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Direct torque control (DTC) has been employed to give fast torque response, which is very 
important in traction and electric vehicle applications, in high dynamic performance Induction 
Motor (IM) drives. Fast torque response can be achieved by optimizing the selection of the 
inverter voltage vectors in the conventional DTC. This paper introduces a method for selecting 
voltage vectors; in DTC controlled IM drives, to achieve fast torque response at constant 
switching frequency. Also, the application of the Fuzzy PID (FPID) control technique improves 
the system speed and torque responses. Simulation results show that both torque and speed 
responses are faster with the proposed controller than the conventional DTC. 
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1. Introduction 

 

High performance IM Drives are used in machine tools, spindles, high speed elevators, 

dynamometers, mine winders, rolling mills, electric vehicle, glass flat lines, and the like 

that have much more sophisticated requirements. Such high performance applications 

typically require high speed holding accuracy better than 0.5%, wide range speed control of 

at least 20:1 and fast transient response, typically better than 50 rad/s for the speed loop [1-

4]. Achieving high performance drive, fast transient and accurate torque control is the key. 

The fastest, simple, and accurate torque control technique for IM drives is the DTC [5]. 

Besides high torque dynamics, it is well known for being robust to the motor parameters 

change, except the stator resistance [5, 6]. It was introduced by [6] and [7] (Direct self 

control). Although it is simple and gives large benefits, the main drawback of it was the 

wide band of the switching frequency of the inverter even when the flux and torque 

references are kept constant [8]. This is due to the nature of the hysteresis controllers used 

for the torque and flux. The second step in the development of the DTC concept was 

introducing constant sampling techniques which replace the conventional analogue 

hysteresis controllers. Hence, the inverter upper switching frequency is limited. In case of 

constant sampling frequency, several authors have proposed various additions and 

variations of the DTC concept [9-15]. However, the majority of them do not guarantee the 

fastest torque response [16, 17].  

Recently some attempts to promote the torque response of the DTC of the IM drives. 

References [16, 17], apply the dynamic over modulation technique to the optimization 

proposed by [8] to give fast torque response. It rely decrease the response time, but on the 

expense of the bad flux response and increased harmonic content due to the over 

modulation technique used. 
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Reference [18], introduces a DTC technique for an open end IM to give full load torque 

control with fast transient response to very low speeds of operation, with reduced switching 

frequency variation. However, the power system is complex and bulky, two inverters with 

two isolation power transformers. The control technique depends on IM steady state model 

and the fundamental component of the stator voltage vector which in turn, to the author 

opinion, makes the system apart from fast response. 

Reference [19-23]; apply the model predictive control technique to the DTC concept of 

the IM drives. The average switching frequency and consequently the switching losses of 

the inverter are reduced. However, there is no advancement in the dynamic torque response 

and the online calculations are so large. Also the accuracy of the system is sensitive to the 

quality of the predictive controller and the motor parameters dependence in this scheme is 

larger than the basic DTC. 

It is well known that, voltage vectors selections have the great effect on the IM drive 

torque response, in turn the speed and position responses too. Voltage vectors selections 

can be optimized to give fast torque response of the drive [8]. 

Normally, IM drive contains speed controllers to regulate the dive speed. Traditionally, 

the conventional controller used to control the speed of IM drive was PID [24]. This 

controller is simple, stable, easy to tune, and highly reliable. However, the use of 

conventional PID controller causes sometimes many problems like high overshoot, 

oscillation of speed and torque due to sudden changes in load and external disturbances [25, 

26]. This behavior of the controller leads to deterioration of drive performance. So, to get 

rid of these disadvantages, an intelligent controller based on fuzzy logic is employed [27-

35].  

 In this paper, an optimization method, that modifies the variable frequency DTC to be 

constant sampling DTC and make optimization for fast torque response, is introduced. 

Also, the FPI control technique is applied to improve the system speed and torque 

responses.  

