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Abstract: 

   The high cost of energy, its ever-increasing consumption and the vital need to curb harmful energy related effects on the 

environment are strong incentives to reduce the energy losses and improve the operating efficiency of electric motor drive 

systems. Further more, reduced losses not only reduce operating cost but also reduce capital cost of utility systems supplying 

electric power to their consumers. Induction motors are dominant loads, they account for about  60 % of the electricity 

consumed, for this reason, it is important to concentrate on optimizing the efficiency of induction motors, in particular small 

and medium size motors below 52 kW, whose load are Heating, Ventilation and Air Conditioning (HVAC) application.   

In this work, two energy efficiency optimization techniques that minimize the total copper and core losses in a variable speed 

induction motor are studied and compared. 

 The power factor efficiency optimizer is based on the calculation of induction motor displacement power factor from its 

complete per-phase equivalent circuit, and which leads to a maximum operating efficiency when it is kept constant 

throughout the range of speed variation. 

 The model-based control technique, on the other hand, is based on induction motor loss model built in a d-q reference frame, 

where the optimization problem is solved by achieving a balance between the d- and q- loss components throughout the range 

of speed variation. 

  Results are showing that the two control techniques for the induction motors population studied indicate an overall 

comparable level of performance for both   controllers. Achievable efficiency improvement at partial loads can  reach 18 %.  
 

             Résumé: 
 

   Le prix élevé et la consommation croissante de l'énergie électrique, ainsi que le besoin vital de maîtriser ses effets néfastes  

sur l'environnement représentent des facteurs forts nous incitant à réduire les pertes énergétiques et donc améliorer  le 

rendement des moteurs asynchrones. La réduction des pertes non seulement réduit les coûts de fonctionnement mais aussi les 

coûts d'investissement des systèmes énergétiques d'alimentation électrique. 

Le moteur asynchrone représente le type de charge le plus important, pour cette raison, il est important d'améliorer son 

rendement énergétique  et, en particulier,  pour la population des moteurs asynchrones inférieurs à 52 kw utilisés dans les 

charges des chauffage, ventilation et climatisation (HVAC). 

  Le présent travail concerne une étude détaillée de deux techniques de commande optimale de l'efficacité énergétique 

appliqués aux   moteurs à induction à vitesse variable. 

  La technique du facteur de puissance est d'abord étudiée. Cette méthode est basée sur le calcul du facteur de puissance des 

composants fondamentaux du courant et tension de l'alimentation (par référence au circuit équivalent du moteur à induction 

développé pour ce but). 

En maintenant ce facteur de puissance constant à sa valeur maximale, l'amélioration du rendement de système est possible 

dans la plage de variation de vitesse désirée. 

   La deuxième méthode est appelée model-based,  est basée sur l'obtention d'un modèle de perte pour le moteur asynchrone 

dans le repère (d-q). En utilisant cette méthode, le problème d'optimisation est résolu en assurant l'égalité des pertes 

correspondant aux  deux composants (d- et q-) pour  tous points de fonctionnements inférieurs à la vitesse nominale. 

Les résultats montrent que les performances des deux méthodes de commande sont, globalement, comparable, où 

l'amélioration de 18 % de rendement énergétique est prédite pour les moteurs étudiés en charges partielles.       
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CHAPTER 

1 Introduction 



     Throughout the twentieth century, most of the drives for industrial processes, 

commercial equipments, and domestic appliances have been designed to operate at 

essentially constant speed, mainly because of the ready availability of economical 

induction motors operating on the available constant frequency AC power supply. For 

many mechanical loads, it is recognized that a variable speed drive would provide 

improved performance, productivity, and energy efficiency [1]. However, until 

recently, the provision of continuously variable speed has been considered too 

expensive for all but special applications, for which constant speed was not acceptable 

[2]. Examples of such drives are: elevators, steel mill drives, machine tools, and 

robots. This situation is first changing, and particularly, in recent decades, as electric 

drives have been undergoing a major evolution as a result of two factors: 

1) The availability and continuously decreasing cost of variable 

frequency electric power supplies resulting from advances in power 

electronic switching devices and in microprocessing based controls; 

2) The increased concern about the present and future cost and 

availability of electric energy. 

Consequently, variable speed drives are being designed into new systems and are 

being fitted to existing systems, permitting improved optimization of both quality of 

the system’s output and its energy efficiency [3], [4]. 

1.1. Induction Motor and Energy Consumption: 

  The induction motor, especial ly the squirrel cage type,  is  widely used 

due to its  several  distinct virtues in comparison with d.c machines.  

These relate to lower cost and weight,  lower inertia,  improved 

ruggedness and reliabili ty,  low maintenance requirement and the 

capabili ty to operate in a dirty and explosive environment due to the 

absence of commutators and brushes [5],  [6].  Some of these virtues are 

of paramount importance,  which make the induction motor drive system 

mandatory in several areas of applicat ions.  

 Because of these advantages and its  wide use,  the induction motor is  

likely to remain the major electrical energy consumer for many years to 

come. 
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Due to that fact, a large part of electrical energy used in various places including households, 

industry, commerce, public services, traction and agriculture, is consumed by induction 

motors. It is found that the electrical motors consume around 56 % of the total consumed 

electrical energy, and of this, induction motors account for 96 %, this shows that around 54 % 

of the total electrical energy is consumed by induction motors [7].   

    To achieve energy savings in induction motor drives, an analysis of the use of the induction 

motor especially the cage motor is required. The intention is to concentrate the work in a field 

of motor drives where most of the energy is used and, more importantly, where it is wasted. 

Fig.1.2 shows the distribution of the use of energy by induction motors, divided into five 

motor size classes [7]. The data is based on statistics of the energy use in Denmark, and the 

tendency is valid for most industrialized countries and can be extended to be used for the 

developing countries like Algeria. 

  Analysis of these statistical results shows that the greater amount of energy is consumed by 

induction motors in the power range below 52 kW. Most important is the distribution of 

motor energy losses to the right of the figure. It shows that about 67% of the energy loss is 

dissipated in motors with a power rating below 52 kW. The tendency here is clear: if the aim 

is to save energy in induction motor drives, then, we need to concentrate the work on motor 

drives below 52 kW rated power. 

 

                         Fig.1.2   (a) Distribution of energy used by induction motors, 

                                     (b) Distribution of energy loss in induction motors [7]. 
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It can be deduced that if losses in this population of motors can be reduced by just a 

few percent, it will have a major impact on the total electrical energy consumption. In 

a more precise statement, if the aim is to save energy in induction motor drives, then, 

we need to concentrate the work on motor drives below 52 kW rated power.  

Accordingly, the present study is based on the squirrel cage induction motor power 

rating of  1.5 kW, 4.0 kW, 7.5 kW, 25 kW  and 50 kW, with their parameters are listed 

in appendix B. 

1.2-Induction Motor Drives and Load Types: 

     In order to have a consistent evaluation of induction motor drive energy control, it 

is very important to know the characteristics of the load [8], [9]. Practically, the 

induction motor can drive the following three load types, which are different in their 

characteristics: 

           -    Fan and pump type loads, 

           - Constant torque loads, like conveyors and position displacement or 

reciprocating pumps, and 

           -  Constant horse-power loads, such as winding machines. 

1.2.1- Fan and Pump Type Loads:      

   These are variable torque loads which include, mainly, the heating, ventilation and 

air conditioning (HVAC) systems. Because in these load applications the torque is 

proportional to the square of the operating speed, they are characterizing by low torque 

requirements at low motor operating speeds [9]. 

1.2.2- Constant Torque Loads: 

    Constant torque loads require the same amount of torque at low speeds as at high 

speeds. The torque, in this load type, remains constant throughout the speed range, 

where as, the horse-power increases and decreases in direct proportion with the speed. 

As a result, special consideration must be given to the motor, especially its 

temperature rise during the operating time. In this context, special duty motors may be 

required which include a constant speed blower on the motor.  
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1.2.3-Constant Horsepower Loads: 

      For the constant horse-power load-type, the torque required at low speed is high, 

whereas at high speed, this torque is low, with the total required horse-power remains 

constant at any speed.  

Each of these load types has its characteristics, which impact the amount of energy 

savings and process control that can be expected with the addition of adjustable speed 

drive. 

1.3. Induction Motor / HVAC Drive Energy Efficiency Optimization: 

    When working on induction motor drive energy efficiency optimization, it is 

particularly interesting to consider the HVAC load type, because it is the group of 

applications that is often used in connection with induction motor [10], [11]. 

Recently, variable speed drives (VSDs) have been intensively applied in several 

HVAC systems, where the reduction in the cost of control electronics has made energy 

savings of 40% - 60% possible in these applications [11]. But when the speed is 

reduced to meet the load requirements, the load efficiency can be maintained high 

while the induction motor efficiency drops off as it becomes lightly loaded. Therefore, 

an energy optimal control method is required for further drive efficiency improvement 

under light load conditions. 

1.4. Energy Optimal Control Methods of Induction Motor under Light Load 

Conditions: 

     Several small and medium size induction motor drive efficiency improvement 

methods have been reported in the literature. In general, they can be divided into two 

categories. The first category is the so-called loss-model based approach. It is also 

termed the loss-model controller (LMC), consisting of computing the losses by using 

the induction motor model and selecting the flux level that minimizes these losses. 

The second one is termed as the power-measure- based approach, known also as 

search controllers (SCs). In this approach, the flux (or its equivalent variable) is 

decreased until the electrical input power settles down to the lowest value for a given 

torque and speed. 

     In the first approach, different loss models can be found in the literature. Alexander 

Kusko et al [12] in their works of reducing the energy losses in industrial and 
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transportation system adjustable speed electric motor drives addressed the method of 

adjusting the a.c  motor stator voltage and frequency to minimize the electromagnetic 

controllable losses based on the induction motor equivalent circuit model including the 

core losses. Based on this loss- model, the objective function of the induction motor 

total losses is obtained and the minimization problem is solved numerically for the 

frequency corresponding to minimum losses. Garcia et al. [13], [14] proposed a simple 

loss model using the induction machine equivalent circuit in d-q coordinates. The loss 

model consists of computing the iron loss, copper losses (rotor and stator) in function 

of stator currents iqs and ids in d-q frame. For a given speed and torque, the solution of 

the loss model yields the flux current ids for which the total loss is minimal. 

In the second approach, the input power is first measured and then minimized by 

different ways. Moreira et al. [15] used the information of the third harmonics 

component of the air gap flux in the process of reducing the flux current, ids, in order to 

minimize the input power. 

Sausa and Bose [16] proposed the technique of fuzzy logic based on-line efficiency 

optimization controller for a drive that uses the indirect vector controlled induction 

motor speed control system. The fuzzy logic controller adaptively decrements the flux-

producing current on the basis of measured minimum input power, and for a given 

load torque and speed, the pulsating torque problem, generated through the iterative 

process, has been addressed by implementing a feed-forward torque compensator and 

the controller leads to an effectively induction motor drive efficiency improvement 

when operating under light load conditions. 

In connection to the same approach, Cao-Minh et al. [17] reported their results on a 

new control algorithm for efficiency maximization of induction motor drives when 

operating at light load conditions. The algorithm uses the – golden section – technique 

to improve the convergence rate in the process of searching the optimal value of flux 

component of stator current, for which the electrical input power of the system is 

minimum at a given torque and speed. Because the flux component current is reduced 

in stepwise manner, torque pulsation problem is encountered. This undesirable 

problem, especially for induction motor low speed operation, is overcome by using a 

second order low-pass filter in the output of the efficiency optimization routine. The 

-5- 



application of the algorithm in the direct vector control environment has led to a 

substantial power saving and corresponding efficiency improvement. 

     In general the first approach is fast but depends largely on the motor parameters, 

which are very difficult to be exactly obtained due to the parameter sensitivity to 

operating conditions. 

The second approach, on the other hand, is simpler and can include all kinds of losses; 

including the converter losses since the power entering to the system is measured and 

used in the optimization algorithm. However, it is relatively slow due to the search 

process. In addition it is difficult to precisely measure the input power in some 

practical cases. Therefore, measurement of d.c link power instead of input power 

represents an attractive solution. 

    The present study addresses the problem of efficiency optimization of induction 

motor in HVAC application where load dynamics are not demanding but efficiency 

improvement margins can be very important, with the objective of arriving at a simple 

reliable controller. 

In order to achieve this objective, the steady state performances of induction motor 

when connected to a three phase sinusoidal, balanced power supply with detailed 

presentation of induction motor losses are addressed in chapter two. In chapter three, 

we have considered the induction motor when powered by a three phase sine wave 

PWM-VSI power supply, where the aim is to estimate the converter losses for squirrel 

cage induction motor for different power levels below 52 kW. 

Chapters four and five are, respectively, devoted for the study and application of the 

two energy optimal control approaches, which constitute the power factor controller 

and model-based energy optimal controller with the corresponding simulation results. 

A brief comparison between the two controllers is done in chapter six. At the end we 

have concluded about the results that we have obtained throughout this study. 
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CHAPTER 

2 
Analysis of Steady-State Performances 

of Induction Motor Fed by Sinusoidal 

Power Supply 



2.1. Introduction: 

     Work on energy efficiency optimization of squirrel cage induction motor variable 

frequency drive system requires, at first, computation of the steady state performance 

characteristics of the motor alone, which is the subject of this chapter. The main 

objective is to evaluate the different loss components of the induction motor assuming 

that it is connected to a three phase sinusoidal, balanced power supply. 

2.2. The Operation Principle of Induction Motor: 

     When a set of balanced three phase voltages is applied to the distributed three phase 

primary windings,  the resulting three phase currents establish a rotating m.m.f wave 

that results in a flux wave of constant amplitude rotating in the air gap at a constant 

speed known as synchronous speed (
sω ) [18]. The value of the synchronous speed is 

fixed by two parameters: 

1)    The supply frequency ( 1f ), cycles per second or Hertz; 

2)    The number of pole pairs ( p ) for which the primary is wound. 

