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Fuzzy logic based vector control for three-phase induction motor

Abstract. This article proposes a Takagi-Sugeno Fuzzy (TSF) controller for vector control method applied in three-phase induction motor control.
The conventional vector control method has two PI current controllers. With the aim to reduce the quantity of these controllers, it is proposed a unique
fuzzy controller to substitute both PI controllers. The performance of the proposed TSF controller is analyzed through several test. The simulation and
experimental results show that the proposed TSF controller ensures decoupling current control and low current ripple, validating the TSF controller.

Streszczenie.

´ ´

W artykule zaproponowano metodę sterowania wektorowego trójfazowym silnikiem indukcyjnym z wykorzystaniem regula-
tora rozmytego Takagi-Sugeno zastępującego klasyczne regulatory PI. Przeprowadzono badania symulacyjne i eksperymentalne, weryfikujące
skutecznosc działania sterowania. (Sterowanie wektorowe trójfazową maszyną indukcyjną z wykorzystaniem logiki rozmytej).

Keywords: Vector Control, Fuzzy Controllers, Induction Motor.
Słowa kluczowe: sterowanie wektorowe, regulator rozmyty, maszyna indukcyjna.

Introduction
The three-phase induction motors (IM) are widely used

in industrial application, because of their simple and robust
structure, higher torque-to-weight ratio, higher reliability and
ability to operate in dangerous environment. However, be-
cause of the coupling between torque and flux, unlike dc mo-
tor, their control is a challenging task. A popular method to
control the high performance electric drive for IM is the field
oriented control (FOC) [1]. FOC leads to decoupling of sta-
tor current into torque and flux, producing components that
give independent control over the motor torque while main-
taining a constant flux that enables an accurate and precise
IM control.

Fuzzy logic offers an alternative technique to the design
of such a control systems making decisions based on human
expertise, thus avoiding complex calculations. The Fuzzy
Logic Controller (FLC) to be investigated in this article is the
Sugeno’s type [2], although there exist other types, for exam-
ple, the Mamdani’s [3] and the Yamakawa’s [4].

Fuzzy controller have proved powerful in the power elec-
tronics area and control of electric machines as shown in
various articles in the literature, e.g., in [5] and [6] are imple-
mented a FLC for the speed control using FOC technique. It
provides better motor control with high dynamic performance.
In [7] another fuzzy speed controller is compared with con-
ventional PI controller, shown that this controller takes supe-
rior performance under varying operating conditions, such as
step change in speed and torque reference. Similarly, [8] pro-
poses the fuzzy speed controller, but this controller is applied
in indirect field-oriented control (IFOC) method. This method
was compared with two speed control techniques, scalar con-
trol and conventional indirect field oriented control, showing
its superiority. In [9] is proposed a neuro-fuzzy controller for
speed control of an IM, it assures excellent performance but
this method is also applied to IFOC method.

Radwan et al. [10] proposes the FLC with less compu-
tational process with aim to facilitate its real-time implemen-
tation, the FLC parameters were tuned by genetic algorithm
resulting in a robust controller for high performance indus-
trial drive applications, and [11] also is applied a genetic al-
gorithms to optimize the fuzzy speed controller design with
indirect FOC scheme. Besides, more controllers that works
with self-organizing self-tuning fuzzy logic controller, and a
speed model reference adaptive control are presented in [12]
and [13, 14], respectively.

In [15] is investigates the effectiveness of the self-tuned
FLC in the current control loop of IM drives based on FOC, its
experimental results show better performance in comparison
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with the optimal PI current controllers. Although, this FLC
has various parameters to be adjusted.

The majority of the articles cited above are focused on
speed control, even when the current control plays an im-
portant role within the Direct Field Oriented Control (DFOC)
method. Unlike the previously mentioned works, this article
proposes a unique TSF controller in order to replace the both
PI current controllers used in conventional DFOC method.
The TSF controller calculates the quadrature components of
the stator voltage vector represented in the rotor-flux-oriented
reference frame. The inputs of the TSF controller are the
direct-axis stator current error and the quadrature-axis stator
current error. The rule base for the proposed TSF controller
is defined as a function of its inputs. The membership func-
tions used for the fuzzification of the TSF controller inputs
have trapezoidal and triangular shapes, because these func-
tions are suitable for real-time operations [16]. Therefore, the
first output, it is the direct-axis component of the stator volt-
age vector, is represented as a linear combination of the TSF
controller inputs. However, the quadrature-axis component
of the stator voltage is similarly represented as a linear com-
bination used in the first output but with the coefficients inter-
changed, not to be necessary another different coefficients
values for this output, being only necessary to adjust two co-
efficients for each rule instead of four coefficients present in
conventional DFOC method with two PI current controllers.
The simulation and experimental results show that the pro-
posed TSF controller for the DFOC method has a good per-
formance when was test under various operating conditions,
validating the proposed method.

