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ABSTRACT 

The thesis is devoted to the concept of direct power control as a tool for control of 

induction motors. Power distribution in the induction motor is analyzed using both the 

exact and simplified models of the motor. An improved sensorless Instantaneous Power 

Control (IPC) technique based on the known IPC method is also proposed.  Computer 

simulations are presented for confirmation of the theoretical conclusions. 

Following power analysis of a simplified model of the induction motor, it is shown that 

the motor torque can be controlled by adjusting the input active power. The magnetic 

flux can be controlled by adjusting the stator current by selecting a suitable voltage 

space vector at the beginning of each switching interval.  We named that idea as Direct 

Power Control (DPC), it may facilitate development of novel control methods of 

induction motor in future studies. 

It has also has been found that the IPC requires that the magnetic flux be generated 

first employing the direct torque control (DTC). Except for this limitation, the novel 

sensorless IPC displays a good dynamic response.  

Keywords: Induction motor, Direct Power Control (DPC), Instantaneous Power Control 

(IPC), voltage source inverter, instantaneous active and reactive powers, Direct Torque 

Control (DTC).   
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CHAPTER 1  

INTRODUCTION 

The induction motor converts electrical power into mechanical power. In variable speed 

drives (VSD), the induction motor represents a source of torque. As such, it is employed 

as an actuator in speed- and position-control electromechanical systems. Two control 

techniques dominate the technology of VSDs: the field-orientation control (FOC) and 

direct torque control (DTC). The FOC system controls the stator current, while a DTC 

system controls the stator voltage. More precisely, the DTC consists in selecting 

consecutive states of the voltage-source inverter supplying the motor. In both systems, 

the input voltage and current are also sources of information about the dynamic state of 

the machine, especially in the so-called sensorless drives. Those drives lack sensors of 

non-electrical quantities, such as the speed, position, or magnetic flux. 

Knowledge of the stator current and state of the inverter allows easy computation of the 

instantaneous complex electric power, which in multi-phase systems has both the real, 

p, and reactive, q, components. In power electronic converters, the p and q signals have 

been extensively used as control tools. For example, driving q to zero results in the 

desirable unity input power factor of ac-ac and ac-dc converters. In contrast, apart from 

a few papers by Betz and his collaborators (see Chapter 2 for literature review), the 

issue of instantaneous electric power has been almost absent from the vast technical 

literature on induction motor drives.  
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The lack of follow-up on Betz‟s work seems to indicate some serious problems with the 

implementation of his ideas. This pilot study does not aim at a development of a 

complete “direct power control” strategy. Instead, relations between the torque and flux 

of the induction motor and the instantaneous active and reactive input powers are 

examined. Assuming that within a single switching/sampling cycle the current does not 

change significantly, the values of p and q can be predicted for each next state of the 

inverter. The question is whether they can be used for a selection of the state resulting 

in the best dynamic performance of the motor and how can that be done.   

The difficulty with dealing with instantaneous powers is that p is not only transferred to 

the load and dissipated in the motor resistances but that it also enters and leaves the 

inductances of the machine. The average real power in an inductance is zero, but it is 

not so with the instantaneous power. Also, a physical interpretation of instantaneous 

reactive power is difficult. It can only be defined for multi-phase systems, which leads to 

the explanation that it represents as zero-balance power exchange between phases. On 

the other hand, if the motor did not have inductances, it would not need reactive power, 

but also no magnetic flux necessary for its operation could be produced.  

Although an analysis of the mathematical model of the motor could answer some 

important questions, the practical control method should not rely too much on that 

model. Both the resistances and inductances of the machine change with the operating 

conditions due to such phenomena as temperature impacts, skin effects, or magnetic 

saturation. Therefore, some simplified, heuristic rules have been sought to assess how 

p and q affect the torque and flux of the motor. Numerous computer simulations have 

been performed for that purpose, and certain general observations have been made. 
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The thesis is structured as follows. Chapter 2 contains a literature review as a 

background of the project. The mathematical model of the induction motor is presented 

in Chapter 3. Chapter 4 describes the classic DTC, Direct Input Power and Flux Control 

(DIPC), and Direct Output Power and Flux Control (DOPC) methods. They are related 

to the idea of instantaneous powers as a tool for the control of induction motor explored 

in this research, as the DTC, DIPC, DOPC and the envisioned DPC consist in selecting 

the next inverter state. The concept of instantaneous complex power and its d and q 

components is expounded in Chapter 5. The power distribution using both an exact and 

a simplified model of the induction motor is analyzed and relevant simulations are 

presented. A sensorless IPC technique for induction motors is proposed in Chapter 6. 

Chapter 7 concludes the work. 
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CHAPTER 2   

LITERATURE REVIEW 

Induction motors play a dominant role in industry thanks to their advantages – 

robustness, low price, and easy maintenance. In recent decades, control techniques of 

induction motor have attracted researchers‟ attention. Induction motor control methods 

can be classified as scalar control based on the constant volts-per-hertz (CVH) principle, 

vector control based on the field orientation (direct and indirect), and direct torque 

control (DTC). The scalar control is usually employed in low-performance drives, while 

field orientation is used in high-performance drives, such as positioning ones.  

DTC was proposed in 1990s and still hundreds of papers are presented every year to 

improve drive performance with respect to the torque ripple and limited speed range. 

The subsequent section, the most common control techniques will be briefly described. 

2.1  Field Oriented Control of Induction Machines 

The field oriented control (FOC) contains two classes depending on the method of 

obtaining the machine flux information. They are the Direct and Indirect Flux Orientation 

(DFO and IFO). Three major fluxes in the induction motor are the stator flux, the air-gap 

flux, and the rotor flux. 

The air-gap magnetic field can be easily measured by Hall sensors. The direct rotor flux 

orientation estimates the rotor flux‟s magnitude and angular position from measured air-

gap flux and the relationship between air-gap and rotor flux. Also, we can calculate the 
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rotor flux from stator flux taking the advantage of their relationship through stator 

leakage, main inductance and rotor leakage. First we need to estimate the stator flux by 

using stator voltage and current. Instead of using flux sensors in DFO drives, the IFO 

employs measurement of the rotor position to estimate the rotor flux. The rotor flux and 

developed torque in IFO drives are controlled in a feed-forward manner, i.e., no 

feedback loops are employed. As a result, the indirect rotor flux orientation systems are 

less robust than those employing the direct method [1]. 

Rotor flux depends on the rotor inductance, especially the leakage part. It has been 

reported that for a standard induction machine with closed rotor slots the conventional 

no-load or short-circuit tests cannot give the correct values for machine inductances. It 

has also been observed that due to the closed rotor slots, the inductance varies with 

operating conditions [2]-[3], so the estimation error of rotor flux is unavoidable, which 

further influences the induction machines‟ dynamic performance.  

Stator flux is dependent on the stator resistance that can be measured accurately in 

most cases. Therefore, control schemes based on stator flux instead of rotor flux have 

been developed. Compared with rotor flux oriented vector control, stator flux oriented 

control is somewhat more complex, but direct and indirect control methods in terms of 

stator flux orientation are quite common in practice. Air-gap magnetic field must be 

measured both in the stator and rotor flux oriented vector control, if the direct method is 

used.  

