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Abstract –This paper studies most commonly used electric 

driving method of induction motors (IM). Direct torque 

control (DTC) have been widely commercialized in induction 

motor drives, with each being favored by its supporters. In 

this paper, the dynamic performance of these drives for an 

electric vehicle application is examined, and sensitivities to 

parameter variations affecting this dynamic performance are 

explored by jacobian matrix in which the sensitivities of 

torque, speed, and other desired variables or outputs are 

estimated relative to change in motor parameters. Key 

performance measures include torque and speed transients. 

The switching scheme of these drive is a switching table. Both 

the overshoot and the settling time of DTC are really small. 
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I. INTRODUCTION 
 

The application of induction motors in traction systems, 

including electric vehicles, requires comparison of 

available drives for traction. Direct torque control (DTC) 

is an IM drive that is frequently used in IM control 

because of its balance between simplicity of design and its 

decent performance. It is a motor drive that uses little 

parameter information, and therefore is generally not 

considered to be a high performance drive. It essentially  

has two user inputs: torque and stator flux. The typical 

DTC IM drive uses these two inputs in hysteretic control 

as inputs to a look-up switching state table. In addition to 

the previous two inputs, standard DTC uses the angle of 

the stator flux to determine its “sector.” The typical table 

uses six flux sectors to distinguish where the flux angle 

lies. The output of the table is a vector that contains the 

information telling which gates of the inverter should be 

on at any point in time. It should be emphasized that this 

configuration is not necessarily optimal, but it is indeed 

common. 

Direct torque control (DTC) is often employed to act as 

torque transducer. DTC [1], [2], developed in the mid-

1980s. This method has several common aspects, such as 

torque and flux commands, fast torque response, and 

sensitivity to certain motor parameters. The flux command 

in conventional DTC is the stator flux in the synchronous 

frame. The literature mainly focuses on steady-state 

performance of drive by comparing torque and current 

ripple, motor power losses, tracking command quantities, 

etc. The study of this drive has been associated with 

specific switching scheme, a switching table with DTC, as 

shown in Fig. 1. In this paper, the dynamic performance of 

DTC is studied. Sensitivities to errors in motor parameters 

are considered. the stator resistance plays a key role in 

DTC. 

 

 
Fig.1. DTC block diagram based on a sector switching table. 
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II. LITERATURE REVIEW 
 

Direct comparisons of dynamic responses of IFOC and 

DTC do not appear to be available in the literature. 

Existing analyses of parameter sensitivities do not 

quantize the effect of parameter variations or errors on 

transient responses. Most of the literature deals with 

steady-state performance measures [3], [4], [5], [6], while 

[4], [5], [6], [7] provide some comparisons of dynamic 

responses. A detailed comparison of different induction 

motor drives is given in [3], including volts per hertz 

control (V/Hz), FOC, DTC, direct self control (DSC), and 

DTC with space vector modulation (DTC-SVM). This 

comparison mentions advantages and disadvantages 

relative to steady-state measures, such as phase current 

peaks, current and torque harmonics, and switching 

frequency variation. Structural measures, such as the need 

for flux observers, and decoupling of torque and flux 

commands are also presented. In [4], classical DTC and 

DTC-SVM, but not IFOC, are compared. The authors in 

[4] try to match the switching scheme with the drive in 

order to have similar switching frequencies, but DTC is 

used with a switching table tha results in variable 

switching frequencies, while DTC-SVM is used with 

fixed-frequency SVM. The speed and torque dynamic 

responses, including settling time and overshoot are 

compared. Tripathi et al. [8] propose a modified DTC 

which uses the stator flux to control the torque. No clear 

comparisons are made between DTC, DTC-SVM, and 

FOC, even though a vector diagram showing the dynamic 

operation of FOC and DTC is presented. Sikorski et al. [9] 

compare linear DTC-SVM to nonlinear DTC methods, 

DTC-δ, DTC-2x2, and DTFC-3A, using steady-state 

performance metrics while keeping the average switching 

frequency the same. 

Cruz et al. [5] compare FOC, DTC and input-output 

linearization based on steady-state torque ripple, current 

peak, and switching frequency. They conclude that FOC 

and DTC are “good” in dynamic response, and that the 

parameter sensitivities are “low” and “medium” in DTC 

and FOC, respectively. Wolbank et al. [7] compare low 

and zero-speed applications of DTC and sensorless FOC. 

They study steadystate stability and speed overshoot, 

where FOC shows slower dynamics but better steady-state 

tracking compared to DTC. As both FOC and DTC have 

drawbacks, an interesting combination of DTC and FOC is 

presented in [10]. The resulting direct torque and stator 

flux control method (DTFC) uses no voltage modulation, 

current regulation loops, coordinate transformations, or 

voltage decoupling. Casadei et al. [11] evaluate standard 

DTC and DFOC and present a unique scheme, discrete 

space vector modulation (DSVM), which is a variation of 

the standard SVM. Performance criteria are steady-state 

current and torque ripples, and dynamic response due to a 

torque step. 

