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Abstract— Induction motors are preferred over DC 

machine because of their low cost, simple and rugged 

construction. So induction motors are widely used in 

industrial as well as in domestic applications. This paper 

presents an overview of various methods that were  used 

in past for obtaining the variable speed operation of 

induction motor drive, and covers modern trends which 

provide methods for  maintaining optimal efficiency 

during all the speed range of  induction motor. Some pros 

and cons of the different control method used have also 

been presented. 
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I. INTRODUCTION  

Three-phase induction motors have been widely used 

in industrial drives as they are rugged, reliable, and 

economical. However motors with low efficiency 

waste a lot of energy that will increase its 

operational cost.  As a result of high energy 

consumption and the very large number of installed 

units, even a small increase in efficiency 

improvement can have vital impact on the entire 

energy consumption statistics for such a versatile 

induction motor drives. Variable-frequency drives 

(VFDs) are becoming more popular in variable-

speed services because VFDs offer energy-saving 

opportunities. In v/f control of induction motor, the 

flux level remains constant. Keeping the flux 

constant deteriorate the efficiency especially at low 

speed with partial load. Since at light loads the flux 

at rated values causes excessive core loss, as it is 

more than necessary for development of required 

torque. So optimum value of flux is required for 

maintaining the efficiency of induction motor at 

variable speed range. Optimal control can be 

categorized as loss model control (LMC) and search 

control (SC) to obtain optimum flux level. The SCs 

offers the advantage of being robust with the 

parameters variation but have a very sluggish 

response however the LMCs are very fast but 

parameters dependent. For the LMCs to be more 

precise, the model used to derive the LMC algorithm 

must include all the power loss components, such as: 

stator and rotor iron losses, stray load losses, friction 

and windage losses etc. 

 

II. THEORETICAL BACKGROUND 

Induction motor speed can be varied by changing the 

slip „s‟ or number of poles „p‟ or frequency of supply 

„f‟. The different methods of speed control of 

induction motor can be broadly classified in to scalar 

control methods. In this paper, vector control method 

has been emphasized more eloquently.   

Control methods:- 

1. Scalar control- The scalar control method is 

based on varying two parameters simultaneously. 

The speed can be varied by varying the supply 

frequency, but this result in change of impedances. 

The change of impedances eventuates the increase or 

decrease of current. If the current is small, the torque 

of the motor decreases. If the frequency decreases or 

the voltage increases, the coils can be burned or 

saturation can occur in the iron of coils. To avoid 

these problems (v/f) method is used in this way the 

occurring disadvantages of changing frequency and 

voltage can be compensated.  

2. Vector control-  

Vector control was introduced in 1972 to realize the 

characteristics of separately-excited DC motor in 

induction motor drives by decoupling the control of 

torque and flux in the motor. Vector control is 

extensively used in drive systems requiring sky-

scraping dynamic and static performance. The 
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principle of vector control is to control 

independently the two Park components of the motor 

current, accountable for producing the torque and 

flux respectively. In that way, the Induction motor 

(IM) drive operates like a separately-excited DC 

motor drive (where the torque and the flux are 

controlled by the armature and field currents 

respectively, which are two independent orthogonal 

variables). Vector control schemes are classified on 

the basis of the field angle acquired. If the field 

angle is calculated by using stator voltage and 

currents or hall sensors or flux sensing winding, then 

it is known as direct vector control DVC. The field 

angle can also be calculated   using rotor position 

measurement and estimation of machine parameters 

only, without using any other variables, such as 

voltages or currents.  

Optimal efficiency control 

Value of flux is required to change with change in 

speed for variable load in order to achieve optimum 

the efficiency of induction motor, at variable speed 

range. 

Simple State Control   

A constant-optimal slip control is proposed for 

increasing the efficiency at light loads, based on an 

intuitive adaptation of the well known Maximum 

Torque per Ampere (MTA) algorithm, ensuring a 

constant-optimal slip. MTA strategy imposes a 

constant optimal slip control equal to the inverse of 

rotor time constant. An experimental evaluation has 

been done on a 1.5 Hp induction motor drive to 

measure the minimization of losses and verify the 

dynamic performance of the proposed method [1]. 

Authors of [2] dealt with power factor tracking in a 

field oriented scheme for induction motor drive 

leading to efficiency optimization. Simulation result 

illustrated that the efficiency is optimized in the light 

load region. They also noticed that efficiencies, with 

and without the optimization algorithm, are identical 

for rated loads. 