Dynamical Equations of the Three-Phase Induction Mo-
tor

By the definition of the fluxes, currents and voltages
space vectors, the dynamical equations of the three-phase
IM in stationary reference frame can be put into the following
mathematical form [17]:

(1) us = Rsis +
d�ψs

dt

(2) 0 = Rrir +
d�ψr

dt
− jωr

�ψr

(3) �ψs = Lsis + Lmir
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Fig. 1. Direct Field Oriented Control structure with TSF Controller.

(4) �ψr = Lrir + Lmis

where �us is the stator voltage space vector, �is and �ir
are the stator and rotor current space vectors, respectively,
�ψs and �ψr are the stator and rotor flux space vectors, ωr is
the rotor angular speed, Rs and Rr are the stator and rotor
resistances, Ls, Lr and Lm are the stator, rotor and mutual
inductances, respectively.

The electromagnetic torque is expressed in terms of the
cross-vectorial product of the stator and the rotor flux space
vector.

te =
3

2
P
Lm

Lr

�ψr ×�is(5)

te =
3

2
P
Lm

Lr

(ψdriqs − ψqrids)(6)

where P is a number of pole pairs, ψdr and ψqr are the
quadrature components of the rotor flux, and ids and iqs are
the quadrature components of the stator current.

Direct Field Oriented Control
In rotor-flux-oriented reference frame the quadrature

component of the rotor flux disappears and a physically eas-
ily comprehensible representation of the relations between
torque, flux and current components are obtained. This rep-
resentation can be expressed in the following formula.

(7) ψdr =
Lm

1 + sTr

ids

(8) te =
3

2
P
Lm

Lr

ψdriqs

Considering thatψdr = ψr, we can rewrite this equation,

(9) te =
3

2
P
Lm

Lr

ψriqs

where s is a Laplace operator, ψr is the rotor flux mod-
ule, and Tr = Lr/Rr is a rotor time constant.

Equations (8) and (9) show that the component ids of the
stator current can be used as a control quantity for the rotor
flux ψdr. If the rotor flux can be kept constant with the help of
ids, then the cross component iqs plays the role of a control
variable for the torque te [18].

The Proposed Direct Field Oriented Control Method
Figure 1 shows the block diagram of the proposed Direct

Field Oriented Control (DFOC) method, it only needs sense
the DC link voltage and the two phases of the stator currents
of the three-phase IM to calculate the stator voltage and to
estimate the rotor flux. In the DFOC method the TSF con-
troller takes as inputs the direct-axis component of the stator
current error (Eids ) and the quadrature-axis component of
the stator current error (Eiqs ), and as outputs the quadra-
ture components of the stator voltage necessary to maintain
the speed and load. These outputs are represented in the
rotor-flux-oriented reference frame. Details about the TSF
controller are going to be presented in the next section.

Stator Voltage Calculation
The stator voltage calculation utilize the DC link voltage

Vdc, and the inverter switch state (Sa, Sb, Sc) of the three leg
two level inverter. The stator voltage vector �us is determined
as in [19],

(10) �us =
2

3

[
(Sa − Sb + Sc

2
) + j

√
3

2
(Sb − Sc)

]
Vdc

Rotor Flux Estimation
To estimate the rotor flux firstly we need to estimate the

stator flux. The stator flux estimation depends of the back
electromotive force (emf), it is:

�ψs =

∫
�(us −Rs ·�is)dt

�ψs =

∫
( �emf)dt(11)

when the stator flux is calculated with equation (11) it
has problems associated with a pure integrator. With the aim
to solve this problem is used the integrator with an adaptive
compensation method proposed in [20]. This method can
be used to accurately estimate the motor flux including its
magnitude and phase angle over a wide speed range.