The common goal in the field oriented vector control methods for induction motors is to 

decouple the stator current into a torque current component and a flux current 
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component. This allows controlling the electromagnetic torque and flux separately. To 

some degree, FOC makes the induction motor work like a DC motor. In 1988, the idea 

of the UFO (Universal Field Oriented) Controller that decouples flux and torque in an 

arbitrary flux reference frame was proposed [6]. Thanks to its high degree of generality 

the UFO controller lends itself to be fully compatible with all existing field oriented 

controllers, indirect as well as direct field orientation. Scholars also suggested that 

different reference frames can be adopted for low speed and high speed regions 

respectively [7]-[10]. However the field orientation methods suffer from specific 

problems. The changing load and temperature influence the rotor parameters in the 

DFO systems. The IFO method is less sensitive to rotor parameters at the expense of 

difficult flux measurement at zero frequency.  

Hall sensors of magnetic flux are seldom used in practice, so the flux is usually 

estimated from the terminal variables, using a mathematical model of the motor. 

Specifically, the relationship between stator/air-gap flux and rotor flux through stator and 

rotor leakage and main inductance are employed [11]. Analyzing the advantages and 

disadvantages of UFO in different reference frames, [11] showed that although an 

improved UFO can enhance the dynamic performance and reduce the influence of 

motor parameters, the control system becomes quite complex. The designer needs to 

find the best tradeoff between system‟s complexity and performance. 

2.2  Direct Torque Control of Induction Machines  

Considering the disadvantages of FOC – coordinate transformation and sensitivity to 

motor parameters. Takahashi and Noguchi proposed the DTC of induction motor for low 

and medium power applications [12]. Later, DTC for high power application, the so-
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called direct self-control (DSC) was developed by Depenbrock [13]. Compared with 

FOC, DTC directly selects the new state of the inverter feeding the motor. It improves 

the system dynamic response and the control system is quite simple. However, DTC‟s 

performance deteriorates at low speeds, and the current ripple is usually higher than in 

a comparable FOC drive. The current ripple causes torque ripple, generates noise and 

vibration, and produces errors in sensorless drives. Due to the variable switching 

frequency, high sampling rates are needed to implement the hysteresis control of torque 

and flux.  

The reason why torque and current ripples exist is that during most of a switching period 

no exact voltage vectors to produce the desired torque and flux can be provided. An 

inverter can only produce six active and two zero vectors. This limitation motivated 

development of improved DTC methods, such as the space-vector modulation DTC 

(SVM-DTC) and direct SVM-DTC (DSVM-DTC). In SVM-DTC, the required voltage 

space vector to compensate the flux and torque errors is calculated using a predictive 

technique [14]. There are various SVM techniques, such as the Direct-Reverse SVM, 

Direct-Direct SVM, Direct-Direct with Vnull = [000], Direct-Direct with Vnull = [111] [15]. 

The choice of SVM technique depends on the optimization criteria under consideration, 

whether it is the torque/current ripple, the harmonic losses or the switching losses [16]-

[17]. 

Another method to improve DTC involves use of a multilevel inverter. If a three-level 

inverter replaces the conventional two-level inverter a much greater number of voltage 

space vectors can be generated, with less harmonic distortion and lower switching 

frequency. However, the cost of such a system is higher than that of one based on a 
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standard inverter [18-21]. Combining DTC with intelligent control methods, such as 

fuzzy-logic control, improves the dynamic response of a DTC drive [22]-[23].  

A fuzzy-logic based duty ratio controller determines the duty ratio of the active voltage 

vector in each switching period as a nonlinear function of torque error, flux error and flux 

position [24]-[27]. This can reduce the torque ripple to less than 1/3 of the conventional 

DTC [24]. Reference [28] proposes a method that combines the SVM-PWM with a 

fuzzy-logic controller, which generates the reference voltage space vector in each 

switching period. A look-up table that indicates the most appropriate torque-increasing 

vector to apply is described in [29].  

2.3  Instantaneous Power Control of Induction Machines 

The IPC (Instantaneous Power Control) of induction motors was proposed and 

expanded by Betz in [31]-[37]. The reference active and reactive powers are produced 

in a control system based on the air-gap flux oriented synchronous frame. The 

technique lies somewhere between the DTC and FOC. The advantages of IPC include 

its simple control algorithm, robustness, and limited dependence on detailed knowledge 

of parameters. Although this method can decouple controls of the torque and flux, the 

quality of flux control is low, especially when the reference speed is very high or very 

low. The IPC idea has been utilized in the control of an induction motor fed by a three-

phase matrix converter [38]-[39]. 
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2.4  Direct Power Control of PWM Rectifiers 

It is worth mentioning that the direct power control (DPC) has been successfully 

employed in PWM rectifiers. Publications [41]-[43] show that the DPC of a three phase 

PWM rectifier has distinct advantages in comparison with the traditional voltage-

oriented control (VOC). The so-called virtual-flux based DPC (VF-DPC) has a simple 

algorithm and is less sensitive to unbalanced supply voltage. Introducing the SVM 

allows reduction of the high switching frequency [45]-[46]. Note that when a three phase 

rectifier is analyzed, it can be regarded as formally similar to a three phase synchronous 

generator. This may indicate the possibility of applying the VF-DPC to permanent-

magnet synchronous generators. 
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CHAPTER 3  

MATHEMATICAL MODEL OF THE INDUCTION MOTOR 

Development of modern power electronics during the past half century significantly 

enhanced electromechanical power conversion systems, such as electric motor drives.  

Rectifiers and inverters are necessary components of adjustable speed induction motor 

drives, converting the raw power to that with controlled ac voltage of the required 

magnitude and frequency. In this chapter, fundamental relations of the inverter, the 

concept of space vectors, coordinate transformation, and the mathematical model of the 

induction motor are described.  

3.1  Voltage Space Vectors 

To simplify the dynamic model of the three-phase induction motor, the concept of space 

vectors was introduced by GE researchers in the nineteen twenties. The three 

magnetomotive forces produced by three phase stator currents are combined into a 

single space vector that rotates with an angular velocity depending on the supply radian 

frequency and number of magnetic poles. This idea can be extended on the current, 

voltage, and magnetic flux. Unlike phasors used in the steady-state analysis of ac 

circuits, including that of the induction motor, vectors are applicable to both sinusoidal 

and non-sinusoidal electrical variables. This greatly facilitates the analysis of transient 

phenomena in electric machines.  

The voltage space vector  ⃗  is defined as,  
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 ⃗     ⃗⃗  ⃗    ⃗⃗⃗⃗    ⃗⃗  ⃗       
 
  

    
 
  

       (3.1) 

In a three-wire three-phase system, the sum of three phase voltages is zero, that is, 

          . Thus, two of these three voltages are independent. Consequently, a 

three-phase system can be transformed to an equivalent two-phase system in a set of 

coordinates, subsequently referred to as a stationary reference frame, as illustrated in  

Figure 3.1.  

d

q

a

c

b
 

Fig. 3.1  Transformation from three-phases coordinates to two phase stationary 

coordinates. 

The three-phase (abc) to two-phase (dq) conversion is described by the Park 

transformation. 

*
  
  
+  [

  
 

 
 
 

 

 
√ 

 
 
√ 

 

] [

  
  
  
]     (3.2) 

An alternative version of the Park transformation has a coefficient of 2/3 on the right-

hand side of Equation (3.2), to make each vector magnitude equal to the peak value of 
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the corresponding phasor. This difference of coefficients is of little importance as it does 

not affect motor performance, but it may yield incorrect numerical results when forgotten 

about. For example, if we choose Equation (3.2), the magnitude of voltage vector is 1.5 

times greater than the peak value of a single phase voltage and 1.5√  times greater 

than its RMS value.  