Thomas et al. [12] propose and experimentally validate 

geometric sliding mode/limit cycle control. Three different 

inverter modes, asynchronous, synchronous, and square 

wave, are analyzed. Industrial control objectives such as 

stator and rotor flux regulation, torque, speed, and position 

control, minimal energy and harmonics criteria, and 

optimization of torque pulsations are evaluated. Refs. [13] 

and [14] discuss formal validation of DTC, from a singular 

perturbation and a geometric control perspective, 

respectively. In [13], the controls for DTC are established 

independent of the inverter, and it is shown that the DTC 

approach can be decoupled from the switching scheme. 

The comparison of FOC and DTC (but not IFOC) 

provided in [6] is perhaps the most thorough in the 

literature. There, dynamic performance of both controls is 

compared and sensitivity analyses are done with respect to 

stator resistance for DTC and rotor-time constant for FOC. 

The main drawback is the lack of quantization of torque 

and flux dynamics, and parameter sensitivities. Vasudevan 

et al. [15] compare IFOC to DFOC, along with classical 

DTC-SVM and direct torque neuro-fuzzy control, using 

MATLAB/Simulink. Stator voltages and currents, angular 

velocity, torque, and flux responses to a change in torque 

or angular velocity, are compared. The effect of parameter 

variation such as stator resistance variation due to 

temperature increases is also discussed in relation to the 

DTC control method. Ref. [16] presents an interesting 

approach targeting the operation of DFOC, DTC with 

PWM and DTC-SVM under a driving cycle of an electric 

vehicle. However, the authors do not compare IFOC and 

DTC. 

 

III. INDUCTION MOTOR DYNAMIC MODEL 
 

The following set of seven time-varying equations in (1) 

from [20] are known collectively as the induction motor 

dynamic model in the arbitrary reference frame. The 

variables with the subscript 𝑠 indicate that it is a stator 

variable, while the subscript 𝑟 shows it is a rotor quantity. 

It should be noted that this model is exclusively for 

variables in the dq0 plane rather than the time-variant 

plane. The motor terminal voltages are indicated by 𝑣, the 

currents by 𝑖, the flux linkages by 𝜆, and the rotor speed 

by 𝑤𝑟 . The number of pole pairs is given by 𝑛𝑃, the load 

torque by 𝑇𝑙𝑜𝑎𝑑 , and the shaft moment of inertia by 𝐽 . 

These equations will be used in the simulations that follow 

and are also inherent in governing the induction motor 

dynamic behavior in the implementation. 
𝑑𝜆𝑞𝑠

𝑑𝑡
= −𝑟𝑠𝑖𝑞𝑠 − 𝑤𝜆𝑑𝑠 + 𝑉𝑞𝑠  

𝑑𝜆𝑑𝑠
𝑑𝑡

= −𝑟𝑠𝑖𝑑𝑠 + 𝑤𝜆𝑞𝑠 + 𝑉𝑑𝑠  

𝑑𝜆0𝑠

𝑑𝑡
= −𝑟𝑠𝑖0𝑠 + 𝑉0𝑠 

𝑑𝜆𝑞𝑟

𝑑𝑡
= −𝑟𝑟 𝑖𝑞𝑟 −  𝑤 − 𝑛𝑝𝑤𝑟 𝜆𝑑𝑟 + 𝑉𝑞𝑟   (1) 

𝑑𝜆𝑑𝑟
𝑑𝑡

= −𝑟𝑟 𝑖𝑑𝑟 +  𝑤 − 𝑛𝑝𝑤𝑟 𝜆𝑞𝑟 + 𝑉𝑑𝑟  

𝑑𝜆0𝑟

𝑑𝑡
= −𝑟𝑟 𝑖0𝑟 + 𝑉0𝑟  

𝑑𝑤𝑟
𝑑𝑡

=
3

2

𝑛𝑝

𝐽
 𝜆𝑑𝑠 𝑖𝑞𝑠 − 𝜆𝑞𝑠 𝑖𝑑𝑠 −

𝑇𝑙𝑜𝑎𝑑
𝐽

 

The load is modeled as quadratic in speed, 

𝑇𝐿 = 1.82 × 10−4𝑤𝑟𝑚
2 + 1.82 × 10−2𝑤𝑟𝑚            (2) 
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IV. THEORETICAL BASIS FOR DTC 
 

In this part, singular perturbation theory and sliding-

mode control will be described. DTC will then be formally 

derived and global stability will be proved. A parameter 

sensitivity analysis will then be conducted. 

A. Singular perturbation theory and sliding-mode 

control 
Two methods are required to thoroughly understand a 

formal derivation of DTC from a mathematical standpoint: 

singular perturbation theory and sliding-mode control. 

These two methods will be explained to further understand 

a formal derivation of DTC. One tool used in the singular 

perturbation method is composite feedback control 

[21,22]. This tool decomposes signals into “fast” and 

“slow” components, as shown in (3). By using this tool, 

the method is simplified so that the two different signal 

dynamics are controlled independently. 