Figure 2 shows a block diagram of this method. The
main idea of this method is the fact that the motor flux is or-
thogonal to its back emf. The quadrature detector detect if the
orthogonality between the estimated flux and bemf is main-
tained. A PI controller is used to generate a compensation
level, it is

(12) ψcmp = (kp +
ki
s
)
ψqs · emfq + ψds · emfd∣∣∣∣�ψs

∣∣∣∣
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where kp and ki are the gains of the PI controller. The
magnitude of ψcmp is governed by equation (12). The oper-
ating principle of this method is explained by using a vector
diagram shown in Figure 3. The estimated stator flux vec-
tor is a sum of two vectors, a feedforward vector �ψ1 which is
the output of the Low Pass (LP) filters (ψd1 and ψq1) and a

feedback vector �ψ2 which is composed of ψd2 and ψq2. Ide-

ally, the flux vector �ψs should be orthogonal to the �emf, and
the output of the quadrature detector is zero. When an ini-
tial value or dc drift is introduced to the integrator, the above
orthogonal relation is lost, and the phase angle between the
flux and emf vectors is no longer 90°, which yields an error
signal defined by

Δe = �ψs · �emf/
∣∣∣∣�ψs

∣∣∣∣
= (ψqs · emfq + ψds · emfd)/

∣∣∣∣�ψs

∣∣∣∣
= |emf| cos(γ)(13)

+
+

+

+
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Fig. 2. Block diagram of the adaptive compensation method.
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Assuming that the magnitude of the feedback vector �ψ2

is increased to �ψ
′

2 as shown in Figure 3 due to a dc offset
or initial value problem, the phase angle γ will be greater
that 90°. The quadrature detector will generate a negative
error signal. The output of the PI regulator ψcmp is reduced

and so is the feedback vector. As a result, the flux vector �ψ
′

s

moves toward the original position of 90°until the orthogonal
relationship between �ψs and �emf is reestablished. If γ is less
than 90° for some reason, an opposite process will occur,
which brings γ back to 90°. Therefore, the modified integrator
with the adaptive control can adjust the flux compensation
level ψcmp automatically to an optimal value such that the
initial value and dc drift problems are essentially eliminated.

Remember that �ψs = ψds + jψqs, and with it the rotor

flux �ψr is calculated through motor model, in the stationary
reference frame, as

(14) �ψr =
Lr

Lm

�ψs − mLsLr − L2

Lm

�is

The rotor flux angle θψr
, necessary to do the coordinate

transformation of the system is calculated by

(15) θψr
= tan−1(

ψqr

ψdr

)

Takagi-Sugeno Fuzzy (TSF) Controller
The TSF controller [2] is based on a suitable set of fuzzy

rules, carried out from both the knowledge of the experimen-
tal behavior and the internal structure of the controlled sys-
tem. In order to design a TSF controller, the following steps
must be performed:

1. development of a suitable rule set;
2. selection of input/output variables and their quantization

in fuzzy sets;
3. definition of membership functions to be associated to

the input variables;
4. selection of the defuzzification technique.

The TSF controller takes as inputs the direct-axis com-
ponent of the stator current error Eids and the quadrature-
axis component of the stator current error Eiqs , and as out-
puts the quadrature components of the stator voltage vec-
tor. The output stator voltage is represented in the rotor-flux-
oriented reference frame. The first output (u∗

ds) is a linear
combination of the inputs, similarly, the second output (u∗

qs)
takes the similar linear combination used in the first output but
with the coefficients interchanged as is shown in Figure 4.

Fuzzification Aggregation
Fuzzy

Inference
Engine

Eids
Eiqs

u∗

ds

u∗

qs

If Eids is Eids and Eiqs is Eiqs then u∗

qs = −bEids + aEiqs

If Eids is Eids and Eiqs is Eiqs then u∗

ds = aEids + bEiqs

for u∗

ds

for u∗

qs

Fig. 4. The structure of a fuzzy logic current controller.

Membership Functions
The Membership Functions (MFs) of the TSF controller

inputs are shown in Figure 5 and in Figure 6.
The universe of discourse for the input Eids is defined in

the closed interval [-0.5, 0.5]. The extreme MFs have trape-
zoidal shapes but the middle MF takes triangular shape as it
is shown in Figure 5. However, the universe of discourse for
the input Eiqs is defined in the closed interval [-10, 10] as is
shown in Figure 6. The shapes of these MFs are similar to
the first input. For both inputs the linguistic labels are N, Ze
and P that means Negative, Zero and Positive, respectively.
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Fig. 5. Membership function for the direct-axis component of the
stator current error Eids .