The complex power in a three-phase balanced sinusoidal system can be expressed as  

 ̅      ̅    ̅ 
       (3.3) 

where  ̅  and  ̅  are the rms phasors of phase voltage and current, respectively, and 

the superscript “*” denotes a conjugate phasor. In the d-q coordinates, complex power 

is given by  

      ⃗⃗  ⃗   ⃗⃗⃗  
 
       (3.4) 

where    ⃗⃗  ⃗ ,    ⃗⃗⃗   represent the stator voltage and current vectors. As 

      √            (3.5) 

      √            (3.6) 

then 

       √         √     
            

                   (3.7) 

Comparing Equations (3.3) and (3.7) we see that the magnitudes of the powers in 

different reference frames are not equal. Thus we need a coefficient K to balance them. 

If we choose K = 2/3, then 



13 
 

           
 

 
          (3.8) 

and,        can be expressed as,  

 ⃗  
 

 
  ⃗⃗  ⃗   ⃗⃗⃗  

 
      (3.9) 

3.2  Three-Phase Voltage-Source Inverter 

The application of voltage space vectors facilitates the control of the three-phase 

voltage-source inverter which is the most common converter in adjustable speed ac 

drives with induction motors. Its diagram is shown in Figure 3.2. The upper switches are 

denoted by SA, SB, and SC, and the lower ones by SA‟, SB‟, and SC‟. We define the 

switching variable a as equal to 1, if SA is on and SA‟ is off, while a = 0 when SA is off 

and SA‟ is on. Similarly, switching variables b and c are defined for the remaining two 

legs of the inverter.  

 

Fig. 3.2  Power circuit diagram of a three-phase voltage source inverter. 
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Considering that two switches in the same leg cannot be turned on or off at the same 

time, we have a total of 8 possible states, which include six active states and two zero 

states. The line-to-neutral output voltages of the inverter are given by, 

    
 

 
  (      )      (3.10) 

    
 

 
  (      )      (3.11) 

    
 

 
  (      )      (3.12) 

and the corresponding voltage vector is,   

*
  
  
+    [

  
 

 
 
 

 

 
√ 

 
 
√ 

 

] *
 
 
 
+      (3.13) 

Table 3.1 shows the d-q voltage component for each switching state.  

Table 3.1.  Voltage space vectors for individual states of the inverter 

a b c 100 110 010 011 001 101 000 111 

       

 
    

 

 
   

     
 

 
   

 

 
   

0 0 

   0 √ 

 
   

√ 

 
   

0 
 
√ 

 
   

 

 
   

0 0 

 

The six non-zero voltage vectors are shown in Figure 3.3. The magnitude of each vector 

is equal to the input dc voltage of the inverter. Two adjacent vectors frame a     sector 

(sextant). The zero vectors are in the origin. 
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I

IIIII

IV

V

VI

d
V100

V110
V010

V011

V011 V101

 

Fig. 3.3.  Voltage space vectors of the inverter. 

Here for the convenience of DTC analysis in Chapter 4, we define six sectors for Figure 

3.3 as follows, 

Table 3.2.  Definition of sectors 

Sector Angle range /  

I [-30, 30] 

II [30, 90] 

III [90,150] 

IV [150, -150] 

V [-150, -90] 

VI [-90, -30] 
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3.3  Induction Motor 

The induction motor comprises a stator and a rotor mounted on mechanical bearings 

and separated from the stator by an air gap [47]. Nowadays induction motors are the 

most popular machine used in industry. Before discussing control issues, the 

mathematic model of the induction motor is presented. 

The induction motor‟s electrical model can be viewed as an assembly of inductances, 

resistances, and a voltage source on the rotor side. For the three-phase induction motor, 

there are six circuits/phases, three in the stator and three in the rotor. The following 

equations describe the induction motor in the three-phase stationary reference frame.    

[ ]  [ ][ ]  [ ]
 [ ]

  
  

 [ ]

    
[ ]

    

  
      (3.14) 

    
 

 
    [ ]

  
 [ ]

    
[ ]      (3.15) 

       
 

    

   

  
      (3.16) 

where  

[ ]  [                    ]
   

[ ]  [                    ]
   

[ ]  [               (   )]   

[ ]      [                 ]  
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The inductance matrix [ ]  changes with time, which complicates the analysis of 

induction motor. Fortunately, Equations (3.14)-(3.16) can be transformed to an arbitrary 

reference frame that rotates with the speed    using space vectors. The transformation 

yields 

  ⃗⃗  ⃗      ⃗⃗  
   ⃗⃗ ⃗⃗ ⃗⃗  ⃗

  
      ⃗⃗  ⃗      (3.17) 

      ⃗⃗  
   ⃗⃗ ⃗⃗ ⃗⃗  ⃗

  
  (     )  ⃗⃗  ⃗      (3.18) 

 

    

   

  
            (3.19) 

   
 

 
  (             )       (3.20) 

   ⃗⃗  ⃗      ⃗⃗       ⃗⃗       (3.21) 

  ⃗⃗  ⃗       ⃗⃗       ⃗⃗       (3.22) 

where, 

  ⃗⃗  ⃗  is the stator voltage space vector 

  ⃗⃗  ⃗                (3.23) 

  ⃗⃗ ,   ⃗⃗  are the stator and rotor current space vectors 

  ⃗⃗                (3.24) 

  ⃗⃗                (3.25) 

  ⃗⃗  ⃗                (3.26) 
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  ⃗⃗  ⃗                (3.27) 

                (3.28) 

                (3.29)  

   ,    are the stator and rotor inductances 

    is the stator leakage inductance 

   is the magnetizing inductance 

    is the rotor leakage inductance 

If     , which means a stationary reference frame, the dynamic equations of 

induction motor become 

  ⃗⃗  ⃗      ⃗⃗  
   ⃗⃗ ⃗⃗ ⃗⃗  ⃗

  
      (3.30) 

      ⃗⃗  
   ⃗⃗ ⃗⃗ ⃗⃗  ⃗

  
      ⃗⃗  ⃗      (3.31) 

while the torque equation is unchanged. In this case, we have the equivalent circuit for 

the induction motor as shown in Figure 3.4. 

Rs Lls Llr Rr

Lm jwrλr
Vs

→ →

 

Fig. 3.4  Equivalent circuit of induction motor in the stationary reference frame. 
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If we ignore the stator resistance, which is usually small when compared with the stator 

leakage reactance, the motor model consists of three inductors, one resistor and a 

voltage source. The   model is particularly convenient for an analysis of the induction 

motor.  

In addition to the stationary reference frame, we define a frame rotating at an angular 

speed of   ,    
  

  
. The stator voltage vector   ⃗⃗  ⃗ in the rotating frame is given by 

  ⃗⃗  ⃗    ⃗⃗  ⃗ 
          (3.32) 

where 

         (  )      (  )      (3.33) 

If D and Q denote the real and imaginary components of a vector in the rotating frame, 

as opposed to d and q in the stationary frame, then the transformation between these 

frames is described by  

*
  
  
+  [

    (  )     (  )
     (  )     (  )

] *
  
  
+      (3.34) 

When choosing the synchronous frame as a reference, with      , one needs to 

change    in (3.17) and (3.18) to   .  