𝑢 = 𝑢𝑠𝑙𝑜𝑤 + 𝑢𝑓𝑎𝑠𝑡     (3) 

The above composite feedback control comes naturally 

after looking at a singularly perturbed system, which is a 

system that demonstrates more than one timescale 

behavior. The standard singular perturbation system form 

looks like (4), where there are two functions, each of 

which can contain the variable in the first equation, the 

variable in the second equation, the input, and a small 

parameter, ε. The first defines the function for the slow 

variable, while the second function defines the function for 

the fast variable. The second equation is multiplied by 휀, 

and when the limit is taken as 휀 goes to zero, the second 

equation drops out, and in effect the result is a reduced 

order system. Conversely, if one put (4) in the fast time 

scale, where the fast time is defined by (5), then the 

resultant fast system would look like (6). This system is 

considered one in dynamic steady state [21], where the 

system remains “휀-close” to the expected system. 
𝑑𝑥

𝑑𝑡
= 𝑓(𝑥, 𝑧, 휀,𝑢)    (4) 

휀
𝑑𝑧

𝑑𝑡
= 𝑔 𝑥, 𝑧, 휀,𝑢  

𝑡𝑓 =
𝑡

휀
      (5) 

𝑑𝑥

𝑑𝑡𝑓
= 휀𝑓 𝑥, 𝑧, 휀,𝑢     (6) 

𝑑𝑧

𝑑𝑡𝑓
= 𝑔(𝑥, 𝑧, 휀,𝑢) 

Sliding-mode control’s main element is a sliding 

surface, frequently called a “sliding manifold,” where the 

surface is defined by 𝑠 = 0. The goal of the controller is to 

stay close to this surface by switching actuator states, for 

example an inverter. The control is discontinuous and 

nonlinear. Because it is discontinuous it can reach a 

desired motor state in a finite amount of time, but also 

typically uses a hysteretic switching scheme for its 

realization. This is in stark contrast to a control mode in 

which the motor asymptotically reaches steady state, 

which theoretically takes an infinite amount of time. 

Sliding mode control guarantees that regardless of the 

initial condition, the states will “slide” along the sliding 

surface and arrive in steady state. The Cauchy–Lipschitz 

theorem guarantees the existence and uniqueness of this 

sliding manifold with a given initial condition. If the 

nonlinear system generally defined as (7) uses an 

input,𝑢, of the form in (8), it is considered to have a 

sliding mode controller. The functions  and 𝑔 can 

be unknown, but both are functions of the variable 

being controlled, in this case, 𝑥. The function 𝛽 

defines the uncertainty of the system, and is normally 

just a large constant. This function will be discussed 

more subsequently. It is important to note that the 

fast and slow components of the signal will be 

controlled via sliding mode controllers. 
𝑑𝑥

𝑑𝑡
=  𝑥 + 𝑔 𝑥 𝑢    (7) 

𝑢 = −𝛽 𝑥 𝑠𝑔𝑛 𝑠     (8) 

Using equations with only stator flux and current 

components in (9) [13], which is known as the standard 

singular perturbation form, where 𝜍 is the perturbation 

parameter. 
𝑑𝑤

𝑑𝑡
=

1

𝐽
 𝑇𝑒 − 𝑇𝐿  

𝑑𝜆𝑑𝑠
𝑑𝑡

= −𝑅𝑠𝑖𝑑𝑠 + 𝑢𝑑𝑠  

𝑑𝜆𝑞𝑠

𝑑𝑡
= −𝑅𝑠𝑖𝑞𝑠 + 𝑢𝑞𝑠 

𝜍
𝑑𝑖𝑑𝑠

𝑑𝑡
=

𝑅𝑟

𝐿𝑠𝐿𝑟
𝜆𝑑𝑠 +

𝑛𝑝

𝐿𝑠
𝑤𝜆𝑞𝑠 − 𝜍𝑛𝑝𝑤𝑖𝑞𝑠 −

𝛾

𝐿𝑠
𝑖𝑑𝑠 +

1

𝐿𝑠
𝑢𝑑𝑠 (9) 

𝜍
𝑑𝑖𝑞𝑠

𝑑𝑡
=

𝑅𝑟
𝐿𝑠𝐿𝑟

𝜆𝑞𝑠 −
𝑛𝑝

𝐿𝑠
𝑤𝜆𝑞𝑠 + 𝜍𝑛𝑝𝑤𝑖𝑑𝑠 −

𝛾

𝐿𝑠
𝑖𝑞𝑠 +

1

𝐿𝑠
𝑢𝑞𝑠  

𝜍 = 1 −
𝐿𝑚

2

𝐿𝑠𝐿𝑟
  , 𝛾 =

𝐿𝑠𝑅𝑟
𝐿𝑟

+ 𝑅𝑠 

To get the above differential equations to a more useful 

form, it is prudent to convert to the flux reference frame. 

To go about this, we must use the following 

transformation, shown below in (10) which transforms the 

input stator voltages. The model defined in (11) is the 

transformed singular perturbation form for an induction 

motor. In this model, the speed, flux angle and the flux 

magnitude squared are the slow variables in the composite 

feedback control. The fast variables are the normalized 

torque, 𝜏, and 𝜂. 