These parameters are appeared in the definition of synchronous angular speed as: 

                                         sω  (rev/sec) = 2 1f / p      or; 

                                         sω  (rev/mn) =120. 1f / p                                         (2.1). 

The revolving field also links the rotor conductors, and since these linkages change, a 

voltage is induced in this latter. Currents then flow in the rotor and the interaction of 

these currents with the stator revolving flux results in a mechanical developed torque 

causing the rotor to turn in the same direction as that of  the stator field at a speed ( mω ) 

[19], [20]. 

An induction motor runs at a shaft speed ( mω ) that is less than the synchronous speed 

(ωs), the speed difference (
ms ωω − ) is called the slip speed. The ratio of the slip speed 

to the synchronous speed is the most important variable in induction motor operation 

and is called the per-unit slip (s) [21]: 

                                              
s

mss
ω

ωω )( −
=                                                          (2.2). 
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2.3. Induction Motor Per-Phase Equivalent Circuit: 

    The study of electrical steady-state performances of  induction motor under all 

operating conditions is achieved by developing an equivalent circuit which can fully 

describe the way it works, and which accounts for the various voltage and current 

components illustrating the transfer of power from stator to rotor, to be converted, 

there after, into mechanical form [22]. From the equivalent circuit also, a set of 

equations which define the operation of the induction motor can be deduced to enable 

the performance of the motor to be calculated. 

Referring to Fig.2.1, when a three-phase sinusoidal, balanced voltage of r.m.s value 1V  

is applied to the stator, an r.m.s current ( 1I ) flows in the stator windings and a part of 

the voltage is absorbed by the stator winding resistance ( 1R ); part is absorbed by the 

stator leakage reactance ( 1X ), which corresponds to the flux linkages that do not cross 

the air gap to couple rotor and stator windings together. The remainder of the stator 

voltage is absorbed by the counter voltage generated by the revolving field: 1E . The 

current 1I  has two components: the no load (or exciting) current 0I  and the reflected 

rotor current 2I .  The no load current has two components: the magnetizing current 
mI  

and the current
cI , which caries the power from the source to cover the iron core losses, 

represented by the resistor cR . The magnetizing current builds the air gap flux, the 

measure of which is the main reactance mX .  

The resistor cR  is connected in parallel to the main reactance, and the voltage drop 

across them is equal to 1E  because the iron core losses are proportional to the square 

of the main flux magnitude, which is proportional to the amplitude of the induced 

voltage 1E  [20]. These relations are expressed, for one-phase Y connected induction 

motor, as: 

                                         111111 IjXIREV ++=                                                  (2.3). 

                                        mmcc IXIRE ==1                                                        (2.4). 

Where the subscript ‘1’ is used to describe the stator quantities, and by these 

equations, the stator equivalent circuit is defined. 
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    On the other hand, the revolving field, which generates 1E  in the stator, would also 

generate the voltage ( '

2sE
 
) in the rotor side. Since the rotor conductor bars are closed 

(short-circuited), this generated voltage is absorbed by the current ( '

2I
 
), passing 

through the rotor circuit resistance ( '

2R  ) and the leakage reactance ( '

2sX
 
). 

We have then the equation expressing this relation as: 

                                           '

2

'

2

'

2

'

2

'

2 IjsXIRsE +=                                                 (2.5). 

Which is the equation that defines the per-phase rotor equivalent circuit of the Y- 

connected induction motor, where the subscript ‘2’ is used, in this case, to describe the 

rotor quantities.    

When the equations (2.3), (2.4) and (2.5) are combined, the steady-state per-phase 

exact equivalent circuit of the induction motor under the real operating conditions can 

be obtained. This is illustrated in Fig.2.1. 

R1 j X1

j XmRc

j s.X'2

R'2

I1 Io I'2

ImIc

+

-

V1

+

-

s.E'2E1

+

-

n1 n2

 

                         Fig.2.1. Per-Phase Exact Equivalent Circuit of Induction  

                                           Motor under Real Operating Conditions. 

 

Where (n1) and (n2) are the respective turns per-phase on the primary and secondary 

windings. Although this equivalent circuit can be used to assess the motor 

performances, it is not easy to do so due to the two different frequencies of the circuit; 

the stator frequency ( 1f ) and the rotor (slip) frequency ( )12 . fsf = . So it is normal to 

simplify further the circuit by referring, at the same time, all the rotor parameters to 

the stator winding. 
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To do so, we divide both sides of the expression (2.5) by the slip s, then, we reflect the 

rotor parameters to the stator side according to the relations [19]:  

                               '

22 .
2

1
E

n

n
E =                                                                         (2.6). 

                               '

22 .
2

1
I

n

n
I =                                                                           (2.7). 

                              '

2

2

2 .)
2

1
( R
n

n
R =                                                                      (2.8). 

                             '

2

2

2 .)
2

1
( X
n

n
X =                                                                     (2.9). 

Concerning the transformation ratio 








2

1

n

n
, it is found that, as long as the induction 

wound rotor motor is concerned, this ratio is usually greater than unity and is typically 

in the range of 1.1- 1.3 [21]. However, this ratio is taken approximately equals to unity 

for the squirrel cage induction motor type [23].   

Under these considerations, the end result of the simplifications performed on the 

circuit of Fig.2.1 is represented by the circuit of Fig.2.2, which is the traditional per- 

phase exact equivalent circuit of an induction motor, where the necessary referred 

rotor parameters are usually available from the manufacturers to match this figure in 

any specific case and all voltage quantities given here are valid regardless of the 

frequency of operation, in that, the synchronous speed ( sω ) is given explicitly [22].  

 

 

 

 

 

 

 

 

                                Fig.2.2 Per-Phase Steady State Equivalent Circuit of  

                                                       a Three-Phase Induction Motor.  
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j X2
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Where: 

          2R  : is the actual rotor resistance per phase referred to the stator (Ω ). 

         2X  : is the actual rotor leakage reactance per phase referred to the stator ( Ω ). 

         1R  : is the stator resistance per phase ( Ω ). 

        1X  : is the stator leakage reactance per phase (Ω ). 

        mX  : is the magnetizing reactance ( Ω ). 

And the losses in the magnetic circuit; iron (or core) losses are represented by the 

presence of the resistor Rc. 

The usefulness of this equivalent circuit in the analysis and assessment of the squirrel 

cage induction motor steady-state performance characteristics is based on the 

knowledge of the impedance parameters. These are the result of the following tests 

that can be carried out on the induction motor: 

          (1) No-load test to determine the mechanical and magnetic losses. 

          (2) Short-circuit or blocked-rotor or locked-rotor test to determine the effective 

total resistance, the rotor resistance, or the electrical resistance losses (copper losses). 

         (3) Stator resistance test to determine the stator resistance separately from the 

rotor resistance. 

It is very important, however, to say that the induction motor impedance parameters 

appeared in the steady-state equivalent circuit are not constant. Besides, the variation 

of the ohmic resistances with temperature, the parameters may be expected to change 

with the loading conditions, where the major cause  in this change consists  in the 

saturation[53].                                                                                                                                                                                         

2.4. Induction Motor Power Loss Calculations: 

     The per-phase exact equivalent circuit of the induction motor developed earlier is 

used to assess the steady-state performance characteristics of the induction motor.  If it 

is assumed that the induction motor is fed from a balanced sinusoidal three-phase 

power supply, hence the validity of the equivalent circuit, and all circuit parameters 

are deduced from the conventional tests, in addition to the availability of the input or 

output conditions, (input voltage and operating slip may be given), the assessment and 
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analysis of the induction motor performances require, first, an acceptably accurate 

quantification of its losses. 

2.4.1. Induction Motor Power Losses: 

   The induction motor losses can be classified as follows: 

a)   Stator copper losses, 

b) Rotor copper losses, 

c) Iron (core) losses, 

d) Stray losses, and 

e) Mechanical (friction + windage) losses. 

By referring to the per-phase induction motor equivalent circuit of Fig.2.2, three of the 

five component losses can be identified. 

2.4.1.1. Copper Losses: 

    The electrical windings will always have a finite resistance, however small, it will 

cause power losses which are generally proportional to ( )RI .2 , where I  is the current 

flowing through it, and they are also called the electrical losses or joule losses [24].  

The value of the winding resistance will increase with temperature and this will 

depend on the current loading and the effectiveness of the overall cooling of the 

machine. To be on the save side, the resistance at rated temperature should be used in 

loss calculations. 

When the induction motor is powered by a sinusoidal supply, these copper losses 

consist of two types: 

                  - Stator copper loss; 

                                        
1

2

1 .RIPsc =                                                                (2.10). 

                  - Rotor copper loss; 

                                       2

2

2 .RIPrc =                                                                (2.11). 

Where: 

          1R  and 2R  are respectively the stator and rotor resistances ; 

          1I  and 2I  are respectively the stator and rotor currents (the RMS values). 
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 2.4.1.2. Iron (Core) Losses: 

     In every cycle of operation, the flux in the core of the induction motor will be 

reversed causing a small loss of energy usually called hysteresis loss illustrated by the 

area of 
H

B
  hysteresis loop, which is typically shown in Fig.2.3. The value of this 

power loss component depends on the quality of the iron being used, the value of the 

flux density over which it is being used and the frequency of operation. An empirical 

expression for it in a core taken through ‘ 1f ’ cycle of magnetization (operation) per 

second is [25] : 

                               x

mhh BfKP .. 1=                                                                       (2.12). 

Where: 

            
mB  : is the maximum induction reached (flux density), 

           
hK   : is the hysteresis constant depending on the molecular quality and structure 

of the core material, and 

            x  : depends also on the core quality and which normally varies between 1.5 

and 2.5. 

Traditionally x equals 2 has been used for the general unspecified case for AC 

magnetic circuits [26]. 

 

                              

                                            Fig.2.3.   Hysteresis Energy Loss. 
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      The total iron losses also contains an other component, it is the eddy current loss 

due to the induced current flowing in the core. In order to reduce this loss to relatively 

small proportions, a.c magnetic circuits are laminated using thin insulated sheets 

clamped together. 

There will still be a small eddy current loss and for a specific iron circuit, it can be 

given by: 

                                            22

1

2 ... BftKP ee =                                                  (2.13). 

Where the constant eK  depends on the resistivity of the core material and ‘t’ being its 

thickness. 

This compound of eddy and hysteresis losses is represented in the induction motor 

equivalent circuit model by: 

                                           ccc RIP .2=                                                             (2.14). 

The core losses were represented only in the motor stator side, because the rotor core 

loss   varies with rotor frequency ( 2f ), and hence with the slip. 

Under  running, steady-state conditions, the design B squirrel cage induction motor 

slip, s, do not exceed 5 % [27] and therefore, the rotor frequency will be about (does 

not exceed) the value 2.5 Hz, which makes the rotor core loss very small that can be 

neglected throughout the steady-state analysis of the induction motor [28]. 

 2.4.1.3. Mechanical Losses: 

   These are the friction and windage power losses, where the friction power losses are 

the result of friction between the moving parts and the windage power loss is the result 

of the air circulating inside the motor for cooling purposes., which can be implemented 

by some simple fan blades attached to the shaft inside the machine housing and very 

large machines require external cooling systems (blowers). 

In general, both friction and windage losses are proportionally dependent on the motor 

operating speed. Therefore they will drop to very low levels under low speed operating 

conditions [29]. 
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 2.4.1.4. Stray Load Losses: Ps 

The friction, windage, core and copper ( RI 2 ) losses can be estimated from no-load and 

short-circuit tests that can be performed on the induction motor. The measured loss on 

the loaded induction motor, however, is invariably greater by the amount called stray 

load losses. 

These losses consist of additional iron and copper losses due to the quasi-sinusoidal 

field distribution in the air gap, and the additional losses caused by stator slot effects 

and skin effect in conductors [19]. 

Consequently, the use of a suitable slot ratio and the insulation of the rotor bars in their 

slots can substantially reduce the stray losses [30].  

Although its importance, the quantification of these losses is not the concern of the 

present study. 

2.5. Induction Motor Power Flow: 

       The mechanical output power (
mechP ) from the motor is the product of the motor 

developed torque ( eT ) and the operating shaft speed ( mω ). 

In (SI) units, there is no multiplying constant, and: 

                                          memech TP ω.=                                                               (2.16 ). 

Where  mechP  in watts, eT  in Newton meters and mω  in rad /sec. 

By combining (2.2) and (2.16) we obtain the output power in terms of per-unit slip: 

                                         ( )sTP semech −= 1.ω                     (2.17). 

The output power has to overcome the forces due to bearing and brush friction (usually 

small) [31] and due to the ventilation windage (which may be considerable) as well as 

driving the load. If it is necessary to identify the load torque 
lT   and the windage 

torque fwT  separately, (2.16) may be written as: 

                                         ( )
mfwomech TTP ω.+=                                                       (2.18). 

Where oT  represents the output torque of induction motor which is equal to the load 

torque, lT  , at the stable operating point [32]. 

 

 

-15-  

 



The portion of the internal electrical power per-phase that is converted to mechanical 

output power is: 

                                         
( )

s

s
RIPmech

−
=

1
. 2

2

2                                                    (2.19). 

The total power per-phase delivered to the motor secondary windings through the air 

gap is:  

                                          2

2

2 .RIPP mechg +=  

                                                                      
s

RI
1

.. 2

2

2=  

                                              seT ω.=                                                                  (2.20). 

Where gP  is the air gap power which is the power transferred from the stator to the 

rotor of the induction machine through its air gap, and which is related, according to 

equation (2.20), to the motor parameters mentioned in the complete per-phase 

equivalent circuit of Fig. 2.2. 

This air gap power has two components: 

1. The copper losses in the rotor circuit rcP : 

                                     2

2

2 .RIPrc =                                                                  (2.21). 

2.  The mechanical power 
mechP  

                                   
( )

s

s
RIPmech

−
=

1
.. 2

2

2                                                     (2.22). 