There are three kinds of fluxes in the induction motors:    – stator flux,    – air gap flux, 

   – rotor flux. Vector control could be performed with respect to any of these flux 

space-phasors by attaching the reference system D axis to the respective flux linkage 

space-phasor direction and by keeping its amplitude under surveillance. A general flux 

may be defined, with the above cases, as a particular situation [47]. 
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The three flux space-vectors are given by 

  ⃗⃗  ⃗       ⃗⃗       ⃗⃗     (3.35a) 

  ⃗⃗⃗⃗  ⃗     (  ⃗⃗     ⃗⃗ )    (3.35b)  

  ⃗⃗  ⃗       ⃗⃗       ⃗⃗    (3.35c) 

We will introduce the general flux, 

    ⃗⃗ ⃗⃗ ⃗⃗  ⃗      (  ⃗⃗      ⃗⃗⃗⃗ )            (3.36) 

Where    ⃗⃗⃗⃗     ⃗⃗   ,    ⃗⃗ ⃗⃗  ⃗      ⃗⃗  ⃗. Substituting from 3.35a, 3.35b, 3.35c and (3.36 in Equation 

(3.17) to (3.20), we obtain the following dynamic equations for the induction motor in 

synchronous frame where the general flux    ⃗⃗ ⃗⃗ ⃗⃗  ⃗ is oriented with the D axis: 

  ⃗⃗  ⃗  (   (     )(      ))  ⃗⃗     

 (      )   ⃗⃗ ⃗⃗ ⃗⃗  ⃗      (3.37) 

   (   (      )(       ))  ⃗⃗    

 (   (      )  )
   ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   

   
     (3.38) 

 

    

   

  
            (3.39) 

   
 

 
  (               )       (3.40) 

    (     )                                                                           (3.41) 
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Further we get:  

    
   (       )

(
   ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   

   
      )  

      (3.42) 

Here      
  

   
    

  

  
.  

   (       )  (     )
   ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   

   
                (3.43) 

In this thesis, the air-gap flux field oriented vector control is applied.  As a consequence, 

here we choose     to guarantee that the general flux is equal to air gap flux. 

     
  

  
 

    
   (       )

(
   ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   

  
 (  

  
  
)   )  

     (3.44) 

Further, during the steady state   
 

  
  . Because the rotor flux leakage is much 

smaller than the rotor flux, thus rotor flux is approximately equal to the magnetic flux, 

that is,      .  

    
   

   ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   

  
  

 
   

     
      (3.45) 

   
 

 
            

 

 
              (3.46) 

                   (3.47) 

Equations 3.45 through 3.47 will be used for the analysis of instantaneous power control 

in Chapter 6. 
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CHAPTER 4  

CONTROL METHODS OF THE INDUCTION MOTOR 

As a classical control method for induction motors, Direct Torque Control (DTC) is 

discussed first. To understand the relationship between electromagnetic torque of 

induction motor and active power, DIPC and DOPC developed in [44] are analyzed.  

4.1  Direct Torque Control of Induction Motor 

Figure 4.1 shows the drive system with induction motor fed by a three-phase voltage 

source inverter. Figure 4.2 gives the schematic of DTC. At each switching point, DTC 

chooses a suitable voltage space vector to control the torque and stator flux within 

specified bounds. Specifically, the hysteresis controllers compare the estimated 

electromagnetic torque and stator flux with the desired ones and produce an 

appropriate error message as a binary number. From a switching table that is based on 

the relationship between voltage vectors and torque, voltage vectors and stator flux, a 

corresponding switching state is selected for the voltage source inverter.  

Torque 

Control

Stator Flux

Control

Switching State 

Selection
VSI IM

Load

 

Fig. 4.1  Three-phase voltage source inverter fed induction motor. 
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Fig. 4.2  Schematic of direct torque and flux control of induction motor. 

4.1.1  Stator Flux of Induction Motor and Voltage Space Vectors 

At the stator side, the relationship between stator flux and voltage can be seen from 

Equation (4.1),  

  ⃗⃗  ⃗      ⃗⃗  
   ⃗⃗ ⃗⃗ ⃗⃗  ⃗

  
   (4.1) 

If the influence of stator resistance is neglected, the relationship between stator flux and 

voltage is,  

    ⃗⃗  ⃗  
   ⃗⃗ ⃗⃗ ⃗⃗  ⃗

  
      (4.2) 

We can see that the stator flux always tracks the chosen voltage vector, for example, 

one electrical cycle later, the stator flux trajectory is a hexagon, as shown in Figure 4.3.  
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Fig. 4.3  Stator flux trajectory. 

Under given operating conditions, each of the non-zero voltage space vectors has a 

different influence on the magnitude of the stator flux. Generally, we can divide the 

voltage vectors into two groups: voltage vectors whose relative position to the stator flux 

vector is less than     and that increase the magnitude of stator flux and voltage vector 

whose relative position to stator flux vector is bigger than     and that decrease the 

magnitude of stator flux. For example, if the stator flux lies in sector I (        ), as 

shown in figure 4.3, the vectors                will increase the stator flux magnitude, 

vectors of                will decrease the stator flux. 

4.1.2  Electromagnetic Torque and Voltage Space Vectors 

In the field oriented control (FOC), the torque component of stator current is controlled 

to control the electromagnetic torque. Unlike FOC, the DTC control of the torque of an 

induction motor is directly based on the relationship between voltage space vectors and 

torque.  

The stator and rotor current vectors are given by, 
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  ⃗⃗  
  ⃗⃗ ⃗⃗       ⃗⃗⃗  

  
   (4.3) 

  ⃗⃗  
  ⃗⃗⃗⃗        ⃗⃗  ⃗

  
   (4.4) 

Substituting Equation (4.4) in (4.3), we get, 

  ⃗⃗  
    ⃗⃗ ⃗⃗      ⃗⃗⃗⃗  

       
    (4.5) 

Replacing   ⃗⃗  in Equation (4.6) with Equation (4.5), we get the following expression for 

electromagnetic torque,  

   
 

 
    (  ⃗⃗   ⃗⃗  ⃗

 
)    (4.6) 

   
 

 
    (

    ⃗⃗  ⃗      ⃗⃗  ⃗

       
   
⃗⃗  ⃗
 
) 

 
 

 
  
  

  
   (  

⃗⃗  ⃗  ⃗⃗  ⃗
 
) 

 
 

 
  
  

  
   (  

⃗⃗  ⃗  ⃗⃗  ⃗
 
) 

 
 

 
  

  

  
        (     )    (4.7) 

Here   
         

 . Equation (4.7) shows that the angle difference between the 

stator flux and rotor flux will influence the electromagnetic torque. Specifically, the 

voltage vector leading stator flux will accelerate the rotating speed of stator flux, thus 

both the angle difference and the torque will increased; while if the voltage vector lags 

the stator flux, it will accelerate the stator flux in the opposite direction, thus decreasing 

the angle difference, and reducing the electromagnetic torque. The zero vector leaves 

the stator flux unchanged.  
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As long as we know how the stator flux and electromagnetic torque are influenced by 

voltage vectors, and if the position of the stator flux is known, we can form the following 

switching look-up table for the voltage source inverter. Here SI represents the flux in the 

sector I.  

Table 4.1.  Optimal switching table for DTC of IM 

Flux Torque SI SII SIII SIV SV SVI 

 

1 

1 110 010 011 001 101 100 

0 111 000 111 000 111 000 

-1 101 100 110 010 011 001 

 

0 

1 010 011 001 101 100 110 

0 000 111 000 111 000 111 

-1 001 101 100 110 010 011 

The binary numbers from Table 4.1 come from the flux and torque hysteresis controller 

shown in Figures 4.4 and 4.5. We define the following rules for the torque and flux 

hysteresis controller. 

1

0

bλ 

Δλs 

 

Fig. 4.4  Flux hysteresis controller.  
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1

-1

0

ΔT 

 

Fig. 4.5 Torque hysteresis controller.  

For the stator flux controller,        
    . 

If          or              and 
   

  
  ,   = 1, then    must be increased. 

Otherwise    = 0 and    needs must be decreased.  

For the torque controller, we use three level controls,      
    .  

      ; or          
   

  
  ,      

       ; or          
   

  
  ,       

Otherwise;      

Here,    and     are the hysteresis controller bands for the stator flux and 

electromagnetic torque, respectively. 