The Fuzzy Rule Base
A set of rules for the direct component of the stator volt-

age u∗

ds are defined by the rules of the following form:
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Table 1. Fuzzy rules for computation of u∗

ds
and u

∗

qs.
Eids

/ Eiqs N ZE P

N V
R1

ds
= a · Eids

+ b · Eiqs

V R1
qs = −b · Eids

+ a · Eiqs

V
R2

ds
= a · Eids

+ b · Eiqs

V R2
qs = −b · Eids

+ a · Eiqs

V
R3

ds
= c · Eids

+ d ·Eiqs

V R3
qs = −d · Eids

+ c · Eiqs

ZE V
R4

ds
= a · Eids

+ b · Eiqs

V R4
qs = −b · Eids

+ a · Eiqs

V
R5

ds
= c · Eids

+ d · Eiqs

V R5
qs = −d · Eids

+ c · Eiqs

V
R6

ds
= e · Eids

+ f ·Eiqs

V R6
qs = −f · Eids

+ e ·Eiqs

P V
R7

ds
= c · Eids

+ d · Eiqs

V R7
qs = −d ·Eids

+ c · Eiqs

V
R8

ds
= e · Eids

+ f ·Eiqs

V R8
qs = −f · Eids

+ e · Eiqs

V
R9

ds
= e · Eids

+ f ·Eiqs

V R9
qs = −f · Eids

+ e ·Eiqs
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Fig. 6. Membership function for the quadrature-axis component of
the stator current error Eiqs .

R1
Vds

: if Eids is N and Eiqs is N then

V R1

ds = a · Eids + b ·Eiqs

However, the set of rules for the quadrature component of
the stator voltage u∗

qs are defined by the rules of the following
form:

R1
Vqs

: if Eids is N and Eiqs is N then

V R1

qs = −b ·Eids + a · Eiqs

The a and b coefficients of the first-order polynomial
function typically present in the consequent part of the firs-
order Takagi-Sugeno fuzzy controllers. Observe that these
coefficients for V R1

ds and V R1

qs are the same but with inter-
changed order, being it not necessary other different coeffi-
cients for each one, as they are repeated for all the rules. For
instance, when the consequent part of the rule is a real num-
ber, we have a zero-order controller, but if the consequent is
a linear combination we have a first-order controller [21]. The
complete rule base to calculate u∗

ds and u∗

qs is shown in Ta-
ble 1, where (a=5; b=0.1), (c=6.5; d=0.2), (e=8; f=0.1). The
shape and the universe of discourse of the MFs and these co-
efficients were adjusted through the simulation process using
the trial and error method.

Inference Method
In general, operators on fuzzy sets use triangular norms,

which may be divided into T-norms (AND operators) and S-
norms (OR operators) [22]. T-norms perform an intersection
operation on fuzzy sets and have a particular importance in
fuzzy logic control. T-norm is usually denoted as T (a,b). The
T-norms used in our TSF controller is the product defined as:

μRi = T (μi
Eids

, μi
Eiqs

) = μi
Eids

· μi
Eiqs

(16)

for i = 1, ..., n; n = 9

where μi
Eids

and μi
Eiqs

are MFs degrees of the first and

second TSF controller inputs, respectively, and μRi is the
truth value of the preposition.

Aggregation
The final output value u∗

ds inferred from n = 9 implica-

tions is aggregated as the average of all V Ri

ds with the weights
μRi :

(17) u∗

ds =
Σn

i=1μ
RiV Ri

ds

Σn
i=1

V Ri

ds

and the final output value u∗

qs inferred from n = 9 im-

plications is aggregated as the average of all V Ri
qs with the

weights μRi :

(18) u∗

qs =
Σn

i=1μ
RiV Ri

qs

Σn
i=1

V Ri
qs

In our TSF controller, that is Sugeno type, it is not nec-
essary the defuzzification interface [23]. This is so because,
in Takagi-Sugeno fuzzy controllers, each rule is already crisp
and the total result is determined by the weighted sum of
each rule, as is shown in equations (17) and (18). The TSF
controller was programmed in C programming language for
the simulation because it facilitates its implementation in the
digital signal processor TMS320F28335 from the Texas In-
strument.

