustness are essential
characteristics in high performance motion applications with variable moment of in-
ertia (VMI), [1]. As result, robust control solutions for servomechanisms have been
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proposed to realize effective disturbance suppression in the presence of stability
degree constraints [2], [3].

The main advantages of using two–degree-of-freedom (2–DOF) control solutions
concern simultaneous good feedback properties, reference tracking and disturbance
rejection. One drawback of 2–DOF controllers is that the overshoot reduction is
paid by slower set–point responses [3], [4], [5]. So, the design of 2–DOF controllers
represents a multi-objective problem. With this regard, Miklosovic and Gao offer
in [3] a robust 2–DOF control design technique that extends the concepts of active
disturbance rejection control.

Several 2–DOF control structures (CSs) have been proposed during the last
decades. They are characterized by different combinations of the inclusion in the
feed-back loop the reference part and of the disturbance part requirements. Even
the classical design has different approaches [6], [7], [8], [9], [10]. For the develop-
ment of classical 2–DOF PI(D) CSs for low order plants, Araki and Taguchi present
in [6] similarities between 2–DOF control structures and one–degree–of–freedom
(1–DOF) controllers (mainly PI(D) ones) extended with input filters (reference and
feedback).

Alternative approaches to the design of 2–DOF proportional–integral (PI) and
proportional–integral–derivative (PID) control solutions are the ESO–m [11] and
the 2p–ESO–m design methods [12]. These approaches are recommended mainly
for applications with VMI. The computer–aided design of various types of 2–DOF
controllers based on algebraic methods is analyzed in [12], [14], [13].

The fuzzy logic technique can be also inserted in the 2–DOF CSs, and several
approaches are suggested for 2–DOF fuzzy control (FC) structures. A 2–DOF con-
troller consisting of a one-step-ahead fuzzy pre-filtering in the feed–forward loop
and a PI–fuzzy controller in the feedback loop dedicated to the foot trajectory track-
ing control is discussed in [15] and [16], where self–tuning and model reference
adaptive 2–DOF PID–fuzzy controllers are presented. A new framework for the de-
sign of generic 2–DOF linear and fuzzy controllers dedicated to plants with integral
components and nonlinearities is proposed and applied in [17] and [18]. In addition,
the variability of the plant parameters needs sometime also the permanent adaptation
of the control algorithm or of its parameters as shown in [13], [15] and [16].

The presented research results are based mainly on easy accessible references.
They are focused on two classes of 2–DOF controllers, the classical 2–DOF (and
its PI(D) representation) and 2–DOF fuzzy controllers. The applications involve a
class of mechatronics systems.

The chapter is structured as follows. Section 2 presents a brief overview on the
classical 2–DOF controller approach based on [14] and [19], on 2–DOF–PI(D)
equivalent structures providing the foundation for discussion and comparison for
the design methodology, and on the basic structures for 2–DOF fuzzy controllers
derived from a PI(D) approach. Section 3 gives a short description of the plant,
i.e., a servo system application built around a brushless Direct Current Motor
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(BLDC–m) with VMI, with inner control (current) and usable models for design.
Section 4 discusses some aspects regarding speed control solutions with 2–DOF
controllers, experimental scenarios and simulation results. Section 5 is dedicated to
the concluding remarks.

2 Classical Structures of 2–DOF and 2–DOF PI(D) Controllers

2.1 Basic Structure and Polynomial Design of 2–DOF
Controllers

The 2–DOF CS in its classical (discrete or continuous) form [4], [19], uses two
distinct controllers (Fig. 1): the reference controller T (z)/R(z), where T (z) is the
reference filter, and the feedback controller S(z)/R(z). The polynomial R(z) is the
common part which include mainly the integral components. The classical design
of the unknown polynomials T (z), S(z) and R(z) is known as polynomial design
problem based on solving the polynomial Diophantine equation [5], [14] under dif-
ferent particularities in treating the constrains and causality (degree) conditions for
the polynomials; such conditions are exemplified in [4] and [5]. Unlike the 1–DOF
CS, in case of the 2–DOF controller the enlisted attributes can be separately adjusted
without influencing one another.

In the usual discrete form the plant is characterized by the pulse transfer function
(t.f.) calculated from the continuous model

P(z) = (1− z−1)Z{P(s)
s
}= B(z)

A(z)
, (1)

where the plant parameters can be time variable. The servo performances are given
by a reference model in the form Bm(z)

Am(z)
with an additional condition for the zero

control error. Finally, the t.f. of the CS obtains the form

Fig. 1 Structure of classical 2–DOF controller and control structure with the R(z) component
placed in the loop
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T (z)
A(z)R′ (z)+B−(z)S(z) =

B
′
m(z)

Am(z)
· Ao(z)

Ao(z)
,

T (z) = B
′
m(z)Ao(z),

A(z)R
′
(z)+B−(z)S(z) = Am(z)Ao(z).