 Loss Model Control  

Many works have been reported using various 

strategies using different variables to minimize 

losses in IM.   Few use slip speed, excitation current, 

rotor flux, voltage etc, others use lookup tables 

derived offline, or estimate the parameters on line 

and then use them to achieve minimum losses. 

Authors in [3] have derived optimal value voltage 

and frequency based on loss model. Under specific 

speed and torque, without harmonic frequency effect 

consideration, the optimum voltage and slip 

frequency to achieve the minimum power losses are 

obtained [3].  

 

𝑉𝑠,𝑜𝑝𝑡 =  
𝑇𝐿 𝜔𝑠 (𝑅𝑡ℎ 

+
𝑅𝑟
𝑠

)2+𝑋2
𝑠ℎ

𝑅𝑡ℎ 
+
𝑅𝑟
𝑠

                         (1) 

𝜔𝑠𝑙 = 𝜔𝑟 
𝑅𝑟

𝑠
                                                     (2) 

 

The non-ideal factors of core saturation, some 

harmonics and skin effect affecting the efficiency 

performance are included in the analysis to yield 

practical results from computer simulation. Both 

analysis and experimental results indicate that 

efficiency performance with VVVF is superior to 

that of constant flux operation especially in light-

load and steady state. 10-15% improvement in the 

efficiency of a 2- HP induction motor at 0.4 per unit 

(p.u.) load is achieved as compared to the constant 

flux operation. Authors of [4-5] have worked on d-q 

frame and quantified optimal value of flux 

component current I at which efficiency becomes 

optimal. In the development of the loss model, there 

is always a tradeoff between accuracy and 

complexity. Authors [6] have used natural and 

reference frame independent quantities (total rotor 

flux, active torque, rotor speed, and reactive torque 

corresponding to the reactive power) as state 

variables. Utilization of the nonlinear geometric 

control methodology of input–output linearization 

with decoupling permits the realization of the control 

in the stationary reference frame. This approach 

eradicates need of synchronous reference 

transformation and flux alignment vital in classical 

vector control schemes. The new efficiency 

optimizing formulation yields a reference rotor flux, 

which ensures a minimum loss and yields an 

improved efficiency of the drive system especially 

when driving part load. The established loss 

minimization methods are designed for steady-state 

operation (i.e., the drive is operating in constant 

speed and torque). Dynamic behavior (i.e., a torque 

transient) is not considered. Authors of [7-8] 

consider transient performance also in consideration 

along with efficiency improvement. Work proposed 

by [7] applies a dynamic space-vector model for 

loss-minimizing. Based on the corresponding steady-

state loss function, a method is proposed for solving 
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the loss minimizing flux reference at each sampling 

period. A flux controller augmented with a voltage 

feedback Algorithm is applied for Improving the 

Dynamic operation and Field   weakening. Both the 

steady-state and dynamic performance of the 

proposed method is assessed using laboratory 

experiments with a 2.2-kW induction motor drive, 

and it shows fast convergence to the optimum flux 

level. In [8] at the time of torque transient, loss 

minimization is turned off, and a minimum time 

controller is activated. This attenuates the problem of 

slow torque response under reduced flux magnitude. 

Authors of this paper have investigated whether or 

not it is  required to take the converter loss into 

account in the  efficiency-optimizing control 

algorithms, based on loss measurements in 2.2-, 22-, 

and 90-kW motor drives, and  agreed to not to 

include them. The only reason to include the 

converter losses is that it guarantees a higher 

robustness against load disturbances [9]. Authors 

concluded that there were no critical issues in the 

drive operation when the converter losses are 

neglected but the robustness will decrease when 

disturbance occurs. The load torque is replaced by 

the stator current to remove the necessity of load 

torque measurement or estimation.      

        Authors of [10] have emphasized on loss model 

design.  They concluded that speed regulation cannot 

be ensured in optimal efficiency unless the magnetic 

circuit nonlinearity is explicitly accounted for in the 

motor model. Most previous works are done by 

assuming machine magnetic circuit to be linear and 

ignoring the machine power conversion equipments. 

