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Abstract: New hybrid model for efficiency optimization of induction motor drives is presented in this paper. It 
combines two strategies for efficiency optimization: Loss model control and Search control. Search control 
technique is used in a  steady state of drive and loss model during transient processes.  As a result, power and 
energy losses are reduced, especially when load torque is significant less related to its rated value. Also, this 
hybrid method gives fast convergence to operating point of  minimal power losses and shows negligible 
sensitivity to motor parameter changes regarding other published optimization strategies.  This model is 
implemented in vector control induction motor drive and some simulations are performed. Results are presented 
in this paper. 
 

Rs, Rr Resistance of stator and rotor winding 
Ls, Lr Self inductance of stator and rotor 
Lm  Magnetizing inductance 
σ   Leakage factor 
R'

m  Referred iron loss resistance 
R'

r  Referred rotor resistance ( ) rrmr RLLR 2' /=  
L'

s   Stator transient inductance 
L'

m  Referred magnetizing inductance ( ) mm LL σ−= 1'  
ZP  Number of pole pairs 
ϑe, ωe Rotor flux angle and angular speed 
Tem  Elektromagnetic torque 
imr  Rotor magnetizing current 

ss iu ,  Stator voltage and stator current space vector 

1. INTRODUCTION 

Induction motor is a widely used electrical motor and a 
great energy consumer. The vast majority of induction motor 
drives are used for  heating, ventilation and air conditioning 
(HVAC). These applications  require only low dynamic 
performance and in most cases only voltage source inverter 
is inserted between grid and induction motor as cheapest 
solution.   The classical way to control these dives is 
constant V/f ratio and simple methods for efficiency 
optimization can be applied [1]. From the other side there are 
many applications where, like electrical vehicles,  electric 
energy has to be consumed in the best possible way and use 
of induction motors in such application requires an energy 
optimized control strategy [2].  

The evolution of the power digital microcontrollers and 
development of power electronics enables applying not only 
methods for induction motor drives (IMD) control, like 
vector control or direct torque control, but also development 
of different functions which make drives more robust and 
more efficient. One of the more interesting algorithm which 
can be applied in a drive controller is algorithm for 
efficiency optimization.  

In a conventional setting, the field excitation is kept 
constant at rated value throughout its entire load range. If 
machine is under-loaded, this would  result in over-
excitation and unnecessary copper losses. Thus in cases 
where a motor drive has to operate in wider load range, the 
minimization of losses has great significance. It is known 

that efficiency improvement of IMD can be implemented via 
motor flux level and this method has been proven to be 
particularly effective at light loads and in a steady state of 
drive. Also flux reduction at light loads gives less acoustic 
noise derived from both converter and machine.  From the 
other side low flux  makes motor  more sensitive to load 
disturbances and  degrades dynamic performances [3].  

Three strategies are usually used in efficiency 
optimization of IMD: Simple state control (SSC), Loss 
model control (LMC) and Search control (SC) . 

The first strategy is based on the control one of the 
variables in the drive [4,5]. This variable must be measured 
or estimated and its value is used in the feedback control of 
the drive, with the aim of running the motor by predefined 
reference value. Slip frequency or power factor displacement 
are the most often used variables in this control strategy. 
This strategy is simple, but gives good results only for a 
narrow set of  operation  conditions. Also, it is sensitive to 
parameter changes  in the drive due to temperature changes  
and magnetic circuit saturation. 

Drive loss model  is used for optimal drive control in 
LMC strategy  [7-10] . These algorithms are fast because the 
optimal control is calculated directly from the loss model. 
But, power loss modeling and calculation of the optimal 
operating conditions can be very complex. Also, this strategy 
is sensitive to parameter  variations in the drive.  
 Search strategy methods have an important advantage 
compared to other strategies [11-14].  It is completely  
insensitive to parameter changes while effects of the 
parameter variations caused by temperature and saturation 
are very expressed in two other strategy.  