 Knowing the air gap power, we can express the rotor copper losses, rcP , by utilizing 

equation (2.20) and equation  (2.21) as: 

                                  grc PsP .=                                                                      (2.23). 

The mechanical power as a function of the air gap power is obtained from (2.20) and 

(2.23) as; 

                                 ( ) gmech PsP .1−=                                                             (2.24). 
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If the rotor current is calculated, the electromagnetic developed torque can be 

expressed as a function of air gap power as: 

                                         
s

g

e

P
T

ω
=                                                                 (2.25 ). 

On the other hand, the input power per-phase entering the machine terminals is given 

by: 

                                       ( )111 cos.. ϕIVPin =                                                    (2.26). 

Where 1ϕ  is the phase shift angle between 1V  and 1I  , which is constant for a given 

supply frequency ( 1f ). 

A portion of the input power inP  is converted into the stator winding copper losses, and 

an other portion covers the stator iron (core) losses cP  . The remaining input power is 

supplied to the rotor as the air gap power gP . 

The air gap power is divided into the rotor copper losses and the mechanical output 

power as a function of the rotor slip, s. When the friction and windage losses are 

subtracted from the mechanical output power, the power on the motor shaft oP  is 

obtained. 

According to this description, the power flow within the squirrel-cage induction motor 

is shown in Fig.2.4. 
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Fig.2.4.  Per-Phase Motor Power Flow [21]. 

 

2.6. Induction Motor Steady State Performances Calculations: 

      Based on the induction motor losses analysis presented in the previous section, and 

by referring to the steady-state per-phase exact equivalent circuit, the motor steady-

state performance calculation and analysis can now be performed. 

 In general, these performances are characterized by the following briefly discussed 

factors: 

1)    The efficiency; 

2) The power factor; 

3) The starting current; 

4) The starting torque and 

5) The pull-out (or maximum) torque 
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 2.6.1. Induction Motor Efficiency: 

    The efficiency of the induction motor is simply its output power divided by its input 

power where they are in the same units [33]. The shaft output power is the input power 

minus the various accumulated losses. Similarly, the input power is the shaft output 

power plus the same losses. Mathematically, this is formulated as: 

                                       
∑

∑
+

=
−

==
lossesP

P

P

lossesP

P

P

o

o

in

in

in

oη                 (2.27). 

With:  sfwcrcsc PPPPPlosses ++++=∑ . 

Where: 

       η : Efficiency,  

     
inP  and  

oP  are respectively, the input and output power. 

     scP , rcP  and cP  are, respectively stator copper losses, rotor copper losses and core 

losses and, 

    fwP  and  sP  are respectively, friction and windage losses and stray load losses. 

2.6.2. Induction Motor Power Factor: 

   The power factor is defined as the quotient of the input power to the volt-ampere 

quantity. This is expressed as: 

                                     
11.IV

P
PF in=                                                                     (2.28). 

For the induction motor fed from sinusoidal balanced three phase power supply, the 

power factor is given as:  

                                   )cos(
.

)cos(..

11

11 ϕ
ϕ

==
IV

IV
PF                                             (2.29 ). 

With ϕ  is the phase angle between the phase voltage and current of the induction 

motor. 

    When a balanced three-phase voltage is applied, the induction motor will operate at 

a lagging power factor, which will vary over the load range of the motor. The power 

factor displayed by a typical three phase induction motor is very poor during part-load 

conditions [34]. 
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2.6.3 Induction Motor Current and Developed Torque Characteristics: 

    There are really three different points where the actual value of the induction motor 

torque is needed: the starting torque, the maximum torque and the load torque or the 

rated torque. The knowledge of how to determine these torque values enables us to fit 

the motor to its load in the most economical manner [35]. 

The maximum torque that a squirrel cage induction motor can develop is variously 

known as the break-down torque, or the pull-out torque. In squirrel cage induction 

motor (SCIM), this torque is ordinarily substantially higher than the starting torque, 

the maximum torque is usually developed at from half to three-quarters the 

synchronous speed and it is about three to four times the rated full load torque [23]. 

The plots torque-speed characteristics obtained for the population of induction  motors 

studied indicate that the developed torque, with a fixed supply voltage, will drop at 

little to the minimum pull-up torque as the motor accelerates, and then rises to the 

maximum pull-out torque at almost full speed and drops to zero at the synchronous 

speed. 

     When it is connected to a supply voltage, the induction motor draws a very high 

starting current. The starting current of the induction motor, with a fixed voltage, will 

drop very slowly as the motor accelerates and will only begin to fall significantly when 

the motor has reached at least 80 % full speed, as it is seen in the corresponding plots. 

The curves of induction motor starting current and torque characteristics are dependent 

on the terminal voltage and the motor (rotor) design characteristics, which are NEMA 

design classifications assigned for establishing the operating specifications for 

different motor types. These design classes are defined by the letters A, B, C, and D, 

where the design letter is used to indicate the motor’s torque characteristic which is an 

important selection consideration. 

Most squirrel cage induction motors (SCIMs) are design B, with design A being the 

second common type [27]. Table 2.1 lists the key characteristics of NEMA design B 

squirrel cage induction motors. 
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NEMA 

Design 

 

Starting 

carrent 

 

Starting 

Torque 

 

Breakdown 

torque 

 

Percent 

Slip 
 

 

Applications 

 

A, B 

 

medium 

 

Medium 

Torque 

 

high 

 

Max. 

5 % 

Low inertia, high acceleration 

(fans, blowers, centrifugal pumps 

and machine lools). 

 

 

C 

 

Medium 

 

High 

torque 

 

 

medium 

 

Max. 

5 % 

High starting torque, compressors 

crushers, boring mills, conveyor 

equipment, textile machinery, 

wood working equipments. 

 

 

D 

 

medium 

 

Extra 

High 

Torque 

 

Low 

 

5 % 

Or 

more 

Bulldozers, shearing machines, 

punch presses, stamping machines, 

hoists. 

 

 

                Table 2.1 NEMA Polyphase Induction Motor Designs. 

 

The steady-state performance characteristics, which are previously described, are 

shown in the following figures for 1.5 kW, 4.0 kW, 7.5 kW, 25 kW and 50 kW 

induction motors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

             Fig.2.5. Steady-State Developed Torque, Stator Current, Efficiency 

                                     and Power Factor   of 1.5 kW. 
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  Fig.2.6. Steady-State Developed Torque, Stator Current, Efficiency and Power  

                             Factor   of 4.0 kW and 7.5 kW Induction Motor. 
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            Fig.2.7. Steady-State Developed Torque, Stator Current, Efficiency And  

                               Power Factor of 25 kW and 50 kW Induction Motor 
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    The curves show very clearly that the conditions to the right of the pull out torque 

point are very much better than at other speeds; the efficiency is high, the power factor 

is high, the torque per amp is high, for these reason, the induction motor is always 

used near to the synchronous speed with the actual speed of the operation being 

dependent on the torque demanded by the load [29]. 

On the other hand, a three-phase induction motor fed from a constant voltage, constant 

frequency source is inherently inefficient at low speeds, a fact that can be easily 

educed in all these plots. 

2.7. Conclusion: 

The steady-state performance characteristics of the squirrel cage induction motor are 

calculated and simulated for the five induction motor power ratings: 1.5 kW,   4.0 kW, 

7.5 kW, 25 kW and 50 kW. The simulated design B induction motors are taken to 

represent a population of small and medium size induction motors, which are widely 

used to drive a type of load applications known as heating, ventilation and air 

conditioning (HVAC) systems. 

This analysis, is based on the per-phase exact equivalent circuit , known also as the 

six-parameters equivalent circuit of the induction motor, where the motor is assumed 

to be fed from a balanced three-phase sinusoidal power supply and the motors 

parameters are assumed constant. 
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CHAPTER 

3 
The Induction Motor Fed by a     

 Non-Sinusoidal Power Supply 

and Converter Loss Calculation   



3.1. Introduction: 

    In the preceding chapter, the induction motor steady state performances are studied 

and analyzed by assuming that the motor is supplied from a three-phase sinusoidal, 

balanced power supply. The present study concerns the energy efficiency optimization 

of induction motor drives, it is therefore necessary to study the performances of 

induction motor when it is supplied from three-phase balanced non-sinusoidal power 

supply; in other word, when fed by a power electronic converter (P.E.C). Besides, the 

converter loss is calculated in view of they can be neglected or not in relation to the 

optimization problem.   

3.2. The Induction Motor Fed from P.E.C: 

    If the induction motor is supplied from a variable frequency, variable voltage 

source, there can be an infinite number of sets of torque-speed curves like those 

obtained at the end of chapter two for each induction motor. The result shows that: it is 

possible to always operate in the area of the right of the peak torque point, i.e. in the 

area of maximum efficiency, maximum power factor and maximum torque per amp 

and inherent stable operation, what ever the speed the motor runs at. With such a 

variable supply, therefore, the motor can always be operated under its most 

advantageous conditions at any speed from the standstill. 

To allow the induction motor to operate under variable frequency, variable voltage 

conditions, power electronic converter systems should be inserted between the mains 

and the motor. 

3.3. Inverters for Adjustable Speed Induction Motor: 

   The class of converters that converts d.c power to a.c power is defined as inverters, 

and it is the inverter that creates variable frequency from the d.c source which is used 

to drive an induction motor at a variable speed [36].  

Inverters can broadly be classified either as voltage-source or current-source inverters, 

with the two types are totally different in their behaviour. 

3.3.1. The Voltage Source Inverter (VSI) Drive: 

 The voltage-fed, or voltage-source inverter (VSI) is powered from a stiff, or low-

impedance, d.c voltage source, such as a battery or a rectifier, the output of which is 

smoothed by an LC filter. The large filter capacitor across the inverter input terminals 
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maintains a constant d.c link voltage. The inverter is, therefore, an adjustable-

frequency voltage source, the output voltage of which is essentially independent of 

load current. This type of inverters is, in turn, found as Six-Step -VSI and PWM-VSI. 

3.3.1.1. The Three-Phase Bridge Six-Step VSI:        

   The three-phase six-step, or quasi-square wave, inverter is a voltage-source inverter 

that has been widely used in commercial adjustable-speed a.c motor drives. 

Conventional thyristors have been used in many six-step inverters. However, any 

semiconductor device with self-turn off capacity can be used, such as GTO, power 

MOS FET, or transistor, where the semiconductor must have a sustained gating, or 

firing, signal throughout the half-cycle, during which conduction may occur, because 

the exact instant at which conduction commences is load dependent [21]. 

When an induction motor is powered by a six-step VSI, the motor current waveforms 

show a significant harmonic content whose influence on motor performances is 

apparent.  

On the other hand, in a six-step inverter, the output voltage waveform does not vary 

with frequency and there is a fixed ratio between the magnitudes of the d.c link voltage 

and the a.c output voltage, where the control of the a.c output voltage is achieved by 

varying the d.c link voltage which is commonly provided by phase-controlled thyristor 

converter with an LC filter on the output. The filter is used to smooth the rectified 

voltage but introduces a time lag which slows the transient response of the system 

[36]. A typical structure of six-step VSI is given in Fig.3.1. 

     

              Fig.3.1. General Structure of the Six-Step Voltage Source Inverter.                          
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3.3.1.2. The Three-Phase Bridge PWM-VSI: 

   The three-phase bridge inverter circuit for PWM waveform generation is identical to 

that of six-step inverter circuit, but the switching sequence is more complex [31], [37]. 

Voltage control is achieved by modulating the output voltage waveform within the 

inverter and hence an adjustable-voltage d.c link is not required. Consequently, an 

uncontrolled diode bridge rectifier is used, and the fast switching speed of power 

transistor, such as IGBT, is advantageous in PWM inverter, but thyristors or GTOs are 

necessary at high power levels [21].  

The output frequency control is accomplished, as usual, by varying the switching rate 

of the inverter devices. Thus, output voltage and frequency can be rapidly altered 

within the inverter circuit, and the PWM inverter drive, therefore, has a transient 

response which is much superior to that of the six-step inverter drive. A typical circuit 

structure of the inverter is given in Fig.3.2. 

                       

Fig.3.2. General Form of the PWM Voltage Source Inverter. 

 

When a sophisticated PWM strategy is adopted, there are no low-order harmonics in 

the motor current and low-speed torque pulsations and cogging effects are eliminated 

[31]. However, the switching frequency of the PWM inverter is substantially higher 

than that of the six-step inverter, as a result, inverter switching losses may be 

significant. 

  As far as the three-phase PWM inverter is concerned, a variety of modulation 

techniques has been devised, among which, we distinguish: 

� The square-wave PWM inverter, and 

� The sinusoidal PWM inverter. 
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Adjustable-frequency operation of a sine wave PWM inverter for a.c induction motor 

control requires a generation of a set of three-phase sine wave reference voltages of 

adjustable amplitude and frequency. But if the motor is to operate at very low speeds 

down to standstill, the reference oscillator must have a corresponding low- frequency 

capability down to zero frequency. Consequently, many of the early PWM inverter 

drives were adapted to the square-wave PWM strategy because the electronic circuit 

design of an adjustable-frequency square-wave oscillator is relatively straight forward. 

However, the implementation of sinusoidal PWM has been facilitated by modern 

digital circuit techniques utilizing programmed memory or custom-designed large-

scale integrated (LSI) circuit [31]. 

3.3.2. The Current Source Inverter Drive: 

    Since induction motors have traditionally designed to operate from a voltage source, 

the voltage source inverter was developed and used first to approximate the waveform 

presented to the motor by the utility. The current source inverter, on the other hand, is 

very different in concept. 

Current-fed inverter drives have been in use slightly more than 20 years [37]. They 

have, however, several properties which make them attractive as well as an inevitable 

number of undesirable effects [38]. As the name implies, the inverter switches of a CSI 

are fed from a constant current source. While a true constant current source can never 

be a reality, it is reasonably approximated by a rectifier or a chopper with a current 

control loop, as well as a voltage d.c link inductor to smooth the current. 