They also suggested to include power conversion 

equipment in loss model analysis, since the 

negligence of the power conversion equipments 

makes it impossible to deal properly with the 

harmonic pollution issue due to „motor – power 

supply grid‟ interaction. The proposed approach in 

[21] uses the stator current as the control variable 

and depends on Rs, which is decomposed into Rq and 

Rd. Efficiency improvement from 5 to 50% at light 

load is observed. Most model-based LMTs are 

suitable for steady-state applications where the 

motor operating points; thus, parameter estimates 

rarely change. They are also suitable for dynamic 

applications that require very fast update of the 

control variable, e.g., EVs and HEVs. Artificial 

intelligence controllers like ANN, fuzzy, PSO, GA 

can also be used for finding optimal flux level with 

minimum time. 

Search Control 

Input power is a parabolic function of the flux that 

has strictly positive second derivative with the 

regime dependent minimum that can be found by 

various search procedures [11]. It was concluded 

[26] that the loss function is concave and it means 

that there is a value of flux that will generate 

minimum power losses. The losses minimization 

condition with respect to air-gap flux of the 

induction motor can be determined by the sensitivity 

power losses equation equal to zero. This is given 

by: 

 

 𝑐𝑙𝑅𝑠 + 𝑅′
𝑟 + 𝑐𝑠𝑡𝑟𝜔

2 𝐼′
2
𝑟 =  𝑘ℎ𝜔 + 𝑘𝑒𝜔

2 +
𝑅𝑠

𝑋2
𝑚
 Ø2      (3) 

 

Solving for optimum air gap flux yields: 

 

Ø𝑜𝑝𝑡 = 𝐼𝑠𝐺𝑠  
1+𝜔2𝑇𝑠

2

1+𝜔2𝑇𝑐𝑠
2                                                          (4) 

 

In Ref [47], authors described the problems arised 

when the input power is considered instead of stator 

current as the controlled variable for optimal 

efficiency of IM. When stator current is used as 

variable, its minimum can detected effortlessly than 

the input power. Stator current leads more loss 

reduction and less torque ripple due to the absence of 

oscillation in the air gap flux. Authors of [11-12] 

suggested to choose stator current as the controlled 

variable in spite of input power. It is proved that 

better results are achieved if the stator current is used 

as the controlled variable. In addition, the stator 

current has more sensitivity to the flux variation than 

input power. They also concluded that the air gap 

flux should be always kept greater than 0.3 pu 

independent of control algorithm. It revealed that 

power input to the drive is smaller in stator current 

minimization than the power input minimization. 

[12] These properties allow implementing an 

adaptive algorithm to determine the proper flux step 

without waste of time. This adaptive algorithm set a 

large flux step for transient state to increase the rate 

of convergence and a small flux step in steady state 

to minimize the flux ripple. Authors of [13–15] have 

considered transient performance also along with 

efficiency improvement. Optimal flux search slows 
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down the system response to a load and decreases 

the peak torque which can be developed by the 

motor. This problem must be addressed if the drive 

is to maintain satisfactory dynamic performances; 

suggested in [14].In [13] Golden-section based 

search is implemented, which is also valid in high-

speed operation. A filter is used to prevent eventual 

torque ripples caused by flux current variation. For 

better transient response the efficiency optimization 

algorithm is only activated when the machine is well 

in steady state condition. When there is a major 

change in speed reference, the reference flux current 

is set to the nominal values corresponding to the 

conventional vector control. The transient state is 

easily detected by using the speed error signal, 

which is shown in the efficiency optimization block. 

Three controllers are implemented in [15], one 

performs voltage perturbation for minimum input 

power and a second controller changes frequency to 

correct rotor speed loss caused by voltage drops. A 

third controller produces an initial frequency which 

compensates for the variation in slip with varying 

load and speed.  Accurate flux and torque estimation 

is the core of any opted control technique, is 

suggested by the authors of [16]. An accurate closed-

loop voltage model flux and torque estimator that is 

insensitive to stator resistance variation has been 

designed. This paper also proposes an offline SC 

efficiency optimization technique. 