The voltage vectors optimization relations are derived, and then the system is Matlab 

simulated. The system response is analyzed and compared to the conventional DTC 

method. Also, FPI controller response is compared to the conventional PI controller. 

 

2.  Notation 

 

The notation used throughout the paper is stated below. 

 

Indexes: 

V  the inverter DC voltage 

θ  angle of the voltage vector 

k  order of the voltage vector 

rλ  rotor flux vector 

sλ  stator flux vector 

ω  angular velocity of the rotor flux 

oλ  initial value of the stator flux vector 

roθ  rotor flux vector angle 

T  motor torque 

λ∆  flux error 
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T∆  torque error 

e  Speed error 

e∆  derivative of the speed error 

refT  reference torque 

DTC Direct torque control 

FPID Fuzzy PID controller 

PID Proportional, Integral and Derivative 

u  Controller signal 

refω  reference speed 

τ  Sampling time 

n
e  Normalized speed error 

α  proportional constant for integral gain  

Constants: 

p
K  Proportional gain 

i
K  Integral gain 

d
K  Derivative gain 

C  Constant 

pp
K  Multiplication factor for proportional gain 

dd
K  Multiplication factor for derivative gain 

 

3. Optimization of the voltage vectors selections for maximum torque rate 

 
In the conventional DTC, hysteresis controllers control both the stator flux and the motor 

torque to be within a hysteresis band, as shown in Figure 1. Owing to the nature of the 

hysteresis controllers, there is no optimization in selecting the voltage vectors inside the 

flux hysteresis band. For example, as shown in Fig. 1, if the flux vector is at point 2 and the 

toque is to be increased, the hysteresis controller will select the same voltage vector as at 

point 1(i.e. if the previous selected voltage vector was V4, then the controller will select V4 

also).  

 
Figure 1:  The possible stator flux vector trajectories inside the hysteresis band with DTC. 

 

However, this selection may not give fast torque response. To achieve fast torque 

response the selection of the voltage vector, inside the hysteresis band, is optimized to give 

maximum rate of torque increase. The optimization process is as follows:  

1. Derivation of the torque rate equation in terms of the applied voltage vector.  
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2. Comparison between the two possible voltage vectors according to the equation 

derived in step1. 

The optimization process can be achieved as follows: 

Consider the stator and rotor flux vectors of the IM, as shown in Figure 2, and assuming 

that the selected inverter voltage vector, Figure 1, is 

kk
V θ∠=V   

Where (V) is the inverter DC voltage, (θk) is the angle of the voltage vector, and (k) is the 

order of the voltage vector. 

  

 
Figure 2:  The stator and rotor flux vectors. 

The rotor flux vector is assumed to rotate with a stable angular speed and amplitude 

during the operating period of the stator voltage vector [4]. The rotor flux vector can be 

written as: 
)( rotj

r
r e

θωλ +
=λ

                                                                                                                   
   (1) 

Where (ω) is the angular velocity of the rotor flux. Also assume that the initial value of the 

stator flux vector ( oλ ), at the beginning of applying the voltage vector, is 

oo
o

t

s θλ ∠==
=

λλ
0

                        (2) 

The basic equation of the stator flux vector in terms of the stator voltage vector can be 

derived as follows: neglecting the stator resistance we have 

dt

d
s

k

λ
V =                             (3) 

Then by integration we obtain the instantaneous stator flux vector 

oks t λ+= Vλ                                            (4) 

Then the stator flux vector trajectory will move parallel to the voltage vector selected, as 

shown in Fig. 1. The motor torque is given by 

}Im{
*

rsCT λλ=                                       (5) 

Where C is a constant, and then differentiate w.r.t. time 

}Im{

*

*

dt

d

dt

d
CT

r

sr

s λ
λλ

λ
+=                                  (6) 
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But from Equations (1) and (2) 
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Therefore substituting Equation (7) into (6) 