 
𝑢𝜙
𝑢𝜏
 =  

𝑐𝑜𝑠 𝜌 𝑠𝑖𝑛 𝜌
− 𝑠𝑖𝑛 𝜌 𝑐𝑜𝑠 𝜌

  
𝑢𝑑𝑠
𝑢𝑞𝑠

    (10) 

𝑑𝑤

𝑑𝑡
=

1

𝐽
 

3

2
𝑛𝑝𝜏 − 𝑇𝐿  

𝑑𝜙

𝑑𝑡
= −2 𝑅𝑠𝜂 −  𝜙𝑢𝜙  

𝑑𝜌

𝑑𝑡
= −𝑅𝑠

𝜏

𝜙
+

1

 𝜙
𝑢𝜏     (11) 

𝜍
𝑑𝜏

𝑑𝑡
= −

𝛾

𝐿𝑠
𝜏 −

𝑛𝑝

𝐿𝑠
𝑤𝜙 +

1

𝐿𝑠
 𝜙𝑢𝜏 + 

𝜍 𝑛𝑝𝑤𝜂 +
1

 𝜙
 −𝜂𝑢𝜏 + 𝜏𝑢𝜙   
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𝜍
𝑑𝜂

𝑑𝑡
= −

𝛾

𝐿𝑠
𝜂 +

𝑅𝑟
𝐿𝑠𝐿𝑟

𝜙 +
1

𝐿𝑠
 𝜙𝑢𝜙  

−𝜍 𝑛𝑝𝑤𝜏 + 𝑅𝑠  
𝜂2 + 𝜏2

𝜙
 +

1

 𝜙
 −𝜂𝑢𝜙 − 𝜏𝑢𝜏   

The last items required for the above model to operate 

correctly are the phase voltages. They are defined by the 

vector in (13). This is merely the inverse of Equation (10) 

when a two-phase to three-phase transformation, shown in 

(12), is applied. The inputs for Equation (13) are shown in 

(14). 

 

𝑢1

𝑢2

𝑢3

 =

 

 

𝑐𝑜𝑠 𝜌 − 𝑠𝑖𝑛 𝜌

cos  𝜌 −
2

3
𝜋 −𝑠𝑖𝑛  𝜌 −

2

3
𝜋 

𝑐𝑜𝑠  𝜌 +
2

3
𝜋 −𝑠𝑖𝑛  𝜌 +

2

3
𝜋  

  
𝑢𝜙
𝑢𝜏
    (12) 

 

𝑢𝑎
𝑢𝑏
𝑢𝑐
 =

 

 

𝑐𝑜𝑠 𝜌 − 𝑠𝑖𝑛 𝜌

cos  𝜌 −
2

3
𝜋 −𝑠𝑖𝑛  𝜌 −

2

3
𝜋 

𝑐𝑜𝑠  𝜌 +
2

3
𝜋 −𝑠𝑖𝑛  𝜌 +

2

3
𝜋  

  
𝑢𝜙
𝑢𝜏
   (13) 

𝑢𝜙 = −𝑘𝜙𝑠𝑔𝑛 𝑒𝜙  

𝑢𝜏 = −𝑘𝜏𝑠𝑔𝑛 𝑒𝜏     (14) 

Where 𝑘𝜙 > 𝑘𝜙 ,𝑚𝑖𝑛 ,𝑘𝜏 > 𝑘𝜏 ,𝑚𝑖𝑛 . 

By setting 𝜍 = 0, the resulting model is (15) [13]. It 

should be noted that there are no fast components in this 

model. Here, the induction motor dynamic model is in 

quasi steady state. The equation that governs the fast 

dynamics is given in (16) [13]. 
𝑑𝜙

𝑑𝑡
= −

2𝑅𝑠𝑅𝑟

𝛾𝐿𝑟
𝜙 + 2 𝜙  

𝛾−𝑅𝑠

𝛾
 𝑢𝜙 ,𝑠𝑙𝑜𝑤   (17) 

     = 𝜙  𝜙 + 𝑔𝜙 𝜙 𝑢𝜙 ,𝑠𝑙𝑜𝑤  

𝑠𝜙 = 𝜙 − 𝜙𝑟𝑒𝑓 = 𝑒𝜙 = 0   (18) 

𝑑𝑠𝜙

𝑑𝑡
=

𝑑𝜙

𝑑𝑡
= 𝜙  𝜙 + 𝑔𝜙 𝜙 𝑢𝜙    (19) 

B. Direct torque control stability analysis 
A flux controller given by (21) is proved to be stable in 

[23] using the Lyapunov function𝑉∅ = 0.5𝑠∅
2and is shown 

in (20). In (21), the error in the flux is given by 𝑒∅. It 

should be noted that there must be a remnant flux in the 

motor to insure that with any initial condition, the flux will 

be stable and regulated. Typically, there exists a remnant 

flux already in the motor, but to be sure, a voltage pulse 

should be used to initialize the motor controller before 

operation. 
𝑑𝑉∅
dt

= s∅
ds∅
dt

= s∅h∅ ∅ + g∅ ∅ s∅u∅ 

≤ 𝑔∅ ∅ 𝑘∅,𝑚𝑖𝑛  𝑠∅ − 𝑔∅ ∅  𝑘∅,𝑚𝑖𝑛 + 𝛿  𝑠∅  

        = −𝛿𝑔∅ ∅  𝑠∅ ≤ −2𝛿  
𝑅𝑠+𝛾

𝛾
  ∅0 𝑠∅  (20) 

𝑢∅ = − 𝑘∅,𝑚𝑖𝑛 + 𝛿 𝑠𝑔𝑛 𝑠∅  

     = − 𝑘∅,𝑚𝑖𝑛 + 𝛿 𝑠𝑔𝑛 𝑒∅    (21) 

Where 𝑘∅,𝑚𝑖𝑛 =
2𝑅𝑠

𝐿𝑠
 ∅𝑟𝑎𝑡𝑒𝑑 , 𝛿 > 0. 