4.1.3 Stator Flux Sector Definition 

The variable S is the number of the sector where the stator flux lies. There are 6 sectors 

as shown in Figure 4.3 and the sectors are defined in Equation (4.8). The value of S for 

   = (0,1) and   = (-1, 0, 1) is given by:  
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S=             (4.8) 

The torque equation is given as (4.9), 

   
 

 
  (             )     (4.9) 

The stator flux is,  

   ∫   ⃗⃗  ⃗      ⃗⃗ 
 

 
       (4.10) 

As for the reference torque, it is obtained from the speed PI controller that uses the 

reference mechanical speed and actual mechanical speed as its inputs.  

The simulation results with DTC are compared with those of DIPC and DOPC in Section 

4.3 and 4.4. 

4.2  Power Flow Within Induction Motor 

The literature on electric machinery includes many discussions of the issue of power 

within the induction motor.  From the viewpoint of energy conversion, the induction 

motor converts electrical energy to mechanical energy. In the following chapter, the 

active power distribution in the steady state is analyzed for the DIFC and DOFC 

methods. 

Various losses account for the difference between input active power and output 

mechanical power. At the stator side, the losses include the stator winding loss and core 

loss, as given by 

                               (4.11)  
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Subtracting the stator losses from the input power, we can get the electromagnetic 

power -     that can be decoupled into four different parts,  

                                      (4.12) 

where,         is the rotor winding loss,        is the mechanical loss, and    is the 

mechanical output power,             is the other losses. The total active power balance 

is 

             (4.13) 

In an idealized induction motor, we usually ignore various losses except for the power 

consumed by the rotor resistance. The input real power is then expressed as the sum of 

the mechanical power and the power consumed by resistance, i.e. 

                   (4.14) 

           (4.15) 

From equation (4.15), the mechanical power is proportional to the electromagnetic 

torque in the steady state. This inspires us to apply the control principle of torque to the 

control of output power. 

Substituting for    in equation (4.14) from (4.15), we get 

                     (4.16) 

Based on such a relationship, the input real power control of induction motor is found. It 

can be employed in a control technique that realizes the torque control as well.  
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4.3  Principles of the DIPC and DOPC  

The main reason that we want to replace the electromagnetic torque with active power 

in the control scheme is that the electromagnetic torque is difficult to be measured. In 

contrast to the torque, the active power can be easily calculated from the monitored 

current and voltage. In addition, the power control is expected to provide better dynamic 

performance, as it essentially involves stator voltage and current. The author of 

reference [44] proposes two new methods for the control of an induction motor. They 

are direct output power and flux control versus direct input power and flux control. The 

control of stator flux in both methods is the same as in DTC. Regarding the output 

control,  

        
 

 

  

  
          (     )     (4.17) 

The output power is influenced by the angle difference between stator and rotor flux. 

Such a relationship indicates that the working principle of DTC can also be applied to 

the direct output power and flux control. The reference output power is given by  

       
   

     (4.18) 

and the estimated output power can be obtained from Equation (4.15). Figure 4.6 shows 

the schematic of this control approach. 
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Fig. 4.6  Schematic of direct output power and flux control. 

Unlike the output power, the input power is not only dependent on stator and rotor angle 

difference, but is also influenced by the slip frequency as follows 

     
 

 

  

  
 
 
(      )       (     )  

 
 

 

  

  
 
 

(  )       (     ) 

 
 

 

  

  
 
 
(   )       (     )   (4.19) 

Comparing Equation (4.19) with Equation (4.17), the former can be taken as the sum of 

the output power and the power related to slip-speed. In the reference input power, we 

must compensate for the slip-speed part. Reference [44] adopts the following 

compensation technique: 

   
    (  

     
 )    (4.20) 
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      (  

    )   (4.21) 

The estimation of input power can be obtained from Equation (4.22)  

           (      )       (4.22) 
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Fig. 4.7  Schematic of direct input power and flux control of induction motor. 

We can use the same for the direct input power and flux control. The general schematic 

of direct input power and flux control is given in Figure 4.7. 

4.4  Simulation Results for DTC, DIPC and DOPC.  

The induction motor in APPENDIX has been used in the simulations. The input DC 

voltage for the three-phase voltage source inverter is 330 volts. The switching frequency 

is 50 kHz; the reference stator flux is       , The hysteresis band for the stator flux is 

        . The reference speed ramps up to 110 rad/sec at 0.6 seconds and then 

remains constant.  The load torque jumps from zero to        at 1.0 s, and jumps again, 
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to        at 1.5 s. The electromagnetic torque and speed profile resulting from the 

three methods described in the preceding section are shown in Figures 4.8 to 4.13.  

 

Fig. 4.8  Reference and estimated mechanical speeds at DTC.  
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Fig. 4.9  Reference and estimated mechanical speeds at DOPC. 
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Fig. 4.10  Reference and estimated mechanical speeds at DIPC. 
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Fig. 4.11  Load torque and electromagnetic torque at DTC. 

 

Fig. 4.12  Load torque and electromagnetic torque at DOPC.  
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Fig. 4.13  Load torque and electromagnetic torque at DIPC. 

It can be concluded that power control provides similar electromagnetic torque and 

speed trajectories as does torque control. 

4.5  Conclusion  

DTC, DIPC and DOPC utilize the voltage space vector‟s impact on electromagnetic 

torque, input power, and output power as well as its affect on stator flux to drive the 

torque, power, and flux to their desired levels, they are essentially the same. 
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CHAPTER 5  

INSTANTANEOUS ELECTRIC POWERS 

The dynamics and energy flow of induction motors have been researched since 1920s. 

The theories dealing with the instantaneous active power and reactive power can be 

classified into two kinds: p-q theory and abc theory [48]. In this chapter the emphasis is 

on p-q theory. In power electronics, the concept of instantaneous power has been used 

in control of PWM rectifiers. In electric drive systems, Betz et al. used the idea of 

instantaneous powers to control induction motor drives. Lee et al. adapted this idea to 

improve the performance of induction motor fed by matrix converter.  Control methods 

in [31-40] are based on the idea that active power is related to torque and reactive 

power is related to flux in the synchronous reference frame. As for the relationship 

between torque and stator flux and the instantaneous active and reactive power in the 

stationary reference frame, no relevant literatures have been found by this researcher. 

In this chapter, observations regarding the relationship between the instantaneous 

powers and the torque and flux of induction motor in the stationary reference frame are 

given with the support of simulations.  

5.1  P-Q Theory  

Akagi was the first to propose the p-q theory in [48]. The p-q theory utilizes the Clark 

transformation described in Chapter 3 to express the instantaneous active and reactive 

power that as.  

  
 

 
(         )  (5.1) 
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(         )  (5.2) 

where    and     are the d-q components of the stator voltage vector and     and    are 

the d-q components of  the stator current vector.  

P-q theory provides specific physical meanings to instantaneous powers. For the 

instantaneous active power, the definition is as follows: 

“For a three-phase system with or without a neutral conductor in the steady state or 

during transients, the three-phase instantaneous active power   describes the total 

instantaneous energy flow per second between two subsystems.” 

For the instantaneous reactive power, its definition is given as, 

“The imaginary power   is proportional to the quantity of energy that is being exchanged 

between the phases of the system. It does not contribute to the energy transfer between 

the source and the load at any time.”  

The physical meaning of active power is easy to understand, while the explanation of 

reactive power is somewhat abstract. In the three-phase induction motor, reactive 

power represents the energy exchanged among the A, B, and C phase per second. 