Hybrid Methods  

A perturb and observe technique is presented in [22], 

where the input variable is the magnetizing flux. The 

basic P&O algorithm is proposed in [23] where the 

LMT perturbs the dc link voltage and the motor 

frequency to control the voltage and speed, 

respectively. The result is a variable V/f ratio that 

achieves optimum input power to the drive. Three 

LMTs were discussed in [24]. One is physics – based 

while two are hybrid. The physics-based techniques 

vary the frequency of the motor until the reference 

rotor speed is achieved. The voltage is then varied to 

reduce the input power. This procedure is repeated 

when the speed changes. It is suggested that in order 

to maintain maximum efficiency, the induction 

motor should operate at a constant slip [26]. The 

function of the efficiency in terms of slip frequency 

is derived after considerable algebraic expression is 

given by: 

𝜔𝑠𝑙 ,𝑜𝑝𝑡 =
1− 1−4(𝑇𝑒)2𝑑

2𝑇𝑒𝑐
                                          (5) 

The slip frequency that result the maximum 

efficiency is determined by 

 

𝑖𝑠,𝑜𝑝𝑡 =  𝑇𝑒
 𝑋𝑟𝑟

𝑋𝑚
 

1

𝜏𝑟𝜔𝑠𝑙 ,𝑜𝑝𝑡
+ 𝜏𝑟𝜔𝑠𝑙 ,𝑜𝑝𝑡                 (6) 

 

Another approach [26], the optimum torque current 

(Id) for maximizing the efficiency is determined by 

differentiating the power losses function with respect 

to the torque current (Id) and equaling it to zero. The 

optimal torque current (I) for maximum efficiency is 

given by 

 

𝐼𝑑 ,𝑜𝑝𝑡 = 𝐼𝑞 
𝑅𝑠 𝑅𝑐+𝑅𝑟 +𝑅𝑐𝑅𝑟

𝑅𝑠 𝑅𝑐+𝑅𝑟 +𝑀𝑑
2𝜔2                            (7) 

 

One another approach [26], proposed loss 

minimizing control scheme for induction motors in 

vector control. With neglecting saturation and L is d-

axis inductance, the optimal torque current (Id) to 

achieve the minimum losses is given by: 

 

𝐼𝑑 ,𝑜𝑝𝑡 = 𝐼𝑞 
𝑅𝑠 𝑅𝑐+𝑅𝑟 +𝐿𝑑

2𝜔2

𝑅𝑠𝑅𝑐+𝐿𝑑
2𝜔2                              (8) 

 

The procedure described in [27] is based on optimal 

slip control of current source inverter fed induction 

motor. Optimal operating points for different loading 

conditions are taken from offline calculations. The 

load is estimated, and the optimal slip frequency is 

set under V/f – control. First, the optimal slip is 

searched by trial and error with the help of loss 

model and the results are tabularized in the 

microprocessor memory. Then the motor is operated 

at optimal efficiency by simply tracking the optimal 

slip specified in the table. The span of the optimal 

slip with respect to torque is large in the case of 

lower speed rated motors. Optimization was carried 

out successfully at centrifugal pump drives. The 

similar lookup table is also used in [20] where the 

optimal V/f ratio is selected based on motor 

parameters and dynamic equations. 

Author of [17-18] have utilized good features of both 

the mode of control. Both the steady-state and 

dynamic performance are taken care. Fast 

convergence is also achieved. Authors of [17] have 

decided minimum loss operating point from a 
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functional approximation of the motor and the power 

converter losses, in the form of a properly defined 

loss function. 

 

 

The loss function parameters are obtained online 

from input power measurement and a dedicated 

identification routine acting in conjunction with the 

common drive control functions. The proposed 

controller is coded into a conventional low-cost 16-

bit DSP and verified on a 2.2-kW induction motor 

drive prototype. In [18] the first estimate is from the 

loss model approach and the subsequent adjustment 

of the flux is through the search technique. To avoid 

torque pulsations, I R is fed through a filter. This 

filter offers a critically damped second-order 

response and reaches 99% of the reference value in 

about 0.2s. During the EOC the filter avoids any 

abrupt change of motor flux. The EOC is activated 

every 0.3s only after the dc-link power settles down 

corresponding to the change in I R. [25] authors have 

suggested three control schemes: (i) MBC with a low 

pass filter (ii) injection of torque producing current ( 

iqs)  in the output of speed controller (iii) Variable 

Structure Speed Controller (VSSC) for improving 

dynamic performance. Authors of [19] have 

proposed the dynamic space-vector model for loss 

minimizing. Based on the corresponding steady-state 

loss function, a method is wished-for  solving the 

loss minimizing flux reference at all sampling 

periods. In order to advance the dynamic operation 

of the drive, a proportional flux controller is added. 