(2)

The last equation in (2) is a Diophantine equation over the ring of polynomials, and
its solutions are the coefficients of the polynomials T (z), R(z) and S(z) [12].

2.2 PID Controllers. 2–DOF Controller Interpretation

For 1–DOF controllers, the CS performance can be improved using several partic-
ular controller structures with non-homogenous dynamics with respect to the two
inputs [5] as shown in Fig. 2. Each controller block can be characterized by its
own t.f.s. The presented approach permits also an easy 2–DOF interpretation of
the design as discussed in [7] for classical PI(D) controllers and in [8] for fuzzy
controllers.

Three such 2–DOF CSs are presented in Fig. 3 and referred to as [17] the refer-
ence input filter structure, Fig. 3 (a), the feed-forward structure, Fig. 3 (b), and the
feedback structure, Fig. 3 (c). The connections between 2–DOF and extended with
input filters of 1-DOF controller structures are synthesized in Table 1, where: P –
proportional, D – derivative, I – integral, L1(2) – first (second) order lag filter. The
choice of a certain representation of the controller depends on the structure of the
available controller and on the adopted algorithmic design method and the result of
this design.

Using the approach proposed in [6], the main PI(D) controller component –
or/and C∗(s) - defined in Fig. 3 (a) to (c) are characterized by the following t.f.s:

C∗(s) =

{ kc(1+TF s)
s PIcontroller

kc(1+TF s)(1+T
′
c s)

s[1+(Td/N)s] PIDcontroller
, (3)

with a possible additional block CF(s) which accelerates the effect of the reference
input in the control signal:

Fig. 2 Typical controller structures and particular forms of the modules
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Table 1 Connections between 2–DOF controllers and extended 1–DOF controller structures

Fig. 3 (a) F(s) – F(s)C(s) C(s) Remarks 

Fig. 3 (b) – CF(s) C(s)–CF(s) C(s) - 

Fig. 3 (c) – CF(s) C*(s) C*(s)+CF(s) - 

1 2 – – (ref. channel) (feedback)  

0 0 1 0 PID PID 1-DOF controller 

0 1 PDL2 DL1 PI PID 

1 0 PD2L2 P PID-L1 PID 

1 1 PL2 PDL2 I PID 

1-DOF with non-
homogenous behavior 

1 2 PID controller with pre-filtering (2-DOF controller)  

CF(s) =

{
kc(Tc−TF) PIcontroller

kc(Tc−TF )(1+T
′
c s)

1+(Td/N)s PIDcontroller

The digital implementation can be supported by the classical informational diagram
presented in detail for example in [5]. The bump-less switching between two control
algorithms (c.a.s) – connected to linearized plant models and referred as c.a. (1)
and c.a. (2) – needs a permanent modification of the tuning parameters and the
reconsideration of the past values in the control algorithms.

2.3 2–DOF Takagi–Sugeno Fuzzy Control Structures for PID
Controllers

The main advantage of the classical Takagi–Sugeno (TS) fuzzy control (FC) struc-
ture concerns an easy modeling of the nonlinearities. They also do not need the
special bump-less circuit. Extended 2–DOF FC structures can be defined on the ba-

Fig. 3 Structures for 2–DOF controllers as extensions of 1–DOF controllers
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sis of the structures given in Figs. 2 and 3; for example, [5] and [17] offer 2–DOF
FCs defined around TS fuzzy blocks FB–Tc implemented in terms of Figs. 4 to 7.

The development of the extended 2–DOF PI–FC starts with the definition and
development of the classical PI block with the t.f.

Gτ(s) =
kc

s
(1+ sτ),

with τ ≥ 0.
The main PI(D) block is fuzzified in the set-point filter structure or in the feed-

forward structure, and the transfer function C(s) (or C∗(s)) is expressed in (3). The
fuzzification of the generic PI block with the t.f. Gτ(s) leads to the fuzzy block
FB–τ; it is accepted that the continuous-time linear block with the t.f. Gτ(s) has the
control error e as input and the control signal u as output (other variants are also
possible). The structure of the block FB–τ is presented in Fig. 8, where FB is the
TS fuzzy block without dynamics, with:

Δe(k) = e(k)− e(k− 1)

is the increment of control error,

Δu(k) = u(k)− u(k− 1)

Fig. 4 Structure of feed-forward 2–DOF PI-fuzzy controller

Fig. 5 Structures of feed-forward 2–DOF PID–fuzzy controllers
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is the increment of control signal, and k is the index of the current sampling interval
because the block FB–τ is implemented as a digital controller.