However, it is difficult to determine how much reactive power the voltage source inverter 

should provide at each switching cycle to keep the motor working as required.  

5.2  Input Active and Reactive Power Versus Voltage Space Vectors 

As mentioned in Chapter 3, there are 8 switching states in the three-phase voltage 

source inverter. Consequently, for the induction motor fed by this kind of inverter, there 
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are eight input active and reactive power pairs. The analysis of these powers is incritical 

in this research. With the help of Equations (3.13), (5.1) and (5.2), we get the following 

table:  

Table 5.1.  Input active and reactive powers 

Voltage Space Vector Input Active Power Input Reactive Power 

 

     

 

 
  (     )  

 

 
  (     ) 

 

     

 

 
  (     √     ) 

 

 
  (√          ) 

 

     

 

 
  (√          ) 

 

 
  (√          ) 

 

     
 
 

 
  (     ) 

 

 
  (     ) 

 

     
 
 

 
  (     √     )  

 

 
  (√          ) 

 

     
 
 

 
  (√          )  

 

 
  (√          ) 

 

         

 

0 

 

0 

 

Here      ,      are the d and q components of the stator current vector, respectively, and 

   is the input voltage of the inverter. The voltage space vectors     ,      and      have 

input active and reactive power of different polarity than those of     ,     , and     .  

Note that the powers for zero vectors are zeros.  
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For the active and reactive power, their sign depends on the relative position of the 

voltage and current waveforms. Specifically, the definition of the active and reactive 

power are. 

x

y

i

v

δ

 

Fig. 5.1  Phasor diagram of voltage and current. 

        ( )  (5.3) 

        ( )  (5.4) 

where   is the angle difference between voltage and current waveforms, as illustrated in 

Figure 5.3. As for the instantaneous powers, as long as the position of stator current 

vector is known, we can determine the sign of reactive and active power for each 

voltage space vector based on Equations (5.3) and (5.4). 

If the load is inductive, the consumed reactive power is positive; if the load is capacitive, 

it is negative. The induction motor can be considered as an inductive load. Therefore, at 

each switching period, the voltage vectors that will produce positive reactive power will 

be considered to be selected to control the motor.  
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Typically the active power is positive, if the power goes from the source to the load, and 

negative, if the power goes from the load to source. The induction machine in this 

research always operates as a motor, and the active power it needs is always positive. 

In other words, voltage space vectors that produce positive active power will be 

considered to control the motor.  

5.3  Analysis of Instantaneous Powers  

The induction motor can be represented by an assembly of inductances, resistances 

and a voltage source at the rotor side. We can regard it as an inductive load with a 

three-phase balanced voltage source. If we know how the torque and flux changes 

under given active and reactive power, we can control the input powers to control the 

torque and flux. The steady state relationship between torque and input active power is 

given In Chapter 4. Here, we first discuss the power distribution within the induction 

motor then provide general formulas for the transient state. 

5.3.1  Instantaneous Power Distribution 

Induction motor converts the electrical power to mechanical power to drive loads. 

Specifically, the mechanical power at the rotor side is expressed as, 

        
  

  
  (5.5) 

while the rest of active power is consumed by the resistances and the inductances, For 

a resistance, the instantaneous apparent power    , is given by 

     ⃗     
             

         
       (5.6) 
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so, 

      
       (    

      
 )      (5.7) 

and, 

       (5.8) 

Considering the stator and rotor resistance, the total instantaneous active power 

consumed is,  

   
 

 
  (    

      
 )  

 

 
  (    

      
 )  (5.9) 

Regarding the inductance L, the apparent power consumed is, 

     ⃗     
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)  (5.10) 

Thus, 

    (    
     

  
     

     

  
)        (5.11)                                       

and 

     (    
     

  
     

     

  
)       (5.12) 
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From Equation (5.11), we find that the instantaneous active power for the inductance in 

transient states is not zero, as power is delivered to it and retrieved from it. The 

inductance in the induction motor are the stator leakage inductance, the rotor leakage 

inductance, and the magnetizing inductance. So the total instantaneous active power for 

all these inductances is, 
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) (5.13) 

The instantaneous reactive power is only in the inductances and is given by  
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Rearranging Equations (5.13) and (5.14) to express power with a combination of current 

and flux rather than only current, yields, 
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The sum of Equations (5.5), (5.9) and (5.15) is the total instantaneous active power, that 

is, 
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Since the reactive power is only in the inductances, Equation (5.16) gives the total 

instantaneous reactive power, that is,  
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From Equation (5.17) it can be seen that the expression for the total active power 

contains the electromagnetic torque. Equation (5.19) demonstrates the relationship 

between active power and the angle difference [44],  
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where   
         

 . Thus, input power and torque can be controlled by adjusting the 

angle difference between stator flux and rotor flux.  

To relate stator flux and reactive power, we use the following expressions for the 

currents      ,     ,     , and     . 
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Then we substitute in (5.18) to obtain 
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We also need the identities 
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Thus, the instantaneous reactive power can be expressed as, 
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From Equation (5.28), we can find that during transient states, the instantaneous 

reactive power is related to the square of stator flux and rotor flux, and the interaction 
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between stator and rotor flux. In the steady state, the change in the total instantaneous 

reactive power will influence the change of stator flux. The derivative of both sides of 

Equation (5.29) gives, 
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It can be seen that the change in the total reactive power is related to the second and 

third terms in Equation (5.30). If these two terms are sufficiently small, we could 

conclude that the increase in total reactive power will cause an increase in stator flux 

and vice versa.  

Alternatively, with the help of equations,  

     |  |    (  )  (5.31) 

     |  |    (  )  (5.32) 
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we can rewrite Equation (5.24) as, 
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From Equation (5.35), it can be seen that the instantaneous reactive power is not only 

related to the stator flux, but also to the angle difference between stator flux and rotor 

flux. Note that the active power is also related to this angle difference. Therefore, we 

can conclude that the stator flux is related to both the active and reactive power.  

5.3.2  Simplified Approach to the P-Q Analysis  

In 5.3.1, an accurate analysis of active and reactive power distribution and their 

relationship with torque and flux were attempted. Since at each switching period, the 

choice of voltage space vector for three-phase inverter is limited, a simplified power 

analysis is acceptable. 

The related assumptions are:  

(1) The leakage inductances are negligible in comparison with the magnetizing 

inductance  . Consequently, the whole reactive power is consumed by   . 

(2) The voltage drop across the stator resistance and leakage reactance is 

negligible in comparison with the stator voltage   . Thus the voltage across    

equals   .   

The powers consumed by Lm are given by 
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As   
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then 
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Solving these equations for      and      yields 
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 (             )  (5.45) 

Squaring (5.44) and (5.45) to power 2 and adding gives 

          
  

  
√                                                          (5.46) 

The real power input to the motor equals 
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50 
 

and it contains three components: (1) mechanical output power     , (2) power lost in 

resistances,   , and (3) power delivered to (and recovered from) the magnetizing 

inductance,   . These are given by: 

                                         (5.48) 
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From Equations (5.48)-(5.50) it follows that 
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which clearly shows a direct relation between the torque and real power. On the other 

hand, substituting  
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In Equation (5.46) yields, 

   √        |  ||  |  (5.54) 
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Equation (5.55) indicates that the magnetizing flux is not influenced by the choice of 

voltage space vector, since all the six non-zero voltage vectors produce the same   . 

Hence, the flux cannot directly be controlled by utilizing the information from either 

active or reactive power.  

From equation (5.56), we can see that the magnetizing flux can be controlled by 

adjusting the magnetizing current |  |.  