Smooth variations as an alternative step change in 

control variable to minimize input power of IM was 

proposed in [17]. Flux producing current (IR) was 

considered as variable. Torque producing current 

(Ids) also adjusted in accordance with ids to avoid 

deterioration in the torque. From the experience of 

the authors, a 7.5 hp motor took 7 seconds for 

completing minimization program  and the 

minimization process depends on the motor time 

constant, and concluded that minimum losses are 

reached when d axis power losses equal to q axis 

power losses. In Ref [28], loss minimization 

algorithm (LMA) has been simplified with a  qs loss 

resistance and voltage dependant source. Authors 

considered voltage and current constraints when 

searching the optimal flux level and suggested that 

the model without leakage reactance capitulate a 

higher loss than the actual one.  

Conversion techniques   

The term converter system is used to signify a static 

device that converts ac to dc, dc to ac, dc to dc or ac 

to ac. [29] we in this publication are basically 

interested in ac to ac converters. Thyratrons, 

mercury arc rectifiers, magnetic amplifiers, 

rehostatic control etc. were being used in 

conventional power controllers but now they are 

replaced by power electronic controllers using 

semiconductor devices. In this paper we are 

discussing ac to ac converters, classified below:  

1.) Indirect converters (AC-DC-AC) 

i)  Voltage Source Inverters 

ii)  Current source inverters 

2.) Direct converters (AC-AC) 

i)  Cycloconverter 

ii)  Matrix Converter 

The main feature of the direct converters is to 

convert the magnitude as well as the frequency of 

the input into a desired magnitude. Then why do we 

use two of them for same grounds, in fact what is the 

disparity between a cycloconverter and a matrix 

converter. [30] A cycloconverter is a device which 

would convert frequency in only integral multiples. 

F0 = n.Fi 

Or 

Fo =  
𝐹𝑖

𝑛
   (n=1, 2, 3……n)     

  

The former one is known as step up cycloconverter 

and the later is known as step down cycloconverter. 

[30] Cycloconverters are direct ac to ac converters 

that can be categorized into naturally commutated 

cycloconverter (NCC) and forced commutated 

cycloconverter (FCC). Whereas a matrix converter is 
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a forced commutated AC to AC converter with a 

compact power circuit to provide sinusoidal output 

voltage with varying amplitude and frequency. It 

operates at unity power factor and is capable of 

regeneration. [31] 

Matrix convertor:-  

Matrix converter (MC) is a fresh type of direct AC to 

AC converter which consists of 9 bi-directional 

switches, arranged as 3 sets of 3 so that any of the 

three input phases can be linked to any of the three 

output lines. The input terminals of the converter are 

linked to a three- phase voltage-fed system, 

generally the grid, while the output terminals are 

associated to a three- phase current- fed system, like 

an induction motor and the permanent magnet 

synchronous motor might be that requires variable 

voltage with variables frequencies. It is very simple 

in structure and has powerful controllability [29].   

Since there is no DC link as in common converters, 

the matrix converter can be built as a full-silicon 

structure. However, a mains filter is necessary to 

smooth the pulsed currents on the input side of the 

matrix converter. Using a sufficiently high pulse 

frequency, the output voltage and input current both 

are shaped sinusoidal. The matrix converter is an 

alternative to an inverter drive for three-phase 

frequency control [30]. The matrix converter has 

several advantages over traditional rectifier-inverter 

type power frequency converters. It provides 

sinusoidal input and output waveforms, with 

minimal higher order harmonics and no sub 

harmonics; it has inherent bidirectional energy flow  

capability; the input power factor can be fully 

controlled. Last but not least, it has minimal energy 

storage requirements, which allows to get rid of 

bulky and lifetime- limited energy storing capacitors 

[31] 

 

III. FUTURE SCOPE OF STUDY  

Various optimum schemes and conversion methods 

are being developed which uses AI techniques to 

reduce the losses occur in IM under variable load 

condition. 

 

IV.  CONCLUSION  

Efficiency optimization is very much essential not 

only to electrical systems, it require all the systems 

to get benefits in terms of money and also reduction 

in global warming. This paper presented a review of 

the developments in the field of efficiency 

optimization of three-phase induction motor through 

optimal control. Review on various real-time optimal 

control methods was presented. OCM were 

categorized as simple state control, loss model 

control, search control, hybrid methods etc. A novel 

conversion technique is also presented i.e. matrix 

convertor that removes the requirement of bulky 

energy storing elements and reduces the ripple 

compared to VSI convertor. 
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