The fuzzification in the block FC is based on the input membership functions il-
lustrated in Fig. 9, which can be applied for the TS fuzzy block FB–τ . For a low-cost
implementation of the 2–DOF fuzzy controllers initially three input membership
functions are defined. Fig. 9 points out the tuning parameters, Be and BΔe.

More membership functions can be defined for nonlinear plants and high per-
formance specifications. The analysis of and design of the fuzzy controllers should
account for the necessary nonlinear scaling factors of the input and output variables
of the block FB which must be inserted in the plant. Accepting the sampling period
Ts, Tustin’s method can be applied to discretize the continuous-time linear generic
PI block with the t.f. Gτ(s). This results in the following recurrent equation of the
incremental digital generic PI block and its parameters:

Δu(k) = KP [Δ e(k) + μ e(k)], KP = kc (τ−Ts/2), μ = 2Ts/(2τ −Ts).

The complete rule base of the TS fuzzy block FB–τ is given by

Rule 1: IF e(k) IS N AND Δe(k) IS P THEN Δu(k) = K1
P[Δe(k)+ μ1e(k)],

Rule 2 : IF e(k) IS ZE AND Δe(k) IS P THEN Δu(k) = K2
P[Δe(k)+ μ2e(k)],

Rule 3 : IF e(k) IS P AND Δe(k) IS P THEN Δu(k) = K3
P[Δe(k)+ μ3e(k)],

Rule 4: IF e(k) IS N AND Δe(k) IS ZE THEN Δu(k) = K4
P[Δe(k)+ μ4e(k)],

Rule 5 : IF e(k) IS ZE AND Δe(k) IS ZE THEN Δu(k)=K5
P[Δe(k)+ μ5e(k)],

Rule 6 : IF e(k) IS P AND Δe(k) IS ZE THEN Δu(k) = K6
P[Δe(k)+ μ6e(k)],

Rule 7: IF e(k) IS N AND Δe(k) IS N THEN Δu(k) = K7
P[Δe(k)+ μ7e(k)],

Rule 8 : IF e(k) IS ZE AND Δe(k) IS N THEN Δu(k) = K8
P[Δe(k)+ μ8e(k)],

Rule 9 : IF e(k) IS P AND Δe(k) IS N THEN Δu(k) = K9
P[Δe(k)+ μ9e(k)].

This rule base shows, by the additional upper indices in the rule consequents, that the
TS fuzzy block FB–τ can be obtained from the separate tuning of nine linear blocks
FB–τ . Therefore the TS fuzzy block FB–τ exhibits like a bump-less interpolator of
nine separately tuned linear PI blocks defined in accordance with (9). The SUM and
PROD operators are used in the inference engine of the TS fuzzy block FB–τ , and
the weighted average method is used in the defuzzification. The modal equivalence

Fig. 6 Structure of feedback 2–DOF PI–fuzzy controller
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principle is applied to guarantee the quasi–PI behavior of the fuzzy block FB–τ .
This results in the useful tuning conditions

BΔe = μ Be, BΔu = KP μ Be. (4)

The tuning conditions are applied in the TS fuzzy block FB–τ . The restructuring of
the controller structure allows: accounting for the experience design with PI and
PID controllers; the easy introduction of additional specific facilities specific to
PI(D) controllers (output or inner limitations, anti windup reset referred to as AWR,
smoothing the transition from one algorithm to another one), and the conversion of a
PI, PID controller into a 2–DOF controller and vice versa. Such conversion relations
are given in [17] and [18].

Fig. 7 Structures of feedback 2–DOF PID–fuzzy controllers

Fig. 8 Structure of FB–τ

Fig. 9 Input membership functions of FB–τ
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The improvement of CS performance can be ensured by the proper choice of the
parameter Be > 0 in (4). This can be assisted by the stability analysis accompanied
by useful tools specific to the analysis and modeling of fuzzy control systems [20],
[21], [22], [23], [24], [25], [26], [27], [28], [29].