 )}(Im{
**

rsrk
jCT λλλV ω−+=                                                                            (8) 

Substituting (4) into (8) 

}))(Im{(
*

rokk
tjCT λλVV +−= ω                                (9) 

Let t = 0 (the instant of applying the voltage vector), then take the imaginary part: 

[ ])cos()sin(
rokorokr

VC
dt

dT
θθωλθθλ −−−=                     (10) 

Note that the second term in the above equation is independent of the selected voltage 

vector. Then to compare between two different voltage vectors we can use the following 

reduced relation 

)sin(

\

rok
dt

dT
θθ −=








                                                                                                          (11)             

This leads to the following maximization problem 

[ ])sin(maxfn
rok

k
θθ −=                                                                                                         (12) 

The index k that maximizes function fn, determines the selected voltage vector Vk. 

Equation (11) cannot be calculated off line as it depends on the rotor position; also the sine 

angle cannot be used for comparison. The problem in using this equation is the computation 

of the rotor angle θro. Hence, an observer for the rotor flux angle must be used. The rotor 

flux observer will use more motor parameters, especially the rotor time constant. The effect 

of parameters variations on the optimization process will be discussed in a subsequent 

paragraph. 

 

4.  Control algorithm 

Figure 3 shows a block diagram for the proposed control system. The control algorithm 

is performed using constant sampling time. There are two control loops. 

In the outer control loop, also called the speed control loop, the feedback speed signal is 

compared to the reference or set point speed generating the speed error. Then, the speed 

error is fed to the speed controller, which is a FPI controller and will be designed in the 

next paragraph.  

In the inner loop, also called the torque optimization loop, the controller measures the 

phase currents then estimates the stator flux vector ( sλ ), the motor torque (T) and the rotor 

flux vector angle (θro). If the torque error is greater or equal to zero (∆T ≥ 0), the controller 

selects a zero voltage vector. However, if the torque error is less than zero, then it selects an 

active voltage vector according to the flux error (∆λ).  

If it is out of the specified hysteresis band, the controller gives the same voltage vector 

as the conventional DTC. However, if the flux error is inside the band, then an optimization 

process is carried out, according to Equation (12), to select the vector that gives maximum 

torque rate. The speed controller is FPI and will be discussed in the next paragraph. 
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Figure 3:  General block diagram of the new DTC method. 

4.1. Fuzzy PID controller design 

 

A lot of researches are done on the new PID control strategies based on intelligent 

algorithms especially using fuzzy logic concepts [24-30]. The proposed self-tuning fuzzy 

PID controller is a combination of fuzzy logic principles and the conventional PID 

controller. The self-tuning fuzzy PID controller utilizes the Fuzzy Interface System (FIS) to 

tune the parameters of 
dip

KKK  and , , according to speed error ( e ) and the derivative of the 

speed error ( )(te∆ ). The block diagram of speed control of Induction motor is shown in 

Figure 4. The structure of self-tuning fuzzy PID controller is shown in the Figure 5. 

 

 
Figure 4.  The block diagram of speed control of Induction motor. 
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Figure 5:  The structure of self-tuning fuzzy PID controller. 

 

The approach taken here is to exploit fuzzy rules and reasoning to produce controller 

parameters of PID controller, where 

∫ ++=
dt

de
KedtKeKu

dip
                      (13) 

Where; u is the controller signal which is the reference torque (
ref

T ) for fast DTC of 

induction motor. 

The PID controller parameters (Kp, Ki, Kd ) are defined based on the current speed error 

)(te and its first difference )(te∆ , where 

)()()( t
ref

tte ωω −=                        (14) 

)()()( τ−−=∆ tetete                        (15) 

Where; ττττ is the sampling time. 

ref. and , ωω : speed and reference speed of fast DTC of induction motor. 