An important limitation in the application of a CSI drive is the fact that open-loop 

operation in the manner of VSI is not possible. For more details on the topic the reader 

can refer to [21], [36], [37]. 

   While the use of either of these controlled circuits (VSI, CSI) is dictated by the type 

and the characteristics of the application, however, by the availability of such 

electronic systems, the speed and /or torque of the induction motor can now be varied 

(controlled) and therefore, satisfying the requirements of an important load type 

applications known as variable torque loads to which the fan loads are belonging.  
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Due to their characteristics, especially the quadrature proportionality property between 

the torque and the speed, in the present study we have chosen to use the sine wave 

PWM-VSI to feed the induction motor drive. 

3.4. Harmonic behaviour of induction motor:  

    When sine wave PWM-VSI is used to feed the induction motor, it generates an 

output voltage or current waveforms with harmonic content due to the switching action 

of the inverter. 

3.4.1. Positive, negative and zero sequence harmonics: 

    In the presence of non-sinusoidal voltage 
kV   or current 

kI , the th
k  harmonic 

components in the phase currents produce a time harmonic mmf wave rotating forward 

or backward at speed 
skω  [39]. In general, the direction of rotation of the harmonic 

field is determined by the phase sequence of the harmonic currents, where, harmonics 

of order (6n+1), with ‘n’ an integer, have the same phase sequence as the fundamental 

currents, and hence produce mmf waves that rotate in the same direction as the main 

field. These harmonics are called positive sequence harmonics. 

Conversely, the harmonic currents of order (6n-1) are called negative sequence 

harmonics. The harmonic currents of order (6n-3) do not produce any fundamental air 

gap mmf and they are called zero sequence harmonics, these harmonics are also 

termed triplen harmonics. 

3.5. Induction Motor Harmonic Equivalent Circuit: 

 When the induction motor absorbs the inverter output current waveforms, the th
k  

harmonic component produces a time harmonic mmf wave rotating forward or 

backward. The resulting rotor slip is given by [39]: 

                                      
s

ms
k

k

k
s

ω

ωω m
=                                                  (3.1). 

Where the negative sign is given for positive sequence harmonics and the positive sign 

is given for the negative sequence harmonics. 

In order to understand the harmonic behaviour of the induction motor, we need to 

build its harmonic equivalent circuit. This circuit is obtained by taking a copy of the 

fundamental equivalent circuit of Fig.2.2, with the appropriate harmonic parameters 

designation. 
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The induction motor per-phase harmonic equivalent circuit is shown in Fig.3.3.                                 

 

                       Fig.3.3. Per-phase Induction Motor equivalent circuit for  

                                                   the th
k  time harmonic. 

 

Where the harmonic slip 
ks  is substituted for the fundamental slip, 1s , and all inductive 

reactances are increased  by a factor ‘k’. The stator and rotor resistances are also larger 

due to skin effect at the harmonic frequency, which is taken negligible in our study. 

3.5.1. Induction Motor Harmonic Currents: 

The induction motor currents under non-sinusoidal power supply can be found by 

using the principle of superposition and calculating each harmonic current component, 

kI , (at harmonic k), from the per-phase harmonic equivalent circuit. 

Therefore, if  
kV  denotes the th

k  harmonic component of the supply voltage, the 

corresponding stator harmonic current is  
k

k
k

Z

V
I =  , where kZ  is the th

k  harmonic input 

impedance. 

When three-phase sinusoidal PWM inverter with frequency ratio 21
1

==
f

f
p c  and the 

modulation index 9.01 ==
cV

V
M , where 

cf  and 
cV  are the carrier signal frequency and 

amplitude respectively, is used, the dominant harmonics will be those of order 

)12( mpk =  and )2( mpk = , therefore, the harmonics to be considered are 
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43,41,23,19 andk =  [21]. The evaluation of the harmonic currents can be obtained as 

follows: 

                                      2

43

2

41

2

23

2

19 IIIII har +++=                                     (3.2). 

If  1I  is the fundamental r.m.s current, the total r.m.s stator current is: 

                                   22

1 harrms III +=                                                    (3.3). 

The same principle is used to calculate the motor rotor current
kI2
. 

3.6. Induction Motor Losses on Non-Sinusoidal Power Supply: 

When the induction motor is fed by a non-sinusoidal supply, there is an additional 

losses that take place, but the use of sine wave PWM inverter reduces these losses 

significantly bellow the value of that of six-step inverter.  

The following induction motor harmonic losses can be calculated: 

� Harmonic stator copper losses: 

When skin effect is neglected, the total stator copper losses are: 

                    1

2

, 3 RIP rmsTsc =                                                    (3.4). 

Where rmsI  is total rms stator current, and 1R  is the per-phase stator 

resistance. 

� Harmonic rotor copper losses: 

The total rotor copper losses are: 

                   2

2

,2, 3 RIP rmsTrc =                                                    (3.5). 

Where rmsI ,2  is the total rms rotor current, and 2R  is the per-phase rotor 

resistance. 

� Harmonic core losses: 

We consider that the core loss in the induction motor powered by a non-

sinusoidal supply is also increased, and is calculated as: 

                   crmscTc RIP 2

,, 3=                                                      (3.6). 

Where  rmscI ,  is the total rms core loss current, and cR  is the core loss 

resistance. 
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3.7. PWM-VSI Losses Calculation: 

   In the previous sections we have detailed in describing the induction motor power 

losses when it is fed by sinusoidal and non-sinusoidal power supplies. Since the 

present study addresses the problem of the whole induction motor drive efficiency 

optimization, we need to know the effect of converter losses. For that purpose, we first 

describe the loss model of the used inverter. 

3.7.1. PWM-VSI Inverter Loss Model: 

    We consider the sine wave PWM-VSI given in the previous section. Therefore, the 

power losses of the inverter consist of conduction losses and switching losses.  

3.7.1.1. The Inverter Conduction Losses: 

The conduction losses  
condP  in IGBT or diode can be expressed as [40]: 

                                   ∫=
T

onxcond dttitu
T

P
0

, )().(
1

                                       (3.7). 

Where: 

xcondP ,  : is the conduction losses in device x 

T  : is the fundamental period 

 )(tuon  : is the on-state voltage drop 

)(ti  : is the load current. 

The on-state voltage drop can be characterized by a dynamical resistance, 0r , and a 

constant voltage drop, 0U . 

Therefore: 

                        ( )∫ +=
T B

xxxcond dttitirU
T

P xcond

0
,0,0, ).(.)(.

1
,                                (3.8). 

Where: 

     xcondB ,  is the curve fitted constant for device x. 

3.7.1.2. The Inverter Switching Losses: 

It is chosen to describe these losses as [40]: 

                     xswB

xswxsw tiAE ,)(.,, =                                                            (3.9). 

Where: 

xswA ,  and xswB ,  are curve fitting constants for device x. 
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The expression (3.9) can be used for turn -on and turn-off losses of IGBT as well as 

for the diode. Also, the constants xU ,0 , xr ,0 ,  xcondB , , xswA , , and  xswB ,  are determined by 

applying a first order curve fitting of the measured on-state voltage characteristics and 

the switching energy losses which are dependent on the load current, these are given in 

appendix B. 

3.7.1.3. The Inverter Total Losses:  

The total inverter losses are dependent on the conduction ratio of the diode and IGBT. 
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Where: 

sf  is the fundamental frequency, 

 nδ  is the duty cycle /conduction time at pulse n, 

 nα  is the center of pulse n, 

 φn  is the pulse corresponding to phase angle φ   

p : is the number of switching in a fundamental period (
s

c

f

f
) 

cf  : is the switching frequency. 

3.8. Influence of Converter Losses on Induction Motor Efficiency Optimization: 

   Based on the inverter loss model, presented in the previous section, and the induction 

motor analysis under non-sinusoidal power supply, we have calculated these losses for 

the induction motor alone and the inverter alone at the nominal load current. These 

calculations concern the series of induction motor power ratings given previously, with 

the corresponding induction motor parameters and inverter curve fitting constants 

given in appendix B. The results are illustrated in the following table. 
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IM. Power  

Rating 
1.5 kW 4.0 kW 7.5 kW 25 kW 50 kW 

Rms .Fund. Current    

           (A) 
3.26 8.80 16.69 42.89 66.26 

Rms. Har. Current  

           (A) 
0.23 0.925 1.54 5.39 23.56 

IM. fund. Loss 

       (watts) 
324.85 548.18 885.93 1570.3 2903.1 

IM. Total Loss 

    (watts) 
330.18 566.56 908.88 1618.1 3206 

IM. Efficiency 

 
0.8195 0.8758 0.8915 0.9390 0.9395 

INV. Losses  (watts) 

 
15.08 43.682 93.73 223.77 529.95 

Drive losses (watts) 

  
345.26 610.24 1002.6 1841.87 3735.95 

Drive Efficiency 

 
0.8128 0.8675 0.8818 0.9276 0.9279 

 

              Table3.1. Losses of Induction Motor and Inverter at Full Load for  

                                                 Different Power Levels. 

 

   The above calculation results show that for induction motor drives with the size of  

some kilowatts, as 1.5 kW. 4.0 kW, and 7.5 kW, the converter losses constitute only a 

small fraction of the total drive losses. But, as the drive size increases, the converter 

losses increase as well. They still, however, small compared to that of the induction 

motor. This is the case of 25 kW and 50 kW induction motors. 

Consequently, we can conclude that, as far as the small and medium size induction 

motor drives (below 52 kW), the converter losses can be disregarded. This assumption 

is valid when the induction motor drive energy efficiency optimization is concerned. 
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3.9. Conclusion: 

  From this chapter, it is concluded that power converter, as a power supply of 

induction motor, has offered a great flexibility of motor speed and torque control, but, 

since the inverter output voltages and currents are of harmonic content, an additional 

induction motor harmonic losses are, unfortunately, added. 

It is shown, however, that these new losses can be minimized to a low level by 

appropriately choosing the inverter topology and type. In this context, the sine wave 

PWM-VSI inverter type is chosen to supply the induction motor with balanced non-

sinusoidal voltages, and its losses are considered negligible in energy efficiency 

optimization of small and medium size (below 52 kW) induction motor drive system.    
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CHAPTER 

4 Power Factor Energy Optimal 

Control of Induction Motor 



4.1. Introduction: 

    The induction motor efficiency maximization problem would have a theoretical 

mathematical solution if a complete induction motor model could be known. From a 

practical point of view, this solution implies three problems [14],[41]: 

- The complexity of the complete IM model and the necessity of knowing 

non-standard IM parameters, 

- The great computational effort when a real time control is to be 

implemented using the complete model, 

- The parameter variation with temperature, magnetic non-linearities, etc.... 

However, several possible induction motor models which would account for its 

electromagnetic losses have been considered. 

 In this context, the power factor energy optimal control technique is proposed to 

minimize the total losses in the induction machine when lightly loaded by optimally 

adjusting the machine air gap flux, and which will be based on the six parameters 

equivalent circuit model of the squirrel cage induction motor. 

4.2. Power Factor Energy Optimal Control Approach: 

      The power factor energy efficiency optimization method of induction motor drive 

system relays on the calculation of induction motor displacement power factor, which 

can be kept constant when the system is operating at its optimal efficiency [42]. The 

calculation and even the measurement of this parameter at the level of induction motor 

requires the distinction between the following two cases: 

Case 1: when the induction motor driving the HVAC system is connected to a 

balanced and sinusoidal three phase power supply, where both voltage and current 

waveforms are sinusoidal. 

In this case, if the induction motor is modelled by a per-phase simplified equivalent 

circuit given in Fig.4.1, with eqR  and eqX  being, respectively, the equivalent resistance 

and reactance of the motor exact equivalent circuit. And if the phase stator voltage 

)(tvs  is sinusoidal and modelled as: ).cos(.)( tVtv sms ω= , with mV  and sω  are, 

respectively, the voltage amplitude and the motor synchronous angular speed, the 

corresponding flowing phase stator current is sinusoidal and can be modelled as: 

).cos(.)( ϕω −= tIti sms
. 
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Req j Xeq

vs(t)

is(t)

 

       Fig.4.1.Induction Motor Per-Phase simplified Equivalent 

                       Circuit with  Sinusoidal Power Supply. 

 

Where mI  is the amplitude of stator current and ϕ  is the phase shift angle between the 

stator voltage and the stator current calculated as; 

                            )(tan 1

eq

eq

R

X
−=ϕ                                                                                (4.1).    

Therefore, the induction motor has a power factor calculated as:  

                         )cos(ϕ=PF                                                                                      (4.2).   

Case 2: when the induction motor driving the HVAC system is powered by a sine 

wave PWM-VSI power electronic converter described in chapter three. In this case, 

both stator voltage and stator current waveforms are non-sinusoidal and are harmonic 

content. If the induction motor is Wye connected, the triplen harmonic components 

can be eliminated [37]. In this case, the instantaneous induction motor phase voltages 

are expressed in Fourier series as [37]: 
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And the corresponding phase current is given by: 
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With: 

    eqR  and  eqX  are the equivalent resistance and reactance of the per-phase equivalent 

circuit of induction motor and  













= −

eq

eq

k
R

Xk.
tan 1ϕ   is the phase shift angle between the 

phase-voltage and the phase-current corresponding to the th
k  harmonic order.                               

The power factor energy optimal controller is based on the knowledge of the 

displacement power factor of induction motor, which is the cosine of the phase shift 

angle between the fundamental components of induction motor stator voltage and 

current. 

4.2.1. Induction Motor Displacement Power Factor Calculation: 

By referring to the per- phase complete equivalent circuit of induction motor given in 

Fig.2.2, corresponding to the fundamental component of the inverter voltage output, 

the following impedance definitions can be given:   

                                 111 .XjRZ +=                                                                            (4.7). 