3 Mathematical Modeling of Plant as BLDC–m Drive

The controlled plant is represented by a BLDC–m drive with internal current con-
trol loop. In the symmetrical operating mode the mathematical models (MMs) of
classical DC motors and of BLDC–ms are very close. This fact leads to some sim-
ilarities in the development of control solutions, relative simple control structure
and cheap implementation of the control algorithms [30], [31]. In case of BLDC–
ms the current switch is obtained by specialized converters whose commutation
time is determined by the position of the rotor, determined either by position sen-
sors or by sensor-less techniques. The major advantages of BLDC–ms are lifespan,
high efficiency, very good torque-speed characteristics, and quiet operation. It is ac-
cepted that in case of vector control value of the current trends to be zero and the
speed control is achieved through the current. Moreover, it is assumed the excitation
flux is constant; and the nonlinear effects due to different constructive elements are
neglected.

The matrix form of the main equations of the MM of a BLDC–m is presented in
[30]. The electromagnetic torque me is used in the movement equation

me = Je
d
dt
ωr + k fωr +mLoad,

where mLoad is the load torque (i.e., a time variable load disturbance input); the
moment of inertia of the driven mechanism Jmech can be constant or time-variable:

Je(t) = JBLDC + Jmech(t).

Two case studies will be considered in the next section. The first case study, with
time-variable reference input (including regions characterized by r(t) = const), is
representative for defining the adopted controller design methods (the classical 2–
DOF and the case with 2–DOF PI controller and feed-forward filter). The main CS
performance indices and some simulation results are synthesized in [31].

The second case, to be treated in this chapter, considers the application (the plant)
as a simulated plant for a winding process with VMI and constant linear speed, vt(t)
= const according to Fig. 10, where the reference input r(t) for the angular speed
ω(t) must be correlated with the modification of the working roll radius rr(t). In
this context, the CS should ensure the modification of reference input r(t) and the
tuning and retuning of the controller parameters as well.

To treat the first aspect, the following condition must be fulfilled, and the mea-
surement of rr(t) enables the continuous modification of the reference input r(t):
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vt(t) = const⇒ r(t) = k/rr(t) (a), Je(t) =
1
2
ρπr4

r t (b). (5)

In the design step the inner loop can be characterized by linearized equivalent sec-
ond order benchmark-type t.f. connected to representative operating points [7]. Such
MMs, expressed as benchmark-type t.f.s, are:

• * in the speed control applications:

HP(s) =
kP

(1+ sTΣ)(1+ sT1)
, T1 >> TΣ , (6)

HP(s) =
kP

(1+ sTΣ)(1+ sT1)(1+ sT2)
, T1 > T2 >> TΣ , (7)

• * in the position control applications:

HP(s) =
kP

s(1+ sTΣ )
, (8)

HP(s) =
kP

s(1+ sTΣ )(1+ sT1)
, T1 >> TΣ , (9)

with time-variable T1 = f (Je(t)).
The main PI(D) controllers can be tuned by the Extended Symmetrical Optimum

method (ESO–m) [11] which can improve the CS performance. The main advantage
consist ins fact that only one design parameter (referred to as β ) must be adopted.
Useful design diagrams concerning the choice of the parameter β and the tuning
relations are given in [11]:

kc =
1

kPβ
√
βT 2

Σ
, Tc = β TΣ , T ′

c = T1. (10)

The CS performance indices can be improved further by introducing the reference
filter of first-order (a) or of second-order (b), with the t.f.s:

F(s) =
1

1+β TΣ s
(a) or F(s) =

1+(β −√β)TΣ s+β TΣ s2

(1+β TΣ s)(1+TΣs)
(b). (11)

Fig. 10 Block diagram of controlled plant for winding process with VMI
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Since r(t) is time-variable and the inner loop can be characterized by a simplified,
benchmark-type model, the main (speed) controller is a PID one, extended or not
with an integral (I) component. The open–loop CS has k0 = kPkc , T1 >> TΣ , kP

and T1 – time–variable, T1 must be compensated (applying the pole–zero compen-
sation technique, T ′c = T1), and the gain k0 must be maintained constant using the
permanent recalculation of kc according to (10).

The considered BLDC–m–based servo system with VMI is characterized by the
following parameters: p = 2, Ra = 1 Ω , La = 0.02 H, VDC = 220 V, Je0 = 0.005
kg ·m2. The inner loop, which contains an on–off controller, ensures a second-order
(with lag) behavior of the plant. The controlled parameters of the BLDC–m, θ and
l pm, were set to ensure that the motor can operate at any desired speed within the
range 0 ≤ ω ≤ 314 s−1. The functional diagram of a speed controlled BLDC–m
drive is presented in Fig. 11.

The internal loop (block diagram) contains the PWM inverter, the current con-
trollers (on–off–type controller with hysteresis and also the current sensors). The
main loop contains the actual speed controller and the incremental speed (position)
sensor [32], [33], [34], [35]. The phase selection block ensures the proper switching
of the phases and the initialization as well.