Simulations and Experimental Results
The simulations activities were performed using MAT-

LAB R2011b simulation package together with Simulink block
sets and fuzzy logic toolbox. The switching frequency of the
three-phase two level inverter was set to be 10kHz, the direct
component of the stator current (i∗ds) was set to be 1.0 pu.

The experimental activities are realized with electronic
circuits and three-phase IM. The experimental set-up con-
sists of a DSP (Texas Instruments TMS320F28335) con-
nected to a three-phase squirrel cage IM, driven by a 12kVA
Semikron three-phase inverter (SKS 32F B6U+E1CIF+B6CI
12 V06). The mechanical load is imposed by a Foucault brak-
ing system. Conditioning signal boards are necessary to ac-
quire the motor currents and the Dc link voltage from a high
level of voltage and current to an appropriate voltage level to
be sampled and converted by the internal AD converter.

In order to investigate the effectiveness of the proposed
control system and in order to check the closed-loop stabil-
ity of the complete system, we performed several tests. The
simulated scenarios shown in this article covers the following
situations: trapezoidal profile reversion, triangular profile re-
version and step change in speed reference, the three tests
were made with no-load. Besides, the step change in the
motor load (from 0 to 1.0 pu and from 0 to 0.5 pu) at forty
percent of rated speed was made. The parameters of the
three-phase IM under test is shown in the appendix section.

Figure 7(a) shows the response of rotor angular speed
when a trapezoidal profile reversion was applied to the motor
with no-load. In this test the rotor speed tracked the reference
as expected. Similar behavior is observed in experimental
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115 PRZEGLĄD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 89 NR 5/2013



test as is shown in Figure 7(b). Although with some oscil-
lations, the rotor angular speed tracked the reference speed
very close and it was able to follow the rotor speed within 2%
accuracy most of the time.

Figure 8(a) shows the response of rotor angular speed
when triangular profile reversion was applied to the motor.
This test was made with no-load too, the rotor speed tracked
the triangular profile reference as expected. Similar behavior
is observed in experimental test as is shown in Figure 8(b).

Figure 9(a) and Figure 9(b) show the simulation and ex-
perimental results of the rotor angular speed ωr when a step
change is imposed in the reference speed from 0.3 pu to -
0.3 pu with no-load. The rotor angular speed achieves the
reference speed at about 0.7 seconds.

Figure 10(a) and Figure 10(b) show the simulation and
experimental results of the current components when the
step change in the motor load is applied (from 0 to 1.0 pu).
The quadrature-axis component of the stator current increase
to maintain the load. Also, it is possible to observe a constant
behavior of the direct-axis component of the stator current
when load is applied, it shows the decoupled behavior of the
DFOC method with the proposed TSF controller.

Finally, Figure 11(a) and Figure 11(b) show the simu-
lation and experimental results of the current components
and rotor angular speed when the step change in the motor
load is applied (from 0 to 0.5pu). The behavior of quadrature
components of the stator currents is as expected. When the
load is applied the speed is maintained stable with a small
overshoot when the load is retreat. All test results show a
good performance of the proposed DFOC method with the
proposed TSF controller.

Conclusion
In this article it is presented the DFOC method with TSF

controller for the three-phase IM. The proposed controller
substitutes the both PI current controllers present in conven-
tional DFOC method. The TSF controller calculates the ref-
erence quadrature components of the stator voltage vector
in rotor-flux-oriented reference frame. The rule base for the
proposed TSF controller is defined as a function of the sta-
tor current error components. Constant switching frequency
and low current ripple were obtained using space vector mod-
ulation technique. Numerical simulations and experimental
test have been carried out at different operating conditions.
These results show that the proposed DFOC scheme with
TSF controller achieves a good performance as expected. It
shows decoupling current control and low current ripple.

Appendix
The three-phase induction motor parameters are: rated

voltage 220V/60Hz; rated Power 1.5 HP; rated torque 6.1
Nm; rated speed 180.12 rad/s; Rs = 5.56Ω, Rr = 4.25Ω;
Ls = Lr = 0.309 H; Lm = 0.296 H; J = 0.02Kgm

2,
P = 2 pole pairs.
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