While the flux needs to be regulated at some constant 

value given by the user, the torque needs to have tracking 

capabilities. But unlike the slow flux variable, the torque 

variable will be considered to have a fast component and a 

slow component. The reduced induction motor model in 

the fast time scale is shown in (22) where 𝑡𝑓 = 𝑡 𝜍  and 

σ = 0. 
𝑑𝑤

dtf

=
d∅

dtf

=
dρ

dtf

= 0 

𝑑𝜏

𝑑𝑡𝑓
= −

𝛾

𝐿𝑠
𝜏 −

𝑛𝑝

𝐿𝑠
𝑤∅ +

1

𝐿𝑠
 ∅ 𝑢𝜏,𝑠𝑙𝑜𝑤 + 𝑢𝜏 ,𝑓𝑎𝑠𝑡   

𝑑𝜂

𝑑𝑡𝑓
= −

𝛾

𝐿𝑠
𝜂 −

𝑅𝑟
𝐿𝑟𝐿𝑠

∅ +
1

𝐿𝑠
 ∅ 𝑢𝜏 ,𝑠𝑙𝑜𝑤 + 𝑢𝜏 ,𝑓𝑎𝑠𝑡   

(22) 

The only equation that is needed from (22) is the 

second, where it is rewritten in (23) to be in the sliding 

mode control form while setting the slow torque 

components to zero. 
𝑑𝜏

𝑑𝑡𝑓
= −

𝛾

𝐿𝑠
𝜏 −

𝑛𝑝

𝐿𝑠
𝑤∅ +

1

𝐿𝑠
 ∅ 𝑢𝜏,𝑓𝑎𝑠𝑡   

           = τ τ, w,ϕ + gτ(ϕ)uτ,fast    (23) 

The sliding surface is defined in (24) and its time 

derivative in (25). In (25), it is assumed that the time 

derivative with respect to the fast time torque component 

is zero, which says that the variation 𝜏𝑟𝑒𝑓 is slow when 

compared to the fast time torque component. 

𝑠𝜏 = 𝜏 − 𝜏𝑟𝑒𝑓 = 𝑒𝜏 = 0    (24) 
𝑑𝑠𝜏

𝑑𝑡𝑓
=

𝑑𝜏

𝑑𝑡𝑓
= 𝜏 𝜏,𝑤,𝜙 + 𝑔𝜏 𝜙 𝑢𝜏 ,𝑓𝑎𝑠𝑡   (25) 

The sliding mode torque controller is given by (26). In 

this case, the sliding mode variable,𝑠𝜏 , is defined to be 

equivalent to the torque error,𝑒𝜏 . The stability is again 

guaranteed by doing a stability analysis using the 

Lyapunov function𝑉𝜙 = 0.5𝑠𝜏
2and insuring that a remnant 

flux exists in the induction motor before running. 

𝑢τ,fast = − kτ,min + δ sgn sτ  

           = − kτ,min + δ sgn eτ     (26) 

The full controller is now given by (26), where it is 

recommended to use gain values greater than required in 

order to be robust. These inputs are now transformed to 

actual input voltages by using (13). 

𝑢𝜙 = 𝑢𝜙 ,𝑠𝑙𝑜𝑤 + 𝑢𝜙 ,𝑓𝑎𝑠𝑡 = − 𝑘𝜙 ,𝑚𝑖𝑛 + 𝛿 𝑠𝑔𝑛 𝑒𝜙  

𝑢𝜏 = 𝑢𝜏,𝑠𝑙𝑜𝑤 + 𝑢𝜏 ,𝑓𝑎𝑠𝑡 = − 𝑘𝜏,𝑚𝑖𝑛 + 𝛿 𝑠𝑔𝑛 𝑒𝜏          (27) 

Where 𝛿 > 0. 

The typical DTC controller uses six quantization steps, 

also known as sectors, but as stated before, this is not 

necessary. As an example, in the next chapter, 6, 12 and 

256 sector DTC will be compared. Because of the 

quantization of the flux angle, there will be a quantization 

error that occurs, and the gain in (27) will need to be 

increased to insure stability. This equation for the 

quantization of the flux angle is given by (28) where 𝑛 is 

the number of sectors and𝜌is the flux angle [13]. It was 

shown in [13] that the minimum number of sectors that 

preserve the sign information using Torque equation is 

five, but this does not insure that a quality voltage 

waveform is output. The final controller that includes this 

quantization error gain is defined in (29). A3𝜑 inverter is 

used to create the desired voltages. This restricts the 
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voltage possibilities, with values of ± 2 3 𝑉𝑑𝑐 , 

± 1 3 𝑉𝑑𝑐 and 0, where 𝑉𝑑𝑐  is the dc bus voltage. It is also 

shown in [13] that a gain of three is needed for inverter 

stability. Therefore, for the torque and flux controllers to 

be stable in the sense of Lyapunov, the two conditions in 

(30) must be met [13]. 