 The on-line efficiency optimization control on the basis of 
search, where the flux is decremented in steps until the 
measured input power settles down to the lowest value is 
very attractive. Algorithm is applicable universally to any  
motor. Besides all good characteristics of search strategy 
methods, there is an outstanding problem in its use. For 
many applications flux convergence to its optimal value is 
too slowly. Also, flux is never reached its optimal value then 
in small steps oscillates around it. 

 Hybrid method combines good characteristics of two 
optimization strategies SC and LMC[3,15]. It was enhanced 
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attention as interesting solution for efficiency optimization 
of controlled electrical drives.  

 During transient process LMC is used, so fast flux changes 
and good dynamic performances are kept. SC is used for 
efficiency optimization in a steady state of drive. Hybrid 
method obtains fast convergence to optimal flux and 
negligible sensitivity to parameter changes.   

  Loss model of IM in d-q rotational system is given in 
second section. New hybrid model which combines loss 
model controller  and search controller is presented in third 
Section. Qualitative analyses of this method with simulation 
results are given in fourth Section.  

2. POWER LOSS MODELLING 

 The process of energy conversion within motor drive 
converter and motor leads to the power losses in the motor 
windings and magnetic circuit as well as conduction and 
commutation losses in the inverter [6]. 

 The overall power loss in  electrical drive consists of converter 
loss and motor losses, while motor power loss can be divided in 
copper and iron loss: 

 
FeCumot

invmottot

PPP
PPP

+=
+=

 (1)  

 Converter loss: Main constituents of converter loss are the 
rectifier, DC link and inverter conductive and inverter 
commutation loss. Overall flux-dependent losses are usually 
given by: 
 ( )222

qdINVsINVINV iiRiRP +⋅=⋅= , (2) 
where id,, iq  are components of the stator current is in d,q 
rotational system and RINV is inverter loss coefficient. 

 Motor losses consist of hysteresis and eddy current losses 
in the magnetic circuit (core losses),  loss in the stator and 
rotor conductors (copper losses) and stray loss. The main 
core loss consists from hysteresis and eddy current loss. 
 Copper  losses are due to flow of the electric current 
through the stator and rotor windings  

The stray  flux losses depend on the form of stator and 
rotor slots and are  frequency and load dependent. The total 
secondary losses (stray flux, skin effect and shaft stray 
losses) usually don't exceed 5% of the overall losses [6]. 

There are many different loss model of  induction 
machine. This model is developed in d-q rotational system in 
such way that that rotor side variables do not depend on 
leakage inductances while the effect of leakage inductances 
is incorporated into other variables [9]. An core loss resistor 
Rm  is added in parallel  to magnetizing inductance.  

Space vector model of induction machine is presented in 
fig. 1. [16]. Factor a is equal to rm LL / and ( )dtdp /= is a 
differential operator. 

Fig.1. General equivalent circuit of the induction machine, utilization of 
general referring factor. 

 
Taking into a count that: 
 mmmmsss iLiL =+= ψψψ ,' , (3) 
equivalent model of symmetrical three-phase induction 
machine (fig.1)  can be transformed to simplest circuit 
shown in fig.2. 

For a model of machine presented in fig.2 next system of 
equations can be expressed: 
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Fig.2. Space vector model of induction motor drive. 

Voltage and current expressions  of IM in rotor flux oriented 
reference frame for a steady state can be derived from (4) 
(fig.3): 
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(a) 

  (b) 
Fig. 3. Steady state model of IM in a rotor flux oriented reference frame, (a) 
d-axis equivalent circuit, (b) q-axis equivalent circuit. 

Using sqsds jvvv += , sqsds jiii += , mdm ii = and 

rqr jii = for the steady state of IM in the rotor flux oriented 
reference frame we obtain from (4) (fig.2): 
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Total power loss can be derived from the expressions (1), (2) 
and (6): 
 ,22

sqbsdatot iRiRP +=  (7) 

where ( ) ( )'2' / rmmrsINVa RRLRRR +++= ω  , and 
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Electromagnetic torque in rotor flux oriented reference frame 
can be expressed as: 
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where .2/3 '
mpekv LZk =  