In the design step of the speed controller the inner control loop characterized by
the equivalent second–order benchmark–type t.f. (6) with kP = 40, T1 = 0.03 s and
TΣ = 0.015. Accepting the variation range of the equivalent moment of inertia e(t)
as relatively small, the controller is tuned using the linearized models (6)–(9). In
the first step the classical PI(D) speed controller is designed and tuned using the
ESO–m for β = 12 (or in its extended form of double parameterized (2p–SO–m)
form [12]). Finally, due to the fact that the reference input is permanently variable,
the reference filter (11) (b) is applied. So the design becomes as a classic case of a

Fig. 11 Functional diagram of a speed controlled BLDC–m drive
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2–DOF PI(D) controller, Fig. 3 (a). Accepting a high value for β , which ensures a
great value for the nominal phase margin, the controller’s parameters are calculated
for the average value of Je(t), without parameter adaptation and with AWR.

4 Experimental Scenarios and Simulation Results

This chapter investigates analytical structures of two-input single-output (TISO)
Takagi–Sugeno fuzzy PI(D) controllers versus conventional PI(D) control and
variable gain control. Generally, to design and tune PI(D) fuzzy controllers, the
continuous–time PI controllers are discretized resulting in the incremental versions
of the quasi–continuous digital PI controllers with input/output integration.

The higher operating speed can be accounted for the components of the trape-
zoidal speed curve, resulting in an average speed equal to the movement speed. The
selected structures of 2–DOF PI(D) CSs and of 2–DOF fuzzy PI(D) CSs are pre-
sented in detail in Fig. 12 (a), (b) and (c).

In the first experimental scenario the reference input contains (in chronological
order) an acceleration part (0 – 1.0 s), a part with constant velocity (1.0 – 1.5 s),
a deceleration part (1.5 – 3.0 s), a part with constant velocity (3.0 – 3.5 s), a part
characterized by a step disturbance input applied at 3.1 s, and finally a part of de-
celeration until a stop is reached (3.5 – 4.5 s). This chapter presents the results of
the tests conducted with the presented CSs in a first step through simulation for a
driving system with BLDC–m with constant moment of inertia.

Fig. 12 (a): structures of feed-forward-set-point filter (FF–SP) 2–DOF PI(D)/fuzzy PI(D)
CSs, (b): structures of feedback–set–point filter (FB–SP) 2–DOF PI(D)/fuzzy PI(D) CSs, (c):
structures of feed–forward–feedback–set–point filter (FF–FB–SP) 2–DOF PI(D)/fuzzy PI(D)
CSs
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4.1 Feed–Forward–Set–Point Filter Structures

The main simulation results are synthesised in Fig. 13. Fig. 13 (a) illustrates for the
simulation scenario the system’s output, the angular speed ω(t) of BLDC–m drives
in case of the FF–SP structure. The output is almost the same for both cases, the FF–
SP–2–DOF PI(D) controller and the FF–SP–2–DOF fuzzy PI(D) controllers. Fig. 13
(b) details the output around the portion between 0.95 and 1.25 seconds sustaining
that the FF–SP structure with 2–DOF fuzzy PI(D) controller ensures better behavior.
The control error versus time is presented in Fig. 13 (c); it can be seen that in the
tracking phase the control error for FF–SP structure with 2–DOF fuzzy controller is
less than the control error for the FF–SP structure with 2–DOF PI(D) controller. For
both cases if the angular speed is constant, the control error reaches zero (due to the
presence of the I component in controller’s structure).

Fig. 13 Simulation results for the FF–SP structures
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4.2 Feedback–Set–Point Filter Structures

For the same simulation scenario applied to the FB–SP structure, the system per-
formance indices can be computed using the system responses given in Fig. 14 (a),
(b) and (c). For the FB–SP structure with 2–DOF fuzzy PI(D) controller and for
the FF–SP structure with 2–DOF PI(D) controller the angular speed are almost the
same as suggestively illustrated in Fig. 14 (a).

The results presented in Fig. 13 and 14 show that no discontinuities in the vari-
ation of v(t) are observed. During the winding regime the output of the controller
remains within the limitations.

According to Fig. 14 (b), the overshoot for the FB–SP structure with 2–DOF
PI(D) controller is less than the overshoot for the FF–SP structure with 2–DOF
PI(D) controller. In comparison with the FB–SP structure, the FF–SP structure has
a more oscillatory character. Finally, Fig. 14 (c) presents the evolution of the control
error for the FB–SP structure with 2–DOF PI(D) controller and for the CS with
2–DOF fuzzy PI(D) controller.