𝜌𝑞 =
2𝜋

𝑛
𝑟𝑜𝑢𝑛𝑑  

𝑛𝜌

2𝜋
     (28) 

𝑢∅ = −𝑘𝑞𝑘∅𝑠𝑔𝑛 𝑒∅     (29) 

𝑢𝜏 = −𝑘𝑞𝑘∅𝑠𝑔𝑛 𝑒𝜏  

𝑘𝑞𝑘∅ <
𝑉𝑑𝐶

3
 , 𝑘𝑞𝑘𝜏 <

𝑉𝑑𝐶

3
   (30) 

Assuming the above conditions are met, the vector in 

(31), 𝑤, is used as the signals for the gates of the inverter 

[13]. In this configuration, if the component of the vector 

is positive, this indicates that the upper gate on that phase 

should be activated, while a negative signal indicates the 

lower gate on that phase should be activated. Since the 

resulting switching strategy for the six sector sliding mode 

controller is the same as a standard DTC switching table, 

DTC has been formally derived. The product of the six 

sector controllers is shown in Table 1 [13]. 

 

𝑤 =

 

 
 

cos 𝜌𝑞 − sin 𝜌𝑞

cos  𝜌𝑞 −
2𝜋

3
 − sin  𝜌𝑞 −

2𝜋

3
 

𝑐𝑜𝑠(𝜌𝑞 +
2𝜋

3
) −𝑠𝑖𝑛(𝜌𝑞 +

2𝜋

3
)
 

 
 
 
−𝑠𝑔𝑛 𝑒∅ 

−𝑠𝑔𝑛 𝑒𝜏 
  

                                                                                       (31) 

 

Table1. Switching Strategy for the Quantized Sliding Mode Controller with 𝒏 = 𝟔 

𝜌𝜖(−𝜋 2, − 𝜋 6 ) 𝜌𝜖(−5𝜋 6,− 𝜋 6 ) 𝜌𝜖(5𝜋 6,−5 𝜋 6 ) 𝜌𝜖(𝜋 2,5 𝜋 6 ) 𝜌𝜖(𝜋 6, 𝜋 2 ) 𝜌𝜖(−𝜋 6, 𝜋 6 )  

(-1,1,1) (-1,1,-1) (1,1,-1) (1,-1,-1) (1,-1,1) (-1,-1,1) 𝑒τ > 0 
𝑒∅ > 0 

(1,1,-1) (1,-1,-1) (1,-1,1) (-1,-1,1) (-1,1,1) (-1,1,-1) 𝑒τ < 0 

(-1,-1,1) (-1,1,1) (-1,1,-1) (1,1,-1) (1,-1,-1) (1,-1,1) 𝑒τ > 0 
𝑒∅ < 0 

(1,-1,-1) (1,-1,1) (-1,-1,1) (-1,1,1) (-1,1,-1) (1,1,-1) 𝑒τ < 0 

 

V. SIMULATION OF DIRECT TORQUE CONTROL 
 

The block diagram for a hysteretic DTC motor drive is 

shown in Figure 1. The typical use of DTC in an industrial 

setting, where a motor is connected to the electric grid via 

an inverter and rectifier pair. The ac/dc block in Figure 1 

stands for the rectifier, while the dc/ac block represents the 

inverter. Between the two is a dc link which can vary from 

a few volts to well into the kV range. The induction motor 

in the block diagram is represented by the labeled circle. 

As described earlier, the inputs from the user in this motor 

drive are the electrical torque,𝑇𝑒∗, and the stator 

flux,𝜆𝑠
∗,which are given by equations (32) and (33), 

respectively. 

𝑇𝑒∗ =
3

2

𝑃

2
𝐿𝑀 𝜆𝑞𝑟 𝑖𝑑𝑟

′ − 𝜆𝑑𝑟 𝑖𝑞𝑟
′     (32) 

𝜆𝑠
∗ =  𝜆𝑞𝑠

2 + 𝜆𝑑𝑠
2     (33) 

They are compared against the calculated torque and 

stator flux, respectively. The difference, or error, is sent 

through the hysteresis block for each signal. The output 

from these blocks is a  -1, 0, or 1, where -1 represents a 

negative error, 0 no error, and 1 a positive error. In 

practice, it is very unlikely that there will be no error, so 

the 0 output is neglected. The output for both the torque 

and the flux signals is sent into the switching table, which 

decides what gate signals should be set to the inverter by 

exploiting a simple look-up table. The other input to the 

look-up table is the stator flux angle,𝜌𝑠, given by Equation 

(34). 

𝜌𝑠 = 𝑡𝑎𝑛−1  
𝜆𝑞𝑠

𝜆𝑑𝑠
     (34) 

The other important signals are the voltage and current 

measurements taken from the motor. Combined, the stator 

current and voltages are transformed into the stator qd0 

reference frame, and used to create the stator flux 

magnitude estimate. The stator flux is then used along 

with the transformed currents to come up with the torque 

estimate. These two estimates,𝑇 𝑒and 𝜆 𝑠, are then compared 

against the commanded value given by the user. 

 

VI. SENSITIVITY ANALYSIS 
 

A. Overview 
Variations in motor parameters are expected to result in 

variations in the dynamic response of the drive. When 

DTC is used with a switching table, it is only dependent 

on 𝑟𝑠 . It is possible to build a Jacobian 𝐽 matrix in which 

the sensitivities of torque, speed, and other desired 

variables or outputs are estimated relative to change in 

motor parameters. For DTC with a switching table, the 

Jacobian would be, 

 
∆𝑇𝑒

∆𝑤𝑟𝑚
 = 𝐽𝐷𝑇𝐶−𝑆𝑇 ∆𝑟𝑠 (35) 

Where 

𝐽𝐷𝑇𝐶−𝑆𝑇 =

 

 
 

𝜕𝑇𝑒

𝜕𝑟𝑠
𝜕𝑤𝑟𝑚
𝜕𝑟𝑠  

 
 

 

It is important here to consider torque and speed ripple 

under switching control for DTC. While the sensitivity 

analyses would result in steady-state variations ∆𝑇𝑒and 

∆𝑤𝑟𝑚 , dynamic variations can also result from switching. 