                                 2
2

2 .Xj
s

R
Z +=                                                                                                                 (4.8). 

                                 
mc

mc
mcm

XjR
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==                                                      

                                      gg jXR +=                                                                            (4.9).   

Where: 
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2.
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g
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R

+
=                                                                          (4.9.a). 

                                
22

2.
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g
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X

+
=                                                                         (4.9.b). 

And: 

                                mmT ZZZZZZZ 2121 ++=                                                           (4.10). 

The per-phase equivalent input impedance eqZ  is: 

                             ( )[ ] 1

2

2
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Where: 
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From the th
k  harmonic order phase shift angle defined earlier, the displacement power 

factor angle ( 1ϕ ) is expressed as: 

                           

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




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


= −

eq

eq

R

X
1

1 tanϕ                                                                             (4.12). 

And the displacement power factor is: 

                         ( )1cos ϕ=DPF                                                                                 (4.13).           

It can be noticed that both eqR   and  eqX  are function of supply frequency, therefore, 

the displacement power factor is also function of supply frequency. Because the 

induction motor air gap flux and the supply frequency are correlated and are 

approximately expressed as [43]: 

                           
s

m

V

ω
ψ 1=                                                                                         (4.14). 

Where, mψ  is the air gap flux,  1V  and sω  are, respectively, the r.m.s value of the 

fundamental stator voltage and the motor synchronous speed, this means that the 

induction motor displacement power factor is also function of its air gap flux. 

4.2.2. The Simulation Results: 

     The objective is to see the variation of the motor displacement power factor as a 

function of induction motor air gap flux. 

 Simulation results illustrating the variation of induction motor displacement power 

factor as a function of its air gap flux for all the motors population studied are shown 

in Fig.4.2, Fig.4.3 and Fig.4.4. 
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Fig.4.2. Calculated Displacement Power Factor for 1.5 kW, 4.0 kW  

                           Induction Motors at three Different Speeds. 
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     Fig.4.3. Calculated Displacement Power Factor for 7.5 kW, 25 kW 

                       Induction Motors at Three Different Speeds. 
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  Fig.4.4 Calculated Displacement Power Factor for 50 kW Induction Motor   

                             at Three Different Speeds. 

 

4.2.3. Comments and Discussion: 

     From these simulation results, which show the variation of the induction motor 

displacement power factor as a function of its magnetization level, we can notice that 

this power factor has a peak value corresponding to one adjusted value of the air gap 

flux. 

Besides, a very important result can also be deduced; it consists in the similarity of 

pattern of variation of induction motors displacement power factor as a function of air 

gap flux at the three different speeds, where, at each speed there is one value of air gap 

flux level for which the power factor peaks once at a maximum value. At either of the 

peak value, the power factor abruptly drops. 

This result indicates, for this population of induction motors studied, that the 

displacement power factor can be maintained constant along the speed variation range.  

    Based on this result, the power factor energy optimal controller is designed. The 

motor displacement power factor can be kept constant at its (maximum) value with 

changing load conditions by proper adjustment (tuning) of the flux level.  
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4.3. Power-Factor Controller Scheme: 

   The characteristics of the HVAC load allow suitably implementing the power factor 

energy optimal controller through the use of a simple open-loop scalar control based 

on the concept of maintaining a constant induction motor air gap flux control. A 

typical block diagram of this scheme is shown in Fig.4.5. 

 

Fig.4.5 . Control Scheme for a Scalar Drive. 

With: 

          
*

1f : being the reference value of the supply frequency, 

         
reducψ : the motor air gap flux reduction corresponding to new operating speed. 

         *

1V  , *

2V  and *

3V  : are the generated reference operating stator voltages  

                   corresponding to the new operating point. 

With the scalar control scheme, the induction motor efficiency improvement system 

incorporating the Power Factor controller is shown in Fig.4.6.  

 

             Fig.4.6   Block Diagram of )(ϕCos  Energy Optimal Controller. 
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Where: 

     1V   and  1f  are, respectively, the voltage r.m.s value and frequency of the 

fundamental supply voltage of induction motor (IM). 

    *

1 )(ϕCos  and 1ϕCos  are, respectively, the nominal value and the calculated value of 

induction motor displacement power factor. 

The power factor controller is operated in a feed-back control loop configuration, 

which will drive the induction motor drive system at constant (maximum) power factor 

when its operating speed is decreased below the rated value. The power factor 

reference value *

1 )(ϕCos  is compared to the calculated (or measured) value; the 

resultant error signal is processed by a proportional plus integral (PI) controller. The 

output of the controller is the air gap flux reduction signal (
reducψ ) which controls the 

operation of the PWM-voltage source inverter (VSI), after it passes through the control 

loop of the scalar drive scheme shown in Fig.4.5.  

The proportional-integral (PI) controller is used because of its easy tuning and zero-

steady state error. The reducψ   signal is deduced from the ))cos(,( 1ϕψ  plane for every 

induction motor operating speed below the rated value. After that, the controller output 

is amplitude limited (a ramping circuit can be used) to limit the exceed variation of the 

control variable.  

4.4. Expressing Induction Motor Total Loss: 

     The behaviour of the a.c induction motor drive is governed by the three 

independent variables- the motor speed mω , the terminal voltage 1V , the terminal 

frequency 1f  -, the parameters of the motor and its power supply. At any operating 

point characterized by the speed mω   and the torque eT  , a combination of the terminal 

voltage and frequency can be obtained that meets the requirements of the operating 

point and minimizes the overall losses of the drive, this can be realized by the desired 

constant power factor energy optimal controller. 

The five induction motor power loss components are briefly stated: 

1) Stator copper losses, csP  , and Rotor copper losses, crP , are function 

primarily of torque, 

2) Stator iron loss cP  , a function of stator voltage and frequency; 
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3) Rotor copper loss crP  , a function primarily of torque and secondarily of slip 

and temperature; 

4) Friction and windage loss fwP  , a function of speed; 

5) Stray load loss 
sP  , consisting of additional iron and copper losses due to 

the quasi-sinusoidal field distribution in the air gap, and additional losses 

caused by the stator slot effects and skin effect in the conductors. 
sP  is a 

function primarily of torque and secondarily of stator voltage, frequency 

and temperature. 

At reduced speed, the losses due to friction and windage with the stray load losses are 

low. The stator and rotor copper losses and the core losses, which are, hence, dominant 

losses depend on the stator voltage and frequency can be minimized; thus, overall 

induction motor losses can be effectively minimized. These controllable losses are 

expressed as: 

                                  
c

m
rst

R

V
RIRIP

2

2

2

1

2
.. ++=                                                            (4.15). 

Where sI  and  rI  are total r.m.s values of the stator current and the rotor current 

respectively, and  
mV   is the voltage drop across the magnetizing branch. 

From the previous definitions of the impedances, the fundamental values are 

calculated as follows: 

                             
1

1.
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ZV
V

x

x

m
+

=                                                                            (4.16). 

Where 

                            
2

2
2 )//(

ZZ

ZZ
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m

m
mx

+
==                                                             (4.17). 

Substituting equation (4.17) into (4.16) yields: 

 

                            
T

m

m
Z

ZZV
V

21 ..
=                                                                           (4.18). 

The magnetizing current can be expressed by: 
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m

m

m
Z

V
I =                                                                                      (4.19). 

Using the mV  expression in equation (4.18) leads to: 

                         
T

m
Z

ZV
I

21.
=                                                                                    (4.20). 

We have also: 

                         
eqZ

V
I 1

1 =                                                                                       (4.21). 

From the equations (4.20) and (4.21) : 

                         
T

m

m
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12 =−=                                                                    (4.22). 

By substituting equations (4.18), (4.21) and (4.22) in equation (4.15) we obtain an 

expression for the total induction motor losses tP : 
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Where 
harTP .

 are the total harmonic power losses. 

The impedances 2,ZZm  , and  TZ  are functions of frequency and slip, by expressing the 

slip in terms of frequency and the motor speed mω , the total power loss expression 

(4.23) is therefore, a function of induction motor voltage amplitude, frequency and 

shaft speed. 

As a result, with the variation of motor operating speed, the losses can be controlled by 

adjusting the fundamental terminal voltage 1V  hence by adjusting the air gap flux mψ . 

4.5. Induction Motor Efficiency Calculation: 
The induction motor efficiency will be evaluated without and with the power factor 

optimizer according to the following efficiency definition: 

                          
to

o

PP

P

+
=η                                                                        (4.24). 

Where tP  is the total power loss of the induction motor when fed from a sine wave 

PWM-VSI inverter, and  oP  represents the output mechanical power calculated for the 

case of ‘Fan’ type load, where the load torque is proportional to motor speed squared. 
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4.6. The Simulation Results:  

for a variation of induction motor speed and / or torque, from rated values down to 

zero speed, the variation of its total losses with the corresponding variation of the 

operating efficiency with and without the use power factor energy efficiency 

optimization controller are simulated in the following plots for the 1.5 kW, 4.0 kW, 

7.5 kW, 25 kW and 50 kW design B, standard squirrel cage induction motors. 

 

 
 

 
         

      Fig.4.7. 1.5 kW Induction Motor Loss Minimization and Efficiency  

                                 Improvement with PF Controller. 
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         Fig.4.8. 4.0 kW Induction Motor Loss Minimization and   Efficiency  

                               Improvement with PF Controller. 
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         Fig.4.9. 7.5 kW Induction Motor Loss Minimization and Efficiency  

Improvement with P.F Controller. 
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       Fig.4.10. 25 kW Induction Motor Loss Minimization and Efficiency  

Improvement with PF Controller. 
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           Fig.4.11. 50 kW Induction Motor Loss Minimization and Efficiency 

               Improvement with PF Controller. 
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4.6.1. Comments and Discussion: 

  These plots illustrate induction motor controllable loss minimization and its 

corresponding efficiency improvement that can be achieved by applying the power 

factor energy optimal controller. The variation of the motor losses and its efficiency as 

a function of load operating conditions are shown in both cases: 

1- When the induction motor drive system is operated with power factor 

controller, and 

2- When the power factor controller action is taken off. 

Total losses and motor efficiency throughout the range of speed variation are 

calculated, and the tables below show efficiency improvements of the population of 

induction motors studied. 

 

     1.5 kW three-phase, 50Hz – 4 poles squirrel cage  induction motor  

                   Under power factor energy optimal controller. 

    Induction motor  

         without  

    P.F controller.  

     Induction motor  

               with 

      P.F controller. 

Induction 

motors 

operating 

speeds 

   (rpm). 

Total  

Losses 

 (w). 

Efficiency 

     

Total 

 Losses 

 (w). 

Efficiency 

 

Achieved 

Total 

Losses 

reduction 

(w). 

Achieved  

Efficiency 

Improvement 

     

Rated 

speed. 

 

330.18 

 

0.8195 

 

330.18 

 

0.8195 

 

0.00 

 

0.00 

1200 190.16 0.8014 182.01 0.8083 8.15 0.0069 

900 101.94 0.7606 88.109 0.7861 13.831 0.0255 

600 53.05 0.6439 35.34 0.7308 17.71 0.087 

400 39.70 0.5048 20.24 0.6666 19.49 0.1618 

 

Table 4.1. Loss Minimization and Efficiency Improvement of 1.5 kW Induction  

                                    Motor with Power Factor Controller. 
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    4.0 kW three-phase, 50Hz – 4 poles squirrel cage  induction motor  

               Under power factor energy optimal controller. 

   Induction motor  

         without  

    P.F controller.  

     Induction motor  

               with 

      P.F controller. 

Induction 

motors 

operating 

speeds 

   (rpm). 

Total  

Losses 

 (w). 

Efficiency. 

      

Total 

 Losses 

(w). 

Efficiency 

  

Achieved  

Total 

losses 

reduction 

     (w). 

Achieved  

Efficiency 

Improvement 

     

Rated 

speed. 

 

566.56 

 

0.8757 

 

566.56 

 

0.8756 

 

0.00 

 

0.00 

1200 351.66 0.8532 322.66 0.8630 29 0.0098 

900 214.75 0.8007 164.37 0.8386 50.38 0.0379 

600 138.84 0.6480 71.47 0.7775 67.37 0.1295 

400 119.28 0.4748 43.10 0.7060 76.18 0.2312 

 

     7.5 kW three-phase, 50Hz – 4 poles Squirrel Cage  Induction Motor 

                Under Power Factor Energy Optimal Controller.  

   Induction motor  

         without  

    P.F controller.  

    Induction motor  

               with 

      P.F controller. 

Induction 

motors 

operating 

speeds 

   (rpm). 

Total  

Losses 

 (w). 

Efficiency 

      

Total 

Losses 

(w). 

Efficiency 

     

Achieved  

Total losses 

reduction 

     (w). 

Achieved  

Efficiency 

Improvement 

 

Rated 

speed. 

 

908.88 

 

0.8915 

 

908.88 

 

0.8915 

 

0.00 

 

0.00 

1200 584.48 0.8673 553.6 0.8734 30.88 0.0061 

900 368.95 0.8133 312.51 0.8372 56.44 0.0239 

600 237.65 0.6656 157.95 0.7497 79.7 0.0841 

400 196.28 0.5018 104.49 0.6542 91.79 0.1524 

 

Table 4.2. Loss Minimization and Efficiency Improvement of 4.0 kW and 7.5 kW  

                            Induction Motor with Power Factor Controller. 
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    25 kW three-phase, 50Hz – 4 poles squirrel cage  induction motor  

                 Under Power Factor Energy Optimal Controller. 

   Induction motor  

         without  

    P.F controller.  

     Induction motor  

               with 

      P.F controller. 

Induction 

motors 

operating 

speeds 

   (rpm). 

Total  

Losses 

 (w). 

Efficiency 

    

Total 

Losses 

(w). 

Efficiency 

     

Achieved  

Total 

losses 

reduction 

     (w). 

Achieved  

Efficiency 

Improvement 

     

Rated 

speed. 