            (5.57) 

   is the sum of stator current and rotor current, as shown by Equation (5.57). It is know 

that the stator current is influenced by the stator voltage and the rotor current depends 

on the load condition and kinetic characteristics which are usually constant. Therefore, 

we can simply control the stator current to control the flux.  

5.4  Simulations  

A simple way to observe power distribution in the induction motor is to analyze the 

powers produced by the DTC. Here the DTC is simulated using Matlab. The motor 

parameters are listed in the APPENDIX. The reference mechanical speed ramps up to 

            at 0.6 s, then kept constant. The load torque is zero before 1.0 s and jumps 

up to        at 1.0 s. The torque band limit is           The reference stator flux is 

      , the stator flux band limit is         . The DC voltage for the inverter is 330 V, 

and the simulation step is      .  



52 
 

Figures 5.2 and 5.3 show the mechanical speed and electromagnetic torque of the 

induction motor when DTC is employed. Figure 5.4 shows the total instantaneous active 

power. 

 

Fig. 5.2  Reference and actual mechanical speeds. 
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Fig. 5.3  Load torque and electromagnetic torque. 

0 0.5 1 1.5
-20

0

20

40

60

80

100

120

Time/sec

T
o
rq

u
e
/N

.m

 

 

Tload

Te



54 
 

 

Fig. 5.4  Input active power.  

The subsequent simulations are based on the idea that torque can be controlled by 

adjusting the input active power and the stator flux can be controlled by adjusting the 

stator current. The later can, in turn, be adjusted through its relationship with the stator 

voltage vector, such an idea is named as Direct Active Power and Flux Control (DPC).  

The        simulation step is very short, compared to the 0.0167 s voltage-source 

period, so the stator current within can be assumed constant within each simulation step. 

Six non-zero vectors utilize the same current to get active power based on Table 5.1. 
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The control method of the induction motor switches from DTC to IPC at 1.3 s. 

Simulation results for the stator flux, mechanical speed, electromagnetic torque, input 

active power, active powers for six non-zero voltage vectors, stator current, and 

magnetizing current at and after 1.3 s are summarized in Table 5.2. 

Table 5.2.  Motor data at 1.3 s 

Time/s FSANG Fs Te ISA ISANG IMA IMANG 

1.3 330.36 0.6973 63.88 48.72 40.45 16.52 -35.05 

 

P_IN P_1 P_2 P_3 P_4 P_5 P_6 

 

9955.47 8038.90 9955.47 1916.58 -8038.90 -9955.47 -1916.58 

  

From Table 5.2, the stator flux error is          which places it within the flux band, 

while the torque error           is much bigger than the torque band limit of         , 

Therefore, the torque must to be decreased and the stator flux need not be changed.  

From the DTC principle, it is known that the zero-vectors do not change the stator flux 

but decrease the torque. Therefore, the zero-vector was tried during the time interval of 

1.3 s to 1.30002 s. The updated data obtained at 1.30002 is given in Table 5.3. The 

decrease of input power from           to zero leads to the decrease of torque from 

          to          ; Zero vector causes the decrease of stator current from         

to        , which leads the decrease of stator flux drops from           to          . 

Thus, the zero vector can be selected at 1.3 s to control the motor.  

Table 5.3.  Motor data at 1.30002 s with zero vector 

Time/s FSANG Fs Te ISA ISANG IMA IMANG 



56 
 

1.30002 330.36 0.6972 60.69 46.45 39.89 16.52 -34.80 

 

P_IN P_1 P_2 P_3 P_4 P_5 P_6 

 

0.00 7727.30 9457.71 1730.41 -7727.30 -9457.71 -1730.41 

  

As an alternative choice, the vector      is considered. From Table 5.2, the stator 

current position is        ,      provides positive d-q components in the stationary 

reference frame, so it can increase the stator current slightly. Meanwhile, its 

corresponding active power is           which is less than the input power of 

         . Therefore,      should increase the stator flux and decrease the torque. 

Table 5.4 shows the relevant data at 1.30002 s with      during time interval of 1.3 s to 

1.30002 s. 

Table 5.4.  Motor data at 1.30002 s with      

Time/s FSANG Fs Te ISA ISANG IMA IMANG 

1.30002 330.60 0.7029 63.22 48.88 37.55 16.56 -34.70 

 

P_IN P_1 P_2 P_3 P_4 P_5 P_6 

 

8402.83 8402.83 9795.48 1392.65 -8402.83 -9795.48 -1392.65 

 

Comparing Tables 5.2 and 5.4, it can be seen that the flux increases and torque 

decreases. Here the      was selected for the analysis of the impact of non-zero vectors 

on the flux.  

From Table 5.4, the flux error is           and torque error is           , so the flux is 

still acceptable and the torque must be decreased. The input active power is          . 

Vector      has lower active power,          , thus it is selected to lower the torque. It 
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has a negative d component and a positive q component, and its relative position to the 

stator current is        , so it will lower the stator current slightly. Table 5.5 shows the 

new data at 1.30004 s. 

Table 5.5.  Motor data at 1.30004 s with      

Time/s FSANG Fs Te ISA ISANG IMA IMANG 

1.30004 330.85 0.6972 61.63 47.11 40.61 16.52 -34.37 

 

P_IN P_1 P_2 P_3 P_4 P_5 P_6 

 

1881.36 7754.42 9635.78 1881.36 -7754.42 -9635.78 -1881.36 

 

Comparing Tables 5.4 and 5.5, we see that both the flux and torque decrease, as 

expected. The flux error is          and the torque error is          . Still the flux is 

acceptable and torque must be decreased. Observe the powers for non-zero vectors, 

vector      is selected for the time interval of 1.30004 s to 1.30006 s. The 

corresponding results are given in Table 5.6,  

Table 5.6.  Motor data at 1.30006 s with      

Time/s FSANG Fs Te ISA ISANG IMA IMANG 

1.30006 331.11 0.6915 60.09 45.49 43.87 16.47 -34.04 

 

P_IN P_1 P_2 P_3 P_4 P_5 P_6 

 

2365.12 7111.29 9476.41 2365.12 -7111.29 -9476.41 -2365.12 

 

From Table 5.6, we can see that both the flux and torque decrease, which confirms the 

expectation. Now the flux error is           and torque error is          , so that the 

stator flux must be increased and the torque must be decreased. If we employ the 
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vector     , both the stator flux and torque decrease, as shown in Table 5.7, because 

     generates a  negative d-component voltage and a low active power.  

Table 5.7.  Motor data at 1.30008 s with      

Time/s FSANG Fs Te ISA ISANG IMA IMANG 

1.30006 331.37 0.6859 58.61 44.04 47.33 16.43 -33.71 

 

P_IN P_1 P_2 P_3 P_4 P_5 P_6 

 

2843.96 6473.41 9317.38 2843.96 -6473.41 -9317.38 -2843.96 

 

If we select     , the flux will increase and torque will decrease, since it has a positive d-

component voltage, and its active power is much higher than the input power in Table 

5.6. Table 5.8 shows the data for 1.30008 s with     . The results show that the flux 

increases while the torque decreases. Now the flux error is          and the torque 

error is        . 

Table 5.8.  Motor data at 1.30008 s with      

Time/s FSANG Fs Te ISA ISANG IMA IMANG 

1.30006 331.35 0.6971 59.40 45.53 40.69 16.52 -33.69 

 

P_IN P_1 P_2 P_3 P_4 P_5 P_6 

 

7486.70 7486.70 9317.38 1830.67 -7486.70 -9317.38 -1830.67 
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Fig. 5.5  Stator flux. 
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Fig. 5.6  Electromagnetic torque.  

 

Fig. 5.7  Mechanical speed. 