For a given stator current under hysteretic switching, for 

example, the formulations of the above Jacobian matrices 

are not trivial. If the stator current 𝑖𝑠 is given by 𝑖𝑠 = 𝐼𝑠 +
∆𝑖𝑠 where ∆𝑖𝑠 is the width of the hysteresis band, the 

expected 𝑇𝑒and 𝑤𝑟𝑚  are; 
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𝑇𝑒 = 𝑇 𝑜𝑓𝑓𝑠𝑒𝑡  
𝑒 + ∆𝑇 𝑦𝑠 

𝑒    (36) 

𝑤𝑟𝑚 = 𝑤𝑟𝑚  𝑜𝑓𝑓𝑠𝑒𝑡  + ∆𝑤𝑟𝑚  𝑦𝑠    (37) 

Denoting the time average of a variable 𝑥as < 𝑥 >, the 

resulting averages would be, 

 𝑇𝑒 =  𝑇 𝑜𝑓𝑓𝑠𝑒𝑡  
𝑒  +  ∆𝑇 𝑦𝑠 

𝑒     (38) 

 𝑤𝑟𝑚  =  𝑤𝑟𝑚 (𝑜𝑓𝑓𝑠𝑒𝑡 ) +  ∆𝑤𝑟𝑚 (𝑦𝑠 )   (39) 

An offset will not occur if  ∆𝑇(𝑦𝑠 )
𝑒  and  ∆𝑤𝑟𝑚 (𝑦𝑠)  are 

zero, but zero-average ripple is not guaranteed in general 

and must rely on integral gain in the loop controls. To 

understand sensitivities in (35) from an operational 

perspective, the simulations of DTC was run with +25%, -

25%, and nominal parameters in the controllers and 

estimators. These results are discussed below. 

B. Results of sensitiviy in DTC 
In Fig. 2, suggests that DTC is relatively immune to 

variations in 𝑟𝑠 , and that this parameter error has little 

impact on torque offset and even details of dynamics. This 

simulation suggests that DTC has advantages from a 

parameter sensitivity perspective. This is incomplete, 

however, until the impacts of switching scheme are 

included. 

 

 
Fig.2. DTC sensitivity to variations in 𝒓𝒔 

 

 
Fig.3. Torque Performance BetWeen 6, 12, and 256 Sector DTC 
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Fig.4. Speed Performance BetWeen 6, 12, and 256 Sector DTC 

 

 
Fig.5. Start-Up Torque Performance between 6, 12, and 256 Sector DTC, With Initial Flux of 0.1 V-s 

 

VII. DTC PERFORMANCE WITH CHANGING 

SECTOR COUNT 
 

Now that the parameter sensitivity analysis has been 

performed above, another concept was tested via 

simulation: changing the number of sectors that the flux 

position could be divided into. The typical configuration 

of DTC uses six sectors to determine the flux position, 

while it is proven in [13] that the minimum number of 

sectors is five. The six flux sector DTC is typically used 

because it makes the waveforms all be offset from one 

another by 120° and also makes the waveforms a balanced 

three phase set. Because of this fact, any multiple of six 

gives a good quality waveform. For acquiring results, the 

standard hysteretic DTC topology was used to compare 6, 

12 and 256 sector DTC. The only variable that changed in 

this experiment was the number of stator flux sectors. The 

results of this experiment are found in Figures 3 and 4. 

When examining the results, it is apparent that there is a 

significant performance increase in the ripple when 

transitioning from 6 to 12 sectors. By visual inspection, it 

appears that there is not much of an improvement in the 

ripple of the 256 sector trial when contrasted to the 12 

sector trial. The maximum ripple of the 6 sector DTC is 

0.52 N-m when 5 N-m is the commanded torque. This 

compares to a maximum ripple of 0.28 N-m using 12 

sectors, and 0.24 N-m with 256 sectors. The resultant 

speed plot is that of Figure 4. In this figure, there is not 

much of a difference between all of the trials because they 

all have similar average torques. By reducing the ripple, 

the stresses seen on the motor over time will decrease. 
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This can potentially lead to a longer motor lifetime and 

higher reliability for the overall solution. Looking at these 

results, it is therefore natural to conclude that a higher 

sector count is useful in the reduction of torque ripple in a 

standard DTC motor drive. 

 

 
Fig.6. Start-Up Torque Performance for 12 Sector DTC- Different Gains 

 

 
Fig.7. Start-Up Torque Performance for 256 Sector DTC- Different Gains 

 

It is useful to now compare the dynamics of DTC using 

the 6, 12, and 256 sator flux sectors. Shown in Figure 5 is 

the start-up performance comparing all three sector counts 

when the initial flux is 0.1 V-s. Looking at this figure, If 3 

N-m was commanded as shown in Figure 5, then 12 sector 

DTC is the best performing, with 256 very close in 

performance and 6 sector lagging behind. 