 

1618.1 

 

0.9390 

 

1618.1 

 

0.9390 

 

0.00 

 

0.00 

1200 922.09 0.9326 854.45 0.9372 67.64 0.0049 

900 490.93 0.9163 378.94 0.9341 111.99 0.0178 

600 257.39 0.8607 124.23 0.9275 133.16 0.0668 

400 195.05 0.7743 48.95 0.9198 146.1 0.1446 

 

    50 kW three-phase, 50Hz – 4 poles squirrel cage  induction motor  

            Under Power Factor Energy Optimal Controller. 

   Induction motor  

         without  

    P.F controller.  

    Induction motor  

               with 

      P.F controller. 

Induction 

motors 

operating 

speeds 

   (rpm). 

Total  

Losses 

 (w). 

Efficiency 

      

Total 

 Losses 

(w). 

Efficiency 

     

Achieved  

Total 

losses 

reduction 

     (w). 

Achieved  

Efficiency 

Improvement 

     

Rated 

speed. 

 

3206 

 

0.9395 

 

3206 

 

0.9395 

 

0.00 

 

0.00 

1200 2396.4 0.9141 1813.3 0.9336 583.1 0.0195 

900 1835.9 0.8541 876.58 0.9246 959.32 0.0705 

600 1446.9 0.7368 321.93 0.9181 1124.97 0.1813 

400 1301.6 0.6903 162.66 0.8870 1138.94 0.1967 

 
Table 4.3. Loss Minimization and Efficiency Improvement of 25 kW and 50 kW 

                                Induction Motor with Power Factor Controller. 
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The obtained results show clearly that when the induction motor drive is energy 

controlled with the power factor controller, an achievement of motor total loss 

minimization is possible at every operating point from rated operating point and 

below; it is zero or negligible at or near rated speed, but gets increasingly more 

important at lower operating speeds. 

The efficiency, on the other hand, shows a remarkable improvement by several percent 

when the drive is lightly loaded.  

It can be also deduced from the results that the pattern of efficiency improvement and 

its relative magnitude are basically similar for all induction motors studied.  

4.7. Conclusion: 

   In this chapter, the power factor approach for induction motor energy efficiency 

optimization control is studied. The method is based on the calculation of the induction 

motor displacement power factor by referring to the motor per-phase complete 

equivalent circuit including the core loss parameter. 

The principle of operation of the controller is based on the fact that optimal efficiency 

operation is correlated with the induction motor displacement power factor being 

constant at its nominal value. Keeping the power factor constant allows us to readily 

adjust the amount of increase or decrease of the needed magnetization level depending 

on whether the motor loading is decreased or increased. 

The simulation results obtained when the controller is used with the induction motor 

driving a fan type load have shown a very appreciable efficiency improvement below 

rated speed. 

This efficiency improvement goes on getting, as expected, more important as speed is 

decreased (light loading). 
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CHAPTER 

5 Model-Based Energy Optimal 

Control of Induction Motor 



5.1. Introduction: 

    In the preceding chapter, we have described the power factor energy efficiency 

optimization controller, which is based on the steady-state equivalent circuit model of 

the induction motor. In this chapter an other approach known as: loss-model based 

method is studied and simulated. 

 5.2. Loss-Model-Based Energy Optimal Controller: 

   The model-based energy optimal control approach is a method for minimizing the 

total copper and iron losses in a variable speed and /or torque induction motor drive 

system. The method is based on a simple induction motor loss model that includes the 

iron losses, and which only requires the knowledge of conventional induction motor 

parameters. 

When the model is built, the equations required to quantify the induction motor total 

losses are deduced, and based on these equations, an algorithm based on the field-

oriented scheme is proposed. This algorithm allows the electromagnetic losses in a 

variable speed and torque induction motor drive system to be minimized and its 

efficiency to be improved at operating conditions below the rated values. 

5.2.1. Induction Motor Loss Model In d-q Reference Frame: 

     Fig.5.1 shows the steady-state equivalent circuit of a given induction motor in the 

d-q coordinates which rotate synchronously with an electrical angular velocity sω  .  

The equivalent circuits include the effects of the copper and iron losses. The copper 

losses are represented by the stator and rotor resistances 1R  and 2R , whereas the iron 

losses are represented by the resistance
cR . 

 

                     Fig.5.1 Steady State Rotor-Flux Oriented Model of  

                                  Induction Motor Including core Losses [7]. 
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   This model adopted for the induction motor is obtained by defining the d-axis of the 

coordinate in the direction of the rotor magnetic flux (field oriented frame); therefore, 

the magnetic flux in the q-axis direction is zero [13],[44]. 

For simplification, it is assumed that all motor parameter are constant; magnetic 

saturation and temperature effects are ignored. 

5.2.2. Model-Based Loss Minimization Algorithm (LMA): 

   When the steady-state operation is considered, the induction motor losses consist of 

copper and iron losses. With the aid of the d-q model of induction motor, these loss 

components can be computed as well as the torque and efficiency as a function of  

qsi and  dsi , as follows: 

       - Stator copper losses: 

                                 )( 22

1 dsqscus iiRP +=                                                                     (5.1). 

       - Rotor copper losses: 
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          - Iron losses: 
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        - Total losses: 
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From this expression, the induction motor total losses are a function of  qsi  and dsi , 

which can be rearranged in the following loss components:   

                                  ( ) ( ) 2
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                                  ( ) 2
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                                  qsds

c

msdqloss ii
R

R
LP .....2 2

, ω−=                                                (5.4.c).                   

  - Induction motor developed torque: 
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ω                                       (5.5). 

Where p  is the number of pole pairs. 

In the standard efficiency induction motor, we can assume that the core loss 

component is much higher than the rotor cupper loss component:  

                                                             2RRc >> , 

and: 

                                                            22
.. dssmc iLR ω>>  

Then: 

                                                          dsqsmd iipLT ..≅                                                 (5.6). 

The equation (5.6) of the developed torque is usually accepted as a good 

approximation [7], [13], [14]. 

  If we substitute the equation (5.6) into (5.4), we can express the total power losses of 

the induction motor as a function of dsi , dT  and sω as: 
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                                                                                                                                 (5.7). 

In steady-state operation, and at a given torque and speed, the total losses is a function 

only of current flux component, dsi .  

At rated operating speed, we depict in Fig.5.2 the simulation results of the induction 

motor total losses as a function of dsi  for, as an example, the 7.5 kW and 50 kW 

induction motors. 
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               Fig.5.2. Variation of Total Losses with Current-Flux Component  

                                       for 7.5 kW and 50 kW Induction Motor. 

 

 It can be seen from these plots that the optimal value of the current flux component 

dsi  exists for minimizing the electromagnetic power losses of the induction motor. 
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5.2.3. Condition for minimizing Induction Motor Total Losses: 

   The condition of minimizing the induction motor total losses is derived as follows: 

By defining the current ratio minK  as: 

                             dsqs iKi .min=                                                                                   (5.8). 

Using the torque expression and the definition of minK , the induction motor total losses 

becomes:                                       
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By differentiating 
tP  with respect to minK , we obtain: 
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The optimal candidate of tP  requires: 
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=
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dPt                                                                                                     (5.11). 

This gives: 
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The equation (5.12) gives the condition for optimal induction motor total losses, from 

which we can have: 
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                                                    (5.13).                                          

This is called the Loss Minimization Factor (LMF). 

The induction motor total losses are, thus, minimal when the motor loss depending on 

the current direct with the rotor flux  dsi , dlossP , , is equal to the loss depending on the 

current in quadrature to the rotor flux  qsi , qlossP , . 

5.2.4. Model-Based Control Scheme: 

 The optimization equation (5.9) can be practically solved by implementing the system 

configuration shown in Fig.5.3 [13].  
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This is known as the loss-model-based energy optimal controller of the induction 

motor drive system. 

 

 

                Fig.5.3. Block Diagram of Field Oriented Controller and induction motor 

                                                  in Field-Oriented Frame. 

Where: 

   ω , 1T  : are the operating speed and torque of induction motor. 

   dT  , refω  : are, respectively the motor developed torque and the speed reference 

value. 

    dsi  , qsi  : are, respectively, the direct and quadrature components of the stator current   

and   dsrefi  , qsrefi   being their respective reference values. 

    mresti  : is estimated value of the direct component of stator current. 

    mri  and  mrrefi  are, respectively, the magnetizing rotor current and its reference value. 

    rT  : is the rotor time constant, 

    J  : is the induction motor constant of inertia.  

 In this controller system, the reference value of the current   qsi , .qsrefi , is determined 

by the torque control loop. On the other hand, when the induction motor is in steady-

state operation, we have mrds ii = , as a consequence, the reference of the current   

,mri .mrrefi , is calculated from the expression (5.8). If this calculated value exceeds the 
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rated value, the rated value, mri , will be used as a reference to avoid magnetic 

saturation, but when .mrrefi  is equal to the rated value, the (LMA) algorithm works 

exactly as in a conventional Field-Oriented Control (FOC). 

This implementation of the controller requires, in addition to the field oriented scheme 

of the induction motor, a torque control loop, which may be needed when high 

dynamic performance loads are driven by the induction motor. But, as far as the 

HVAC load systems are concerned, which are not dynamically demanding, the LMA 

is adequate to be implemented with the simple scalar control scheme depicted in the 

following figure. 

      

 

Fig.5.4. Block Diagram for Energy Optimal Scalar Model Based Control. 

Where: 

     *

1f  : the frequency control variable. 

    1V   and 1f : are, respectively, the voltage r.m.s value and frequency of the 

fundamental voltage supply.  

  dlossP ,  and qlossP ,   are, respectively, the loss component depending on the current direct 

with the rotor flux dsi , and the loss component depending on the current in 

quadrature to the rotor flux  qsi . 

  reducψ   is the induction motor air gap flux at the new operating speed. 
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Based on this block diagram illustrating the operating mechanism of the model-based 

control system, the following simulation results showing the induction motor total 

losses and its efficiency variation with load conditions are presented. 

5.3. Induction Motor Efficiency Computation using Model-Based Control   Approach: 

    Using equations (5.6) and (5.9), the induction motor efficiency can be calculated as 

follows: 

                                   
tmdsqsm
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td

md

PiiL

iiL

PT

T

+
=

+
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ω

ω

ω

ω
η

...

...

.

.
                                             (5.14). 

This equation of efficiency combined the total power losses equation are used to 

calculate the power losses and efficiencies for the 1.5 kW, 4.0 kW, 7.5 kW, 25 kW and 

50 kW induction motors,  represented in the following plots. 

 

 

 

     Fig.5.5. 1.5 kW Induction Motor Loss Minimization and Efficiency Improvement  

                                                  with Model-Based Controller. 
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       Fig.5.6. 4.0 kW Induction Motor Loss Minimization and Efficiency Improvement  

                                                  with  Model-Based  Controller. 
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      Fig.5.7. 7.5 kW Induction Motor Loss Minimization and Efficiency Improvement  

                                                     with  Model-Based  Controller. 
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        Fig.5.8. 25 kW Induction Motor Loss Minimization and Efficiency Improvement  

                                              with  Model-Based  Controller. 
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Fig.5.9. 50 kW Induction Motor Loss Minimization and Efficiency Improvement  

                                             with  Model-Based  Controller. 

 

-67-  



5.3.1. Comments and Discussion:  

    The above plots show the induction motor total losses minimization and the 

corresponding efficiency improvement that can be achieved with the loss-model-based 

energy optimal controller. In order to show a clear picture, the simulation results are 

given in both cases: with and without the controller. In the following tables we   

illustrate these results of loss minimization and efficiency improvement at different 

operating load conditions below the rated speed and torque values for all induction 

motors studied. 

 

     1.5 kW three-phase, 50Hz – 4 poles squirrel cage  induction motor  

                   Under Model-Based energy optimal controller. 

    Induction motor  

         without  

   M.B controller.  

    Induction motor  

               with 

     M.B controller. 

Induction 

motors 

operating 

speeds 

   (rpm). 

Total  

Losses 

 (w). 

Efficiency 

      

Total 

 Losses 

 (w). 

Efficiency 

     

Achieved  

Total 

 losses 

reduction 

     (w). 

Achieved  

Efficiency 

Improvement 

     

Rated 

speed. 

 

330.78 

 

0.8195 

 

332.4 

 

0.8189 

 

0.00 

 

0.00 

1200 193.51 0.8014 178.6 0.8112 14.91 0.0098 

900 113.88 0.7606 86.12 0.7899 27.76 0.0293 

600 69.82 0.6439 36.12 0.7265 33.7 0.0826 

400 57.38 0.5048 21.77 0.6502 35.61 0.1454 

 

     Table 5.1. Loss Minimization and Efficiency Improvement of 1.5 kW Induction  

                                         Motor with Model-Based Controller. 
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     4.0 kW three-phase, 50Hz – 4 poles squirrel cage  induction motor  

                   Under Model-Based energy optimal controller. 

    Induction motor  

         without  

   M.B controller.  

   Induction motor  

               with 

     M.B controller. 

Induction 

 Motor 

 operating 

 speeds 

   (rpm). 
Total  

Losses 

 (w). 

Efficiency 
     

Total 

Losses 

(w). 

Efficiency 

     

Achieved  

Total 

 Losses 

 reduction 

     (w). 

Achieved  

Efficiency 

Improvement 
     

Rated 

speed. 

 

598.4 

 

0.8757 

 

596.86 

 

0.8753 

 

0.00 

 

0.00 

1200 397.9 0.8532 332.17 0.8596 65.73 0.0064 

900 270.25 0.8007 169.12 0.8347 101.13 0.034 

600 197.05 0.6480 77.04 0.7643 120.01 0.1163 

400 175.13 0.4748 48.89 0.6792 126.24 0.2044 

 

     7.5 kW three-phase, 50Hz – 4 poles squirrel cage  induction motor  

                   Under Model-Based energy optimal controller. 

    Induction motor  

         without  

   M.B controller.  