Fuzzification of e and e∆ will be explained on section 4.1.1. Fuzzification of controller 

parameters will be introduced in section 4.1.2. Fuzzy reasoning and defuzzification will be 

discussed in section 4.1.3. 

 

4.1.1.  Fuzzification of e and ∆e 

 

e and e∆  are assumed to be defined in prescribed ranges [emin, emax] and [∆∆∆∆emin, ∆∆∆∆emax], 

respectively. For appropriateness, e and e∆  are normalized into the ranges between zero 

and one by using the following linear transformation: 

minmax

min
)(

)(
ee

eme
mne

−

−
=                           (16) 

minmax

min)(
)(

ee

eme
mne

∆−∆

∆−∆
=∆

                  

   (17) 

Finer fuzzy partition with seven terms [27] is used to specify the domain of each 

linguistic value for actual numerical values of e  and e∆ . The finer fuzzy partition with 

seven terms specifies the linguistic values NB: negative big, NM: negative medium, NS: 

negative small, ZE: zero, PS: positive small, PM: positive medium, and PB: positive big. A 

triangular membership function is assigned to each linguistic value. Figure 6 displays the 

membership function for the 
n

e and 
n

e∆ . 
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Figure 6: The membership function for 

n
e and 

n
e∆ . 

4.1.2. Fuzzification of the controller parameters 

 

It is assumed that ∆Kp and ∆Kd are in fixed range ]1,0[ . ∆Kp and ∆Kd are the change in 

the proportional and derivative gains that adapt the proportional and derivative parameters 

of PID controller, as follows:  

p
K

pp
K

p
K ∆•=                         (18) 

Where; 
pp

K : Multiplication factor for proportional gain and has been chosen to be 12. 

d
K

dd
K

d
K ∆•=                        (19) 

Where; 
ddK : Multiplication factor for derivative gain and has been chosen to be 20. 

The linguistic values for ∆Kp and ∆Kd are assumed to be either small or big and assigned 

the Gaussian membership functions [27]. Figure 7 shows the membership function for the 

∆Kp and ∆Kd. 

 
Figure 7:  The membership function for ∆Kp and ∆Kd. 

 

The integral gain is determined with reference to the proportional and derivative parameters 

[31], i.e., 

d

p

i
K

K
K

α

2

=                            (20) 

Where ; α : integral parameter. 
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The linguistic values for α are supposed to be either S (small), MS (medium small), M 

(medium) or B (big) [27, 31]. These fuzzy sets are illustrated in singleton membership 

functions. Figure 8 shows the membership function forα . 

 
Figure 8: The membership function for α. 

 

4.1.3. Rule base, fuzzy reasoning and defuzzification  

 

The change of gain parameters ∆Kp and ∆Kd
 
are decided using set of fuzzy rules having 

the following form: 

 

If en(i)  is A1l

 
and ∆∆∆∆en(i) is A2l, then ∆Kp is B1l, ∆Kd

 
 is B2l, and α is B3l. 

 

Where; en(i): is the i
th 

observation for normalized error. 

   ∆∆∆∆en(i): is the i
th 

observation for normalized first difference in error. 

           A1l: is fuzzy set for input (1) and l
th

 rule. 

           B1l :is fuzzy set for output (1) and l
th
 rule. 

          l : is equal to 1,2,3,…,R and R is the number of rules. 

The rule base for the normalized gain parameters are given in Tables 1, 2 and 3. These 

fuzzy rules are deduced according to the experience of many times for PID parameter 

tuning. The rules inculde the input/output relationships that specify the control strategy.   

 

Table 1:  Fuzzy tuning rules for∆Kp. 

∆∆∆∆en(i)  

NB  NM NS ZE PS PM PB 

NB B B B B B S B 

NM B B B B S B B 

NS B B B B B B B 

ZE B B B B B B B 

PS B B S B B B B 

PM B B S B B B B 

en(i) 

PB B S B B B B B 
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Table 2:  Fuzzy tuning rules for ∆Kd. 