Fig. 14 Simulation results for the FB–SP structures
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4.3 Feed–Forward–Feedback–Set–Point Filter Structures

The same simulation scenario is considered for both FF–FB–SP structures. Fig. 15
(a) offers the evolution of the angular speed. Fig. 15 (b) offers some details concern-
ing the angular speed around 1.0 - 1.5 seconds, and it points out that the FF–FB–SP
structure with 2–DOF fuzzy controller performs better in comparison with the FF–
FB–SP structure with 2–DOF PI(D) controller. Fig. 15 (c) illustrates the control
error versus time.

The analysis of these simulations results shows the main conclusion which states
that the FF–FB–SP structure with 2–DOF fuzzy PI(D) controller has the best tran-
sient behaviors. Therefore, in this case the FF–FB–SP structure with 2–DOF fuzzy
PI(D) controller will be adopted for the next experiments (simulations) focused on
the case of BLDC–m drive with VMI.

Fig. 16 (a) to (d) synthesizes the main simulation results for fixed controller’s
parameters according to (10). Since the reference input is permanently variable, the
reference filter (11) (b) is applied. The drum radius is calculated according to (5) (a),
and the moment of inertia Je(t) is calculated according to (5) (b). The simulation
scenario illustrated in Fig. 16 consists of the start regime, and the angular velocity
modification to ensure the desired linear speed vr, which needs a proper modification
of reference input, corresponding to increasing the radius rr(t) and to the variation
of the moment of inertia.

Fig. 15 Simulation results for the FF–FB–SP structures
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Fig. 16 Simulation results for the FF–FB–SP structure with VMI.

5 Conclusions

This chapter has presented control solutions and methods based on extensions of 2–
DOF PI(D) control structures and derived Takagi–Sugeno 2–DOF fuzzy controllers,
focused on three basic structures: the FF–SP–, the FB–SP– and FF–FB–SP– struc-
tures. The application is a BLDC–m based servo system driving system. The integral
element specific to the 2–DOF controllers is included in the forward channel of the
control loop.

The advantage of fuzzy logic is the ability to tune certain variables easily by
varying the linguistic rules or input variables. The main feature of TS fuzzy models
is the expression of the local dynamics of each fuzzy rule by linear system models,
and this has been employed in our control solutions.

The proposed controller structures are tuned by the straightforward adaptation of
the tuning relations given in the literature. The choice of different representations
depends on the structure of the controller, the methods used in controller design and
tuning and the final form of the t.f.

Due to the nonlinearities in the plant, the fuzzy control solutions are more ad-
vantageous in comparison with other BLDC–m control solutions reported by the
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state–of–the–art. The proposed controller structures can be implemented relatively
easily in quasi continuous digital version by using well–known approaches [4], [5],
[7].

The application related to a BLDC–m drive system with VMI confirms the appli-
cability of the methods. Other aspects of interest for future research include sliding
mode control and state observers with disturbance observation.

Acknowledgements. This work was supported by a grant of the Romanian National Au-
thority for Scientific Research, CNCS–UEFISCDI, project number PN–II–ID–PCE–2011–
3–0109, and partially supported by the strategic grant POSDRU ID 77265 (2010) of the Min-
istry of Labor, Family and Social Protection, Romania, co–financed by the European Social
Fund – Investing in People.

References

1. Isermann, R.: Mechatronic systems: Fundamentals. Springer, Heidelberg (2005)
2. Akpolat, Z.H., Asher, G.M., Clare, J.C.: A practical approach to the design of robust

speed controllers for machine drives. IEEE Trans. Ind. Electron 47, 315–324 (2000)
3. Miklosovic, R., Gao, Z.: A robust two–degree–of–freedom control design technique and

its practical application. In: Proceedings of 39th IAS Annual Meeting Conference, Seat-
tle, WA, USA, vol. 3, pp. 1495–1502 (2004)

4. Landau, I.D., Zito, G.: Digital control systems: Design, identification and implementa-
tion. Springer, London (2006)

5. Preitl, S., Precup, R.E., Preitl, Z.: Control structures and algorithms. Editura Orizonturi
Universitare, Timisoara (2009) (in Romanian)

6. Araki, M., Taguchi, H.: Two–degree–of–freedom PID controllers. Int. J. Control Au-
tomat. Syst. 1, 401–411 (2003)

7. Astrom, K.J., Hagglund, T.: PID controllers theory: Design and tuning. Instrument Soci-
ety of America, Research Triangle Park (1995)

8. Leva, A., Bascetta, L.: On the design of the feed-forward compensator in two-degree-of-
freedom controllers. Mechatronics 16, 533–546 (2006)