    Induction motor  

               with 

     M.B controller. 

Induction 

 motors  

operating 

 speeds 

   (rpm). 
Total  

Losses 

 (w). 

Efficiency 
 

Total 

Losses 

(w). 

Efficiency 

     

Achieved  

Total 

 losses 

reduction 

     (w). 

Achieved  

Efficiency 

Improvement 
 

Rated 

speed. 

 

945.89 

 

0.8915 

 

943.83 

 

0.8915 

 

0.0000 

 

0.00 

1200 636.48 0.8673 595.41 0.8695 41.07 0.0022 

900 427.51 0.8133 354.95 0.8246 72.56 0.0113 

600 293.61 0.6656 194.78 0.7161 98.83 0.0505 

400 246.98 0.5018 135.44 0.6025 111.54 0.1007 

 
        Table 5.2. Loss Minimization and Efficiency Improvement of 4.0 kW  

                           and 7.5 kW Induction Motor with Model-Based Controller. 
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     25 kW three-phase, 50Hz – 4 poles squirrel cage  induction motor  

                   Under Model-Based energy optimal controller. 

    Induction motor  

         without  

   M.B controller.  

      Induction motor  

               with 

     M.B controller. 

Induction 

motors 

operating 

speeds 

   (rpm). 
Total  

Losses 

 (w). 

Efficiency 
      

Total 

 Losses 

(w). 

Efficiency. 

     

Achieved  

Total losses 

reduction 

     (w). 

Achieved  

Efficiency 

Improvement 
     

Rated 

speed. 

 

1647.1 

 

0.9390 

 

1647.1 

 

0.9388 

 

0.00 

 

0.00 

1200 970.6 0.9314 939.57 0.9326 31.03 0.0012 

900 558.87 0.9163 378.96 0.9241 179.91 0.0078 

600 345.52 0.8607 112.25 0.9240 233.27 0.0633 

400 292.51 0.7743 51.24 0.9188 241.27 0.1445 

 

     50 kW three-phase, 50Hz – 4 poles squirrel cage  induction motor  

                   Under Model-Based energy optimal controller. 

    Induction motor  

         without  

   M.B controller.  

      Induction motor  

               with 

     M.B controller. 

Induction 

motors 

operating 

speeds 

   (rpm). 
Total  

Losses 

 (w). 

Efficiency Total 

 Losses 

(w). 

Efficiency. 

     

Achieved  

Total losses 

reduction 

     (w). 

Achieved  

Efficiency 

Improvement 
 

Rated 

speed. 

 

3195.5 

 

0.9395 

 

3195.5 

 

0.9397 

 

0.00 

 

0.00 

1200 2790.9 0.9141 1622.1 0.9382 1138.8 0.0241 

900 2368.7 0.8541 681.96 0.9308 1686.74 0.0767 

600 2154.2 0.7368 207.93 0.9264 1946.27 0.1896 

400 2102.7 0.6903 93.66 0.9255 2009.04 0.2352 

       
   Table 5.3. Loss Minimization and Efficiency Improvement of 25 kW and  

                             50 kW Induction Motor with Power Factor Controller. 
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It is clear from these results that the application of the model-based energy efficiency 

optimization controller allows an efficiency improvement of the squirrel cage 

induction motor when it is operated at speeds and / or torque below the rated operating 

conditions. 

Results show also that the lower the drive operating speed further from the rated value, 

the higher the efficiency improvement is achieved. 

 Similar conclusions can be said from plots concerning the 1.5 kW and 4.0 kW 

induction motors. As for the 25 kW and 50 kW induction motors, we notice that the 

motor efficiency obtained with the controller is maintained almost constant at its rated 

value over a comparatively wider speed range. 

5.4. Conclusion: 

    In this chapter, the loss-model-based energy efficiency optimization control 

approach is studied. The method is based on the loss model built for the induction 

motor in the d-q reference frame with the rotor flux oriented in the d-axis direction. 

According to this model, the total losses of the induction motor, including the core 

losses, can be calculated and minimized at every operating condition below rated 

condition. 

The application of the model-based controller with the induction motor power ratings 

under study can lead to substantial efficiency improvement at partial loads. 

Figures of several additional percentages in efficiency improvement are achieved, for 

example, a value of 5 % can be given for the 7.5 kW induction motor running at speed 

of 600 r.p.m, where the pattern of efficiency improvement is basically similar for all 

induction motors studied.  
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CHAPTER 

6 
Comparison between Power 

Factor and  Model-Based 

Controllers Performances 



6.1. Introduction: 

  The results of induction motor loss minimization and efficiency improvement using 

power factor and model-based energy efficiency controllers are given and discussed in 

the preceding two chapters. It is now in order to make a brief comparison between the 

two energy efficiency optimizers respective performances.     

6.2. Comparison between Power Factor and Model Based Controllers: 

   Plots of achievable efficiency improvement using power factor and model-based 

energy optimal controllers are shown in the figures: Fig.6.1, Fig.6.2 and Fig.6.3 below 

for the five cases of induction motors studied. 

The plots show the efficiency of induction motors without any energy optimizer; i.e. 

when the motor is simply speed controlled by variable frequency converter, and the 

efficiency when the motor is optimally controlled in order to maximize efficiency 

using the power factor and model-based controllers. 

 

 

 

      Fig.6.1. Comparison of 1.5 kW Induction Motor Efficiency Improvement with  

                         the Power Factor and Model-Based Energy Optimal Controllers. 
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Fig.6.2. Comparison of 4.0 kW and 7.5 kW Induction Motor Efficiency Improvement 

                with the Power Factor and Model-Based Energy Optimal Controllers. 
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    Fig.6.3. Comparison of 25 kW and 50 kW Induction Motor Efficiency Improvement  

                    with the Power Factor and Model-Based Energy Optimal Controllers. 
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6.2.1. Comments and Discussion: 

It appears from these plots that both controllers have essentially the positive impact on 

efficiency improvement for all induction motors studied. 

The following table can be deduced, which shows, quantitatively, the achievable 

efficiency improvement for the five motors using the two energy optimal controllers.  

 

efficiency  
improvement 
With M-B  
Controller   

Efficiency 
improvement  
with   P.F  
Controller      

Induction motor 
percent loading 
(rpm)      

 
Induction motor 
power ratings 

0.00 0.00 Rated speed 

0.0098 0.0069 1200 
0.0293 0.0255 900 
0.0826 0.087 600 
0.1454 0.1618 400 

 
 
 
1.5  kW 

0.00 0.00 Rated speed 

0.0064 0.0098 1200 
0.034 0.0379 900 
0.1163 0.1295 600 
0.2044 0.2312 400 

 
 
 
4.0 kW 

0.00 0.00 Rated speed 

0.0022 0.0061 1200 
0.0113 0.0239 900 
0.0505 0.0841 600 
0.1007 0.1524 400 

 
 
 
7.5 kW 

0.00 0.00 Rated speed 

0.0012 0.0049 1200 
0.0078 0.0178 900 
0.0633 0.0668 600 
0.1445 0.1446 400 

 
 
 
25 kW 

0.00 0.00 Rated speed 

0.0241 0.0195 1200 
0.0767 0.0705 900 
0.1896 0.1813 600 
0.2352 0.1967 400 

 
 
 
50 kW 

 
 

 

                   Table 6.1. Efficiency Improvement Comparison between Power 

                                            Factor and Model-Based Controllers. 
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The margin of efficiency improvement is considerable with some noticeable 

differences in efficiency improvement achievable by the two energy efficiency control 

approaches appear at lower speeds for different motor power levels. 

However, the overall performances achievable using either controllers are very much 

comparable, with slightly better performances achieved when using power factor 

controller, where a value of 8 % of efficiency improvement is achieved when using 

power factor controller compared with the value of 5 % of efficiency improvement 

achieved using model-based controller for 7.5 kW induction motor running at speed of 

600 rpm can be given. This is not the case, however, for the case of 50 kW motor, 

where we see that the better efficiency improvement is achieved with the model-based 

controller. 

6.2. Conclusion: 

   In view of these results, both power factor and model-based energy efficiency 

control techniques have exhibited a very interesting level of efficiency improvement 

for all induction motors population studied. 

Results show that a slightly better efficiency improvement is achieved using power 

controller for 1.5 kW, 4.0 kW and 7.5 kW induction motors. As for 50 kW motor, the 

model-based controller predicted results are better. 

On overall, we can conclude that both controllers are of a comparable level of 

performance.   
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General  Conclusion 



General Conclusion: 

   In this present work, the problem of efficiency optimization of the squirrel cage 

induction motor drive driving HVAC loads is addressed. HVAC loads dynamics are 

not demanding but efficiency improvement margins can be very important, 

particularly under light load conditions below rated speed. 

The energy efficiency optimization of induction motor drive system consists of 

minimizing the drive total losses at each operating point below the full load operating 

point. 

  First, the loss components of the induction motor fed from a sine wave, balanced 

three phase power supply are quantified and analyzed. The induction motor losses 

consist of five components: stator and rotor copper losses, core losses, friction and 

windage losses and stray load losses. Under steady-state running conditions, design B 

squirrel cage type induction motor slip is about 0.05 p.u, which is the dominant type 

induction motor design for the population concerned, therefore the rotor frequency will 

not exceed the value of 2.5 Hz, which makes the rotor core losses very small, a fact 

that has led us to consider this loss component negligible. 

The stray load losses, on the other hand, are important if the induction motor operating 

slip is large, which not the case in our study, justifying, therefore, our neglecting them. 

The remaining loss components, including the friction and windage losses, which are 

function of induction motor running speed, are considered controllable and can 

therefore be minimized. 

    The objective of this study being the optimization of the induction motor drive 

system efficiency, in addition to the induction motor loss components calculation, it is 

also required to estimate converter losses. The induction motor driving a fan type load 

is assumed supplied by a low harmonic content sine wave PWM-VSI power supply. 

The aim is to evaluate the converter total losses and compare their relative importance 

against those of the induction motor to gauge their effect on the drive energy 

efficiency optimization algorithms. 

Based on closed form expressions of converter switching and conducting losses, the 

converter total losses are calculated when feeding induction motors of the following 

power levels: 1.5 kW, 4.0 kW, 7.5 kW, 25 kW and 50 kW. The obtained results have 
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shown that the converter total losses at full load operating point exhibit different 

relative proportions when compared to that of the induction motors; these results are 

found dependent on the motor size, where the percent ratio of the converter total losses 

to the motor losses at full load reaches the value of 4.5 % for the 1.5 kW induction 

motor and attains 15.48 % for the 50 kW motor power rating.  

In view of these results, the total converter losses for the population of induction 

motors below 52 kW are considered small and, therefore, can be neglected without 

affecting the efficacy of the energy efficiency optimization algorithms. 

    Two energy optimal control techniques are applied in an attempt of achieving 

efficiency optimization; these are the power factor controller and the loss-model-based 

energy optimal controller. 

The power factor energy efficiency controller is first presented; it is based on the 

calculation of induction motor displacement power factor according to the motor six-

parameter per-phase exact equivalent circuit model including the core losses. 

The principle of operation of the controller is based on the idea that optimal efficiency 

operation is ensured by maintaining the induction motor displacement power factor 

constant at its nominal value, whatever the load operating point is below the rated 

value. Therefore, the induction motor efficiency can be improved by a suitable 

reduction of the motor air gap flux when the system operates at speeds below the rated 

speed. 

The simulation results of controlling the induction motor total losses and its operating 

efficiency by power factor energy optimal controller have shown very clearly that, at 

light load steady-state operating conditions, the total losses can be minimized for every 

operating point below the rated operating speed and a corresponding efficiency 

improvement is achieved throughout the range of speed variation from the rated 

operating speed down to minimum speed for all the motors studied.  

The largest induction motor total losses minimization and efficiency improvement is in 

the region where the motor is running under light load conditions at reduced speeds.    

    The loss-model-based method of energy efficiency optimization control requires 

building the induction motor loss model in the d-q reference frame with the rotor flux 

oriented in the d-axis direction. In this model, the motor loss components, including 
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the core losses, are modelled with the induction motor decoupled and its total losses 

are expressed as a function of direct and quadrature components of the stator current, . 

The principle of operation of the model-based method as an energy efficiency 

optimization technique is based on achieving a loss balance between the induction 

motor losses depending on the current direct with the rotor flux and that depending on 

the current in quadrature to the rotor flux. This balance is the unique condition for 

minimum total losses when the induction motor is lightly loaded. 

The simulation results obtained when the model-based is used to energy optimally 

control the total losses and efficiency of induction motor driving a fan type load have 

shown, as for the case of power factor controller, an achievement of a very substantial 

energy efficiency improvement, in particular within the lower speed range. 

   When the two studied energy optimal controllers are compared, we can say that both 

control methods can achieve a high level of performance in terms of efficiency 

improvement. Though, slightly better results are obtained with the power factor 

controller for the 1.5 kW, 4.0 kW and 7.5 kW induction motors. However, for 50 kW 

induction motor, the model-based predicted performance is better.  

On overall, results obtained indicate a comparable level of performance for the two 

optimization techniques, with the power factor controller being the stronger candidate for 

practical implementation because of its simplicity and cost effectiveness.  
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Appendices 



Appendix A: Glossary of Terms and Supporting Information. 

 

A.1. Abbreviations: 
 
ac- Alternating Current. 

A- Amperes. 

ASD- Adjustable Speed Drive. 

CSI- Current Source Inverter. 

dc- Direct Current. 

DPF- Displacement Power Factor. 

EMF-Electromagnetic Force. 

Eff. - Efficiency. 

FOC : Field Oriented Controller. 

hp- Horse Power. 

HVAC- Heating, Ventilation and Air Conditioning. 

Hz- Hertz 

IM-  Induction Motor. 

IEEE- Institute of Electrical and Electronics Engineers. 

IGBT- Insulate Gate Bipolar Transistor. 

Kw- Kilowatts. 