∆∆∆∆en(i)  

NB  NM NS ZE PS PM PB 

NB B B B B B B S 

NM B B B B B B S 

NS B B B B B S S 

ZE S S S B S S S 

PS S S B B B B B 

PM S B B B B B B 

en(i) 

PB S B B B B B B 
 

 
Table 3:  Fuzzy tuning rules for α. 

∆∆∆∆en(i) 
 

NB  NM NS ZE PS PM PB 

NB S S S S S S S 

NM MS MS S S S MS MS 

NS M MS MS S MS MS M 

ZE B M MS MS MS M B 

PS M MS MS S MS MS B 

PM MS MS S S S MS MS 

en(i) 

PB S S S S S S S 

 

5. Simulation results 
 

The proposed DTC system, shown in Fig. 3, is simulated using Matlab with sampling 

time (τ= 400µsec). A FPI controller was used for the speed control loop. The motor data 

and parameters are given in Table 4. The FPID controller generates the reference value of 

the torque (Tref) for the DTC system. The reference value of the stator flux equals to the 

flux value at the rated conditions and is given in the table 4.  

Table 4 10-KW, 6 pole, 220V, 60Hz 

Rs .294Ω Ls .0424H 

Rr .156Ω J .4kgm
2
 

Lm .041H λs .454Wb 

Lr .0417H   

For the conventional DTC, the torque and flux controllers are hysteresis controllers of 

bands 8% and 5%, respectively. A speed-controlled IM system is simulated with the two 

techniques the conventional DTC and the fast DTC. The step torque response of the fast 

DTC is faster than the conventional DTC as indicated in [8]. This in turn gives faster torque 

loop to our system and improves the speed response.   

The step speed responses of the two techniques, with 574 rpm step at full load torque, 

are shown in Figure 9.  
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Figure 9: The step speed response. 

 

Compared to the conventional DTC, fast DTC response is faster with PI or FPI. 

However, with FPI the response is the fastest and almost ideal. Also, it is noted from 

simulations that the speed response of the conventional PI is sensitive to the gains Kp, and 

Ki values that depend on the speed set value. However, the speed response with FPI is 

robust to the changes of the speed set value.  

Figure 10 shows the full load speed response with FPI controller at different set speed 

values. It is clear that the system gives high performance speed response. At all set points, 

there were no overshoots and no steady state errors. But, the settling time differs according 

to the set value.  

 

Figure 10: The speed response at full load torque and different speed set values. 

 

Figure 11 shows the speed response at 574 rpm step speed and different set load torque 

values. It is clear that the speed has an ideal response and the speed is very stable to load 

torque TL changes. Also, the controller output Tref adjusts the torque set point to 

compensate for load changes.  
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 Figure 11: The speed response, Tc, and Tm at 574 rpm step speed and different set load 

torque values (TL). 

 

Obviously, the estimated IM torque (Te) and Tref perfectly track TL. That indicates the 

fastness of the inner torque loop and the FPID controller. Figure 12, shows the phase 

current and voltage Ia and Va at 574 rpm step speed and different set TL values. 

 

Figure 12: The phase current and voltage Ia and Va at 574 rpm step speed and different set 

load torque values (TL). 

 

The current changes are significant; however, at no load the current is fairly high due to 

the magnetization of the IM magnetic circuit.  

6. Conclusions 

 

An optimization technique for fast torque response of DTC IM drives is introduced. 

Also, FPI controller is adapted for speed control loop. The proposed system enables fast 

torque, speed responses, and use of constant switching frequency. The system speed and 

torque responses are highly improved compared to the conventional DTC method. 

Theoretical work for the voltage vectors optimizations and Matlab simulations are carried 

out confirming the superior performance.  
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Simulations have been proved that the proposed system improves the performance of the 

DTC IM drive. Moreover the FPI enhances the fastness of the torque and seed responses 

compared to the PI controller. 
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