9. Alfaro, V.M., Vilanova, R., Arrieta, O.: Robust tuning of Two-Degree-of-Freedom (2–
DoF) PI/PID based cascade control system. J. Process Control 19, 1658–1670 (2009)

10. Cheng, Z., Yamada, K., Sakanushi, T., Murakami, I., Ando, Y., Nguyen, L.T., Yamamoto,
S.: A design method for two–degree–of–freedom multi–period repetitive controllers for
multiple–input/multiple–output systems. In: Preprints of 18th IFAC World Congress, Mi-
lano, Italy, pp. 5753–5758 (2011)

11. Preitl, S., Precup, R.E.: An extension of tuning relations after symmetrical optimum
method for PI and PID controllers. Automatica 35, 1731–1736 (1999)

12. Preitl, Z.: Model-based design methods for speed control applications. Editura Po-
litehnica, Timisoara (2008)

13. Peng, Y.Q., Luo, J., Zhuang, J.F., Wu, C.Q.: Model reference fuzzy adaptive PID control
and its applications in typical industrial processes. In: Proceedings of IEEE International
Conference on Automation and Logistics (ICAL 2008), Qingdao, China, pp. 896–901
(2008)

14. Preitl, Z., Levendovszky, T.: Computer aided design of two–degree–of–freedom (2DF)
controllers. Scientific Bulletin of ”Politehnica” University of Timisoara Romania. Trans-
actions on Automatic Control and Computer Science 48(62), 70–75 (2003)



192 A.-I. Stinean et al.

15. Visioli, A.: Fuzzy logic based set–point weight tuning of PID controllers. IEEE Trans.
Syst. Man. Cybern. A Syst. Humans 29, 587–592 (1999)

16. Shu, S.Q., Ding, X.Y., Wu, W., Ren, H.Y.: Application of a self–tuning two degree of
freedom PID controller based on fuzzy inference for PMSM. In: Proceedings of Interna-
tional Conference on Electrical Machines and Systems (ICEMS 2008), Wuhan, China,
pp. 1629–1632 (2008)

17. Precup, R.E., Preitl, S., Petriu, E.M., Tar, J.K., Tomescu, M.L., Pozna, C.: Generic
two–degree–of–freedom linear and fuzzy controllers for integral processes. J. Franklin
Inst. 346, 980–1003 (2009)

18. Preitl, S., Precup, R.E., Preitl, Z.: Aspects concerning the tuning of 2–DOF fuzzy con-
trollers. In: Proceedings of Xth Triennial International SAUM Conference on Systems,
Automatic Control and Measurements (SAUM 2010), Nis, Serbia, pp. 210–219 (2010)

19. Horowitz, I.M.: Synthesis of feedback systems. Academic Press, New York (1963)
20. Baranyi, P., Gedeon, T.D.: Rule interpolation by spatial geometric representation. In:

Proceedings of 6th International Conference on Information Processing and Manage-
ment of Uncertainty in Knowledge-Based Systems (IPMU 1996), Granada, Spain, pp.
483–488 (1996)

21. Baranyi, P., Yam, Y., Varkonyi–Koczy, A.R., Patton, R.J., Michelberger, P., Sugiyama,
M.: SVD based complexity reduction to TS fuzzy models. IEEE Trans. Ind. Electron 49,
433–443 (2002)

22. Skrjanc, I., Blazic, S., Matko, D.: Direct fuzzy model–reference adaptive control. Int. J.
Intell. Syst. 17, 943–963 (2002)

23. Johanyak, Z.C.: A brief survey and comparison on various interpolation based fuzzy
reasoning methods. Acta Polytechnica Hungarica 3, 91–105 (2006)

24. Fodor, J., Rudas, I.J.: On continuous triangular norms that are migrative. Fuzzy Sets
Systems 158, 1692–1697 (2007)

25. Blazic, S., Skrjanc, I., Matko, D.: Globally stable direct fuzzy model reference adaptive
control. Fuzzy Sets Systems 139, 3–33 (2003)

26. Mihailovic, B., Pap, E.: Asymmetric general Choquet integrals. Acta Polytechnica Hun-
garica 6, 161–173 (2009)

27. Vascak, J., Madarasz, L.: Adaptation of fuzzy cognitive maps – a comparison study. Acta
Polytechnica Hungarica 7, 109–122 (2010)

28. Johanyak, Z.C.: Student evaluation based on fuzzy rule interpolation. Int. J. Artif. In-
tell. 5, 37–55 (2010)

29. Linda, O., Manic, M.: Uncertainty-robust design of interval type–2 fuzzy logic controller
for delta parallel robot. IEEE Trans. Ind. Informat. 7, 661–670 (2011)