Figure 5.5 shows the flux waveform between 1.3 s and 1.30008 s. Figures 5.6 and 5.7 

show the corresponding torque and mechanical speed.  The results show that all 

waveforms are acceptable. 

From the above analysis, it can be concluded that the stator flux can be controlled by 

adjusting the stator current, and the torque can be controlled by adjusting the input 

active power.  
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5.5  Conclusion 

Based on p-q theory, the active and reactive power for each voltage space vector were 

analyzed. Further, the instantaneous power distribution in the motor was analyzed to 

determine relationships between the torque, flux, and instantaneous powers. The 

simplified model of the induction motor and its power distribution were also analyzed. 

The analysis shows that the torque can be controlled by adjusting the input active power, 

and flux can be controlled by adjusting the stator current using a suitable voltage space 

vector. These conclusions were confirmed by simulations.  
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CHAPTER 6  

SENSORLESS INSTANTANEOUS POWER CONTROL OF 

INDUCTION MOTORS 

Instantaneous power control of an induction motor was first proposed by Betz in [31]. It was 

based on the control of the instantaneous real and imaginary power supplied to the machine. It 

exploited the fact that the real power minus losses produces the torque produced by the 

machine, and the imaginary power is needed for the magnetic flux. Conceptually IPC lies 

between field oriented control (FOC) and direct torque control (DTC). As in DTC, the induction 

motor model can be implemented in the stationary reference frame. As in FOC, the stator 

current is split into a real-power current and an imaginary power current in order to control the 

electromagnetic torque and stator flux separately. After Betz, Lee proposed sensorless IPC for 

induction motors fed by a three-phase matrix converter. To improve the low-speed sensorless 

performance, the nonlinear features of the matrix converter, such as commutation delays, turn-

on and turn-off times of switching devices, and on-state device voltage drop were modeled 

using a PQ-power transformation and compensated using a modified reference power.  In this 

chapter, an improved sensorless IPC scheme is presented.  

6.1  Instantaneous Active and Reactive Power 

From Equations (5.1) and (5.2), the instantaneous active and reactive power for the induction 

motor can be defined as,  

  
 

 
(         )  (6.1) 

  
 

 
(         )  (6.2) 
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6.2  Power Reference Generation 

From Chapter 4, we know that the input active power is related to the slip frequency through 

what is known as slip power. In [44] the author utilizes the difference between reference 

mechanical speed and speed to compensate for the slip power. In [39-40] the author uses the 

reference torque to compensate for the slip power. In the synchronous reference frame with the 

D-axis (Q-axis) oriented with air-gap flux vector, the imaginary power is related to the Q-axis 

stator current, the real power is related to the P-axis current, as we can see from Figure 6.1.  

α-axis

β-axisωe

Q-axis

P-axis

θ 

Q
(Reactive 
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ip im
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Fig. 6.1  Space vector diagram for power control. 

From Chapter 3, we have 

        
   

   ⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   

  
  

 
   

     
  (6.3) 

   
 

 
            

 

 
         (6.4) 

Therefore, we can get the reference slip frequency:  
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   (6.5) 

The reactive power reference can be expressed as, 

     (   
    )  

  
  
  

  
   

   
 

     
  (6.6) 

The active power reference is, 

    
     

   

    
    (6.7) 
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Fig. 6.2  Block diagram of instantaneous power control of induction motor. 

Figure 6.2 shows the schematic of original IPC, the rotor mechanical speed comes from the 

induction motor directly.  
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Fig. 6.3  Block diagram of sensorless instantaneous power control of induction motor. 

Sensorless estimation of rotor speed is analyzed next. In [49] five sensorless schemes are 

presented for the estimation of rotor speed. In the IPC of induction motor, the fourth is adopted, 

and it uses the euqation 

          (    
    

  
    

    

  
) |  |
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 (             )  (6.8) 

                (6.9) 

                 (6.10) 
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Once we get an estimate of the rotor speed, the    in Equation (6.6) can be replaced with 

Equation (6.8) to obtain the imaginary power reference, thus forming a close loop control 

system.  

There are three PI controllers in the driving system, including the speed PI controller. To simplify 

the PI controller adjustment, first adjust the speed PI controller to make it work for the DTC. 

Since we use the same torque reference in both DTC and IPC, this PI controller also works for 

IPC. Then we adjust the other two PI controllers.  The stator voltage in synchronous reference 

can be obtained from the transformation from synchronous to stationary reference frame, as 

seen from Figure 6.3. 

6.3  Simulation Test  

The simulation presented in this section use the motor given in APPENDIX. The reference air-

gap flux is        , the reference mechanical speed and load torque profile is given in Figures 

6.4 and 6.5 separately. At 0.8 s, the control method switches from DTC to IPC. The reason why 

DTC is applied to the induction motor drive system is to build up the flux magnetic field. First, 

the original instantaneous power control was simulated.  
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Fig. 6.4  Reference and actual speeds. 
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Fig. 6.5  Electromagnetic torque and load torque. 

 

Fig. 6.6  Estimated and actual speeds. 

From Figures 6.4 and 6.5, we observe that instantaneous power control works well both in the 

steady and transient states. Figure 6.6 shows the estimated rotor speed and actual speed. They 

coincide well, except in the range where the speed is almost zero.  

In the next step, the estimated speed was employed in the control loop, as shown by Figure 6.3. 

The corresponding simulation results are given in Figures 6.7-6.9. Figure 6.7 shows that the 

estimated speed tracks the reference one well except at 0.7 s when the control method is 

switched from DTC to IPC. The speed estimation error is almost zero, as we can see from 

Figure 6.8. The electromagnetic torque has a good dynamic response during both the steady 

and transient states.                  
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Fig.  6.7 Reference and estimated speeds. 
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Fig. 6.8  Speed estimation error. 
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Fig. 6.9  Electromagnetic torque and load torque.              

6.4 Conclusion            

The conventional instantaneous power control of induction motor was presented first, and then 

a novel sensorless IPC technique was introduced. The simulation results show that the new 

method works both in the steady and transient states.       
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CHAPTER 7  

CONCLUSION 

The performed analysis and simulations has shown that the reactive power cannot 

directly control the magnetic flux of induction motor. Instead, the flux can be controlled 

by adjusting the stator current using a suitable voltage space vector. The torque can be 

controlled by adjusting the input active power. We call this method direct power control 

(DPC).  

Assuming that the stator current does not change significantly in the course of a 

switching cycle, input active powers for all six non-zero vectors were calculated. Based 

on the torque and flux error, suitable voltage vectors were considered for selection for 

the next cycle by comparing the needed active power with those generated by non-zero 

inverter states, and analyzing the relative position of corresponding voltage vector to 

stator current vector. The simulations have confirmed validity of the DPC. 

A novel sensorless IPC technique, which is an expansion of the known method, was 

proposed. It has been shown that the IPC needs some other control technique, such as 

the DTC, to establish the required flux level when the machine starts. The sensorless 

IPC provides a good dynamic response.  
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APPENDIX  

Characteristics of the example induction motor 

The example motor used in the simulations is a       three-phase squirrel-cage 

induction motor. Detailed specification of the motor are listed in table A.1 [1]. 

Table A.1.  Parameters of the example induction motor 

Parameter symbols    

Rated Power            

Rated stator voltage               

Rated stator current                

Rated frequency            

Rated slip            

Rated speed                 

Rated torque              

Numbers of Pole pairs    3 

Stator resistance               

Stator inductance                

Rotor resistance               

Rotor inductance                

Magnetizing inductance               

Rotor mass moment of inertia              

 


	thesis title
	MS-Committee
	General version - 05-14- Final Version