There is also a very large difference between 

performance levels within the same sector count for DTC 

drives using hysteretic control. The gains used in Equation 

(29) alter the performance of the DTC drive greatly for 12 

sector and 256 sector DTC, but not for 6 sector DTC. 

Figure 6 shows the performance of 12 sector DTC with 

two different gain conditions: “worst condition”:𝑘∅ =
−100 and𝑘τ = −300, and “best condition”:𝑘∅ =
−300and 𝑘τ = −300. Figure 7 shows that there are 

different performances using different gains for 256 sector 

DTC as well. In this case, the gain conditions are as 

follows: “worst condition”: 𝑘∅ = −510and 𝑘τ = −300, 

and “best condition”: 𝑘∅ = −300and 𝑘τ = −300. The 256 
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sector case is slightly different since the trial called 

“worst” condition is actually better for a range of torque 

values from 0 to 0.65 N-m. Therefore, it is very important 

to have the correct gains in place when using a higher 

number of flux sectors than six. 

 

VIII. DYNAMIC RESPONSE 
 

DTC performs as torque transducer with robust torque-

tracking capability. The dynamic performance of the drive 

is usually compared neglecting the effects of the different  

 

 
Fig.8. Torque Responses of IFOC and DTC under a Drive Cycle 

 

 
Fig.9. Speed Responses of IFOC and DTC under a Drive Cycle 

 

switching schemes being used by each drive. To simulate 

an electric or hybrid-electric vehicle driving cycle, a 

stepping torque profile was simulated with drive in 

Simulink. The simulated DTC is from [13]. The motor 

model is a 3 hp induction motor. The simulation is run for 

8 s with torque commands of 5, 1, 4 and 2 N·m, changing 
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every 2 s. Fixed stator and rotor flux commands of 0.52 

V·s and 0.5 V·s are used for a 4% leakage inductance. The 

simulation results for DTC [13] with switching table, 

respectively, are shown in Figs. 8 and 9. In Fig. 8 under 

the test drive cycle, the only noticeable difference in the 

control method is the initial start-up rotational speed 

where in DTC there is no overshoot. Fig. 9 shows that 

DTC arrives in steady state in just 15 ms.The torque 

performance is comparably the same with response that is 

fast on the time scale shown. 

 

IX. CONCLUSION 
 

In this paper, we suggest that DTC is relatively immune 

to variations in 𝑟𝑠 , and that this parameter error has little 

impact on torque offset and even details of dynamics. This 

simulation suggests that DTC has advantages from a 

parameter sensitivity perspective.weanalysed the dynamic 

response, performance and theory of the DTC. The 

dynamic performance of DTC is superior under this study. 

Both the overshoot and the settling time of DTC are really 

small. This conclusion implies a need for examining a 

range of combinations of drive controls and switching 

schemes. 

 

APPENDIX 
 

Table 2 shows the induction motor parameters used in 

simulation. 

Table 2: Induction motor parameters 

Induction motor Data 

Values Description Symbols 

1.5293 Ω Stator Resistance 𝑅𝑠 
0.7309 Ω Rotor Resistance 𝑅𝑟  

0.20135 H Stator Inductance 𝐿𝑠 
0.20315 H Rotor Inductance 𝐿𝑟  

0.00356 H Stator Leakage Inductance 𝐿𝑙𝑠  
0.00535H Rotor Leakage Inductance 𝐿𝑙𝑟  

0.19779 H Magnetizing Inductance 𝐿𝑚  

4 Number of poles P 

3 hp Power of Induction Motor 𝑃𝑚  

 

Nomenclature 
P: Number of poles 

𝑟𝑠 : Stator resistance (Ω) 

𝑟𝑟 : Rotor resistance (Ω) 

𝐿𝑚 : Mutual inductance (H) 

𝐿𝑠 : Stator inductance (H) 

𝐿𝑟 : Rotor inductance (H) 

𝑖𝑞𝑠 : Quadrature stator current (A) 

𝑖𝑑𝑠 : Direct stator current (A) 

𝑖𝑎𝑏𝑐𝑠 : 3-phase stator current (A) 

𝑣𝑞𝑠 : Quadrature stator voltage (V) 

𝑣𝑑𝑠 : Direct stator voltage (V) 

𝑣𝑎𝑏𝑐𝑠 : 3-phase stator voltage (V) 

𝑇𝑒 : Electromechanical torque (N·m) 

𝑇𝐿 : Load torque (N·m) 

𝜃𝑒 : Electrical angle (rad) 

𝑤𝑒 : Electrical frequency (rad/s) 

𝑤𝑟 : Rotor speed (rad/s) 

𝑤𝑟𝑚 : Mechanical speed (rad/s) 

𝑤𝑠𝑙 : Slip frequency (rad/s) 

𝜆𝑞𝑠 : Quadrature stator flux linkage (V·s) 

𝜆𝑑𝑠 : Direct stator flux linkage (V·s) 

𝜆𝑞𝑟 : Quadrature rotor flux linkage (V·s) 

𝜆𝑑𝑟 : Direct rotor flux linkage (V·s) 

𝜆𝑠 : Stator flux magnitude (V·s) 

λr: Rotor flux magnitude (V·s) 

The superscript “*” denotes a command input. The 

superscripts “e” and “s” denote variables in the 

synchronous and stationary reference frames, respectively. 
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