30. Stinean, A.I., Preitl, S., Precup, R.E., Pozna, C., Dragos, C.A., Radac, M.B.: Speed and
position control of BLDC servo systems with low inertia. In: Proceedings of 2nd In-
ternational Conference on Cognitive Infocomunications (CogInfoCom 2011), Budapest,
Hungary, p. 8 (2011)

31. Stinean, A.I., Preitl, S., Precup, R.E., Dragos, C.A., Radac, M.B.: 2–DOF control so-
lutions for BLDC–m drives. In: Proceedings of IEEE 9th International Symposium on
Intelligent Systems and Informatics (SISY 2011), Subotica, Serbia, pp. 29–34 (2011)

32. Baldursson, S.: BLDC motor modelling and control – A Matlab/Simulink implementa-
tion. M.Sc. Thesis, Institutionen for Energi och Miljo, Goteborg, Sweden (2005)

33. Nasar, S.A., Boldea, I.: Electric drives, 2nd edn. CRC Press, Taylor and Francis, New
York (2005)

34. Boldea, I.: Advanced electric drives. PhD courses (2010-2011), ”Politehnica” University
of Timisoara, Timisoara, Romania (2011)



Classical and Fuzzy Approaches to 2–DOF Control 193

35. Mink, F., Bahr, A.: Adaptive speed control for drives with variable moments of inertia
and natural drequencies, LTi DRIVES GmbH Entwicklung Software, Lahnau, Germany.
(2011)

36. ECP: Industrial emulator/servo trainer model 220 system, testbed for practical control
training, Bell Canyon, CA, USA. Educational Control Products (2010)

37. Preitl, S., Precup, R.E., Dragos, C.A., Radac, M.B.: Tuning of 2–DOF fuzzy PI (D)
controllers laboratory applications. In: Proceedings of 11th International Conference on
Computational Intelligence and Informatics (CINTI 2010), Budapest, Hungary, pp. 237–
242 (2010)

38. Horvath, L., Rudas, I.J.: Modelling and solving methods for engineers. Academic Press,
Burlington (2004)

39. Vascak, J.: Navigation of mobile robots using potential fields and computational intelli-
gence means. Acta Polytechnica Hungarica 4, 63–74 (2007)

40. Dankovic, B., Nikolic, S., Milojkovic, M., Jovanovic, Z.: A class of almost orthogonal
filters. J. Circ. Syst. Comp. 18, 923–931 (2009)

41. Iglesias, J.A., Angelov, P., Ledezma, A., Sanchis, A.: Evolving classification of agents’
behaviors: a general approach. Evolving Syst. 1, 161–171 (2010)

42. Garcia, A., Luviano-Juarez, A., Chairez, I., Poznyak, A., Poznyak, T.: Projectional dy-
namic neural network identifier for chaotic systems: Application to Chua’s circuit. Int. J.
Artif. Intell. 6, 1–18 (2011)

43. Linda, O., Manic, M.: Self-organizing fuzzy haptic teleoperation of mobile robot using
sparse sonar data. IEEE Trans. Ind. Electron. 58, 3187–3195 (2011)

44. Kasabov, N., Abdull Hamed, N.H.: Quantum–inspired particle swarm optimisation for
integrated feature and parameter optimisation of evolving spiking neural networks. Int.
J. Artif. Intell. 7, 114–124 (2011)

45. Peng, C., Han, Q.L.: Delay–range–dependent robust stabilization for uncertain T–S fuzzy
control systems with interval time–varying delays. Inf. Sci. 181, 4287–4299 (2011)

46. Obradovic, D., Konjovic, Z., Pap, E., Rudas, I.J.: Linear fuzzy space based road lane
model and detection. Know. Based Syst. (2012), doi:10.1016/j.knosys.2012.01.002


	Classical and Fuzzy Approaches to 2–DOF Control Solutions for BLDC–m Drives

	Introduction
	Classical Structures of 2–DOF and 2–DOF PI(D) Controllers
	Basic Structure and Polynomial Design of 2–DOF Controllers
	PID Controllers. 2–DOF Controller Interpretation
	Takagi–Sugeno Fuzzy Control Structures for PID Controllers

	Mathematical Modeling of Plant as BLDC–m Drive
	Experimental Scenarios and Simulation Results
	Feed–Forward–Set–Point Filter Structures
	Feedback–Set–Point Filter Structures
	Feed–Forward–Feedback–Set–Point Filter Structures

	Conclusions
	References