KWH- Kilowatt Hours. 

KVA- Kilovolt-Amperes. 

KVAR- Kilovolt-Amperes Reactive. 

MMF- Magneto-Motive Force. 

NEC- National Electrical Code. 

NEMA- National Electrical Manufacturers Association. 

PF- Power Factor. 

PWM- Pulse Width Modulation. 

r.p.m- Revolutions per Minute. 

SCR- Silicon Controlled Rectifier. 

Vac- Volts Alternating Current. 
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Vdc- Volts Direct Current. 

VFD- Variable Frequency Drive (see ASD). 

VSI- Voltage Source Inverter. 

 

A.2. Terms: 

 
                    Refer to IEEE standard dictionary of electrical and electronics terms for   

                    additional electrical related definitions 

 

Adjustable Speed Drive: electronic equipment that controls the speed of a motor by 

adjusting the frequency of the motor's power supply. Some adjustable speed drives 

also control current and phase angle to control other elements of motor performance.   

 

Ambient Temperature : The temperature of surrounding air.  

 

Breakdown Torque: The maximum torque a motor will produce and is also referred as 

maximum torque and pull-out torque. 

  

Constant Power: A driven load for which shaft power is maintained at a controlled or 

preset level for a range of operating speeds. 

 

Constant Torque: A driven load for which load torque is maintained as a controlled or 

preset level for a range of operating speeds. 

 

Current Source Inverter: The ASD provides stepped current waveforms to the motor. 

 

Driven Load: The machine or equipment that the motor is driving. 

 

Efficiency: The ratio of output power to the input power, with a value somewhere 

between 0 and 1. 

 

Energy Optimal Control: The method of motor control by adjusting its magnetization 

level. 

 

Friction and  Windage: The power loss within any rotating electrical machine caused 

by bearing and friction, air friction against rotating surfaces, and the movement of air 

circulating fans. 

 

Full Load Current: The current required by the motor to produce full load torque at 

the motor's rated speed. 

 

Full Load Torque: The torque required to produce rated horse power at full load 

speed. 
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Full Load Speed: The speed at which rated horse power is developed. 

 

Horse Power: A unit of measure of the motor power. One horse power equals 746 

watts. 

 
Inrush Current: The high current drawn by a motor during start-up. 

 

Load Torque: The torque required by a driven load to achieve or maintain a given 

speed. 

 

Locked Rotor Current: The current drawn by a motor with the rotor stopped (locked) 

and full voltage applied. 
 

Locked Rotor Torque: The torque produced by a motor when the rotor is stationary 

and full power is applied to the motor. 

 

Losses: Energy that is not transmitted through a machine in a useful form. 

 

Percent Slip: The percentage reduction in speed below synchronous speed. 

 

Rectifier: A circuit that converts ac to dc. 

 

Running Torque: The torque required to maintain the drive process or machine after it 

accelerates to the desired operating speed. 

 

Shaft Power: The mechanical power transmitted from the motor shaft to the driven 

load. 

 

Slip: The percentage difference between synchronous and operating speeds. 

 

Starting Torque:  The torque produced by a motor at rest when power is applied. 

 

Synchronous Speed: The maximum speed for an ac motor. 

 

Variable Torque:  A driven load for which load torque changes with shaft speed.  
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Appendix B: Induction Motors and Inverter Parameters. 

 

B.1. Induction Motor Equivalent Circuit Parameters: 

     In the following table, we illustrate the impedance parameters of the population of 

induction motors studied   

IM. Power rating 

kW Line 

voltage 

 (V) 

Rated 

speed 

(r.p.m) 

R1 

(ohms) 

R2 

(ohms) 

Rc 

(ohms) 

X1 

(ohms) 

X2 

(ohms) 

Xm 

(ohms) 

1.5 380 1420 7.9 5.8 2424 5.9 10.4 145.5 

4.0 380 1440 1.37 1.1 699 1.53 2.5 44.3 

7.5 380 1450 0.67 0.71 649 0.94 1.5 20.3 

25 450 1450 0.10 0.17 557 0.3 0.5 23.6 

50 440 1480 0.067 0.04 64.2 0.0885 0.0885 19.6 

 

                         Table B.1. Induction Motor Equivalent Circuit Parameters 

 

B.2. Curve Fitting Determined Parameters of PWM-VSI Inverter: 

  The following are the curve fitting determined parameters of PWM-VSI inverter [40]. 

 
310.085.0 − TonswA ,, 

1.0 
TonswB ,, 

310.118.0 − ToffswA ,, 

1.0 
ToffswB ,, 

1.54  [V] TOU , 

0.169 ]Ω[TOr , 

0.94 
TconB , 

0 
DonswA ,, 

1.0 
DonswB ,, 

310.33.0 − DoffswA ,, 

0.58 
DoffswB ,, 

0.66 [V]       DOU , 

0.166 ]Ω[DOr , 

0.7 
DconB , 

 

                             Table B.2. Curve Fitting Determined Parameters of the PWM-VSI  

                                                 Inverter with IGBT Devices.  
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Appendix C: Air Gap MMF Harmonics. 

 

      C.1. Time Harmonic MMF Waves: 

        When a non-sinusoidal balanced power supply is used to feed induction motors, 

the output voltages or currents waveforms are harmonic content. Assuming that a 

converter has an output phase current of the fifth harmonic component, consequently, 

each phase establishes a standing mmf wave having the same spatial distribution as the 

fundamental, but pulsates at five times the supply frequency; therefore the fifth 

harmonic mmf of the first coil is given by: 

                                          (C.1).                tFF p ..5sin.cos.)5,1(1 ωθ=                     

   is the maximum amplitude of the fundamental space mmf wave due to the fifth pF )5,1(Where  

current harmonic, and similarly the fifth harmonic mmf from the two other coils is given by: 

             (C.2).                                 )3/2.(5sin).3/2cos(.)5,1(2 πωπθ −−= tFF p               

                               (C.3).                     )3/4.(5sin).3/4cos(.)5,1(3 πωπθ −−= tFF p                  

Where as, due to the entire winding, the resultant mmf is obtained by adding the three 

mmf contributions and as the same as the previous manipulation, we end up with the 

following equation: 

                                          (C.4)                   ).5sin(.2/3
)5,1(

θω += tFF
p

 

This confirms that the fifth harmonic currents produce a rotating mmf at a speed of 

rotate given by: 

                                                                (C.4.1).         sdtd ωθ 5/ −= 

 Which means that the wave is moving at five times the synchronous speed in the 

opposite direction of the fundamental mmf. And also for the seventh harmonic 

currents produce a rotating mmf waves that moves at seven times synchronous speed:  

                                                                          (C.4.2).                                 
sdtd ωθ 7/ =           

with the same direction as the fundamental mmf. 

In general, we can state that the current harmonic of order k = (3n+1), where n is an 

integer, produce forward rotating mmf waves, while harmonics of order k = (3n-1) 

produce backward mmf waves, where the speed of a time harmonic field is always k 

times the synchronous speed. 
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C.2. Space Harmonic mmf Waves due to Harmonic Components: 

  The presence of harmonic currents in the phase of integral slot winding not only 

produce fundamental component of special mmf, but the time and space harmonic 

mmf waves are presented simultaneously. So, additional rotating mmf waves are 

produced by the space harmonic distribution of mmf resulting from the time harmonic 

in the phase currents. For example, the fifth harmonic currents in each of the three 

phases produce the seventh harmonic space mmfs as follows:      

                                              (C.5).                    tFF p .5sin.7cos)5,7(1 ωθ= 

 ).C.6  (            

                          (C.7).)3/4.(5sin)3/4(7cos)5,7(3 πωπθ −−= tFF p  

 , therefore: )( 321 FFFF ++=Following the same procedure for the entire winding  

                         (C.8).                                             )7.5sin(..2/3 )5,7( θω += tFF p            

This result clarifies that the seventh space harmonic mmf waves rotating backward at 

five seventh of synchronous speed.            

 C.3. Positive, Negative and Zero Sequences Harmonics:     

    It is deduced that the direction of rotation of the harmonic field is determined by the 

phase sequence of the harmonic currents.   

C.3.1. Negative Sequence Harmonic: 

   Consider the fundamental three phase voltage components presented as follows:  

   tVVAN .sin1 ω= 

 

 )3/4.sin(1 πω −= tVVCN  

These components produce the main field wave in the air gap rotating at synchronous speed. 

Their corresponding fifth harmonic phase voltages are given by:          

            tVVAN .5sin1 ω=            

           )3/4..5sin()3/.2..(5sin 11 πωπω −=−= tVtVVBN  

          )3/2.5sin()3/4..(5sin 11 πωπω −=−= tVtVVCN
          

 These equations show the phase sequence of the fifth harmonic voltage CBAACB ≡  which 

is opposite to that of the fundamental sequence (ABC). Generally it can be shown that the 

 

= ACB  sequence 

)3/2.sin(1 πω −= tVVBN

 

ABC  sequence=  

)3/2.(5sin).3/2(7cos.)5,7(2 πωπθ −−= tFF p
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phase sequence of the harmonic voltages and currents of order k =(6n-1) is opposite to 

the fundamental ABC sequence, and they are known as negative sequence harmonics 

that are caused by the same winding of the fundamental and they have the same 

number of poles. 

Because the phase sequence is opposite and the frequency is k times that of the 

fundamental, they produce harmonic field waves in the air gap which rotate at k times 

the fundamental synchronous speed in the opposite direction to the main field. 

C.3.2. Positive Sequence Harmonics: 

        tVVAN .7sin1 ω=            

       )3/2.7sin()3/2.(7sin 11 πωπω −=−= tVtVVBN  

      )3/4.7sin()3/4.(7sin 11 πωπω −=−= tVtVVCN
 

These equations show that the phase sequence of the seventh harmonic voltages ABC 

rotates with the same direction of that of the fundamental. Generally it can be shown 

that the phase sequence of the harmonic voltages and currents of order k = (6n+1) are 

in the same direction as that of the fundamental ABC sequence, and they are known as 

positive sequence harmonics that are caused by the same winding of the fundamental, 

and they have the same number of poles. 

Because their frequency is k times that of the fundamental, they produce field waves 

rotate at a speed of k times the fundamental synchronous speed in the same direction 

to the main field. 

C.3.3. Zero Sequence Harmonics: 

  The harmonic currents of order k = (6n-3) or k = 3n do not produce any fundamental 

air gap mmf  because they are in exact time phase in each of the three windings, that is 

why they are called zero sequence harmonics, and they are also termed as tripplen 

harmonics. 

 

 

 

 

 

 

=  ABC  sequence 
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Appendix D: Induction Motor Model in d-q Reference Frame. 

Fig.C.1 shows the steady-state d- and q-axis equivalent circuits in the d-q coordinates 

which rotate synchronously with an electrical angular velocity ω.  

The equivalent circuits include the effects of the copper and iron losses. The copper 

losses are represented by the stator and rotor resistances sR  and rR , whereas the stator 

and rotor iron losses are represented by ( dlsqls RR , ) and ( dlrqlr RR , ) respectively. 

 

              Fig.D.1. Induction Motor Equivalent Circuit In d-q Coordinates. 

 

In order to have simplified equations, the d-axis of the coordinate will be defined in 

the direction of the rotor magnetic flux (field oriented frame). Therefore, the magnetic 

flux in the q-axis direction is zero [15]. Furthermore, and in order to have a simple 

induction motor model, the following simplifications have been made: 

- Due to the fact that the leakage magnetic flux is small compared to the 

magnetizing flux, the leakage inductances, 
lsL  and 

lrL , will be neglected, 

- The resistors that represent the rotor iron losses will be considered as a part 

of the rotor resistance ( RR  will be replaced by qlrRr RRR //= ), 

Rs Lls Wmr.Yds

+ -

Rqls Mq

iqls

Vqs

Vqls

Mq

(Wmr-W)Ydr

- +

Llr

Rqlr RR

Vqlr

iqs iqms iqmr iqr

Rs Lls Wmr.Yqs

- +

Rdls Md

idls

Vds

Vdls

Md

(Wmr-W)Yqr

+ -

Llr

Rdlr RR

Vdlr

ids idms idmr idr

Pd=Td.W
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- Every IM parameter will be considered constant, ignoring effects such as 

magnetic saturation and temperature. 

We can state also that the currents observed from the field oriented frame are constant 

and consequently the inductor voltage drops are zero. 

With the stated assumptions and the help of the equivalent circuit of Fig.D.1, the 

following equations can be deduced: 

          

                                  0=qrY  

                                       )( qmrqmsq iiM +=  

                                        = qsY                                                     (D.1). 

Where qrY  and qsY  are the rotor and stator flux in the q- equivalent circuit; qM is the 

mutual inductance between stator and rotor in the q- equivalent circuit. 

From (D.1), it follows, 

                                  qmrqms ii −=                                               (D.2). 

In steady-state and using the field-oriented frame, the voltages across dM  and qM , in 

the stator and rotor are always zero [13], therefore, 

                                 ,dsdms ii =                                                     (D.3). 

                                 0=dlsi  

                                      .dmri=                                                    (D.4). 

From Fig.C.1, it follows, 

 

                                    drds YY =  

                                         )( dmrdmsd iiM +=                                  (D.5). 

Where 
dsY  and 

drY  are the stator and rotor flux in the d-equivalent circuit. 

From (D.3) and (D.4), it follows, 

                                            
drds YY =  

                                                  dsd iM=                                      (D.6). 

From Fig.D.1 and (D.1) – (D.6), the equivalent circuit of Fig.D.2 can be justified. 
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                               Fig.D.2. Steady-State Induction Motor Equivalent  

                                                      Circuit in Field Oriented Frame. 

 

From (D.4), it can be concluded that, in the equivalent d-axis circuit, the iron losses 

are zero. This is the reason why 
dlsR  has been eliminated in Fig.D.2. Therefore, the 

iron losses are concentrated in the equivalent q-axis circuit. 
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