Substitution 
sdekv

em
sdsqsq ik

Tiii == )( in  (6), total power loss 

is: 
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The differentiation of total power loss in respect of isd for 
constant electromagnetic torque gives value of magnetizing 
current which obtains minimum power loss for a given 
operational conditions: 
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3. HYBRID MODEL FOR EFFICIENCY 
OPTIMIZATION 

Hybrid model for efficiency optimization is shown in fig. 
5. It consists form LMC, SC and Steady state control (SSC) 
block. LMC is used during transient states caused of external 
speed or torque demand [3]. Optimal control (idLMC

*, iqLMC
*) 

is calculated directly from loss model for a given operational 
conditions what obtains power loss optimization and good 
dynamic performances. SC is used in a steady state for a 
constant output power.  
 On the basis of  speed reference and measured speed, SSC 
block defines its output and controls switches (fig.4). If 
transient states is detected, LMC is active and its outputs are 
forwarded to indirect vector control (IVC) block and current 
regulators. SC is  active in a steady state. When steady state 
is detected in SSC block last value of magnetizing current 
during transient state is used as starting point for search 
algorithm. 

A.   Loss model controller  

Optimal control calculation in LMC for a given 
operational conditions is described in Sec.2.  

Expressions for d and q component of stator current are 
given in equations (8) and (10).  

This method is sensitive to parameter changes due to 
temperature changes  and magnetic circuit saturation, what 
consequently leads to error in a current references 
calculation. Resistors RS and R’

r are temperature sensitive 
and Rm is both frequency and flux dependent. So, LMC is 
used only as convergence accelerator during transient 
processes. 

B. Search controller 

Search controller is used during the steady states of drive. 
Based on expression (9)  it can be concluded that function of 
power loss is nonlinear. Also controller of efficiency 
improvement should follow known rules. These are reasons 
why fuzzy logic is used in realization of efficiency 
optimization controller. SC optimization block is shown in 
fig. 4 [14].  
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Fig.4. SC efficiency optimization controller  

Input and output drive power are input variables of SC. 
Power loss is equal to difference of input and output power: 
 outin PPP −=γ  (11) 
Sign and step of power loss decrement are calculated as: 
 ( ) ( )1)( −−=Δ nPnPnP γγγ  (12) 
and 
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Scaling factors, input gain Pg and output gain Ig are 
calculated following the next expression [14]: 

 *

__

dLMCdng

optnomg

iII

PPP

−=

−= γγ
, (14) 

where Pγ_nom is power loss for nominal flux, and P γ_opt is 
power loss for optimal flux value calculated from  loss 
model. 

New step of magnetization current is generated from fuzzy 
rules through fuzzy inference and defuzzification.  
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Fig. 5. Overall proposed block diagram of efficiency optimization controller in IMD. 

 
4. SIMULATION RESULTS 

 
Hybrid method for efficiency optimization of IMD has 

been studied through computer simulation in MATLAB-
Simulink. 

Speed reference and load torque are shown in fig. 6.
 The steep change of load torque appears with the aim of 
testing the drive behavior in the dynamic mode and its 
robustness within  sudden load perturbations. Graphs of 
magnetization current and machine torque for a given 
operating conditions are shown in figs. 7 and 8.  
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Fig.6 Speed reference and load torque. 
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Fig.7. Graph of magnetization current for a given operating conditions. 
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Fig.8. Graph of electromagnetic torque for a given operating conditions. 
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Graph of power loss for nominal flux and applied hybrid 
method is given in fig.9. Parameters of used IM are enclosed 
in appendix. 
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Fig.9. Graph of power loss for nominal flux and applied hybrid method. 

Applied hybrid method shows good dynamic characteristics 
and significant loss reduction regarding to case when motor 
works with nominal flux (fig.9) 
 
5. CONCLUSION 

  Algorithms for efficiency optimization of  IMD are briefly 
described and some comparison between LMC and SC strategies 
are made.  Detailed theoretical analysis of power loss in IMD is 
presented. Space vector model of induction machine in rotor flux 
oriented reference frame is used in  a such way that effect of 
leakage inductance is incorporated into other parameters. Also, 
hybrid algorithm for  efficiency optimization has been applied. 
According to the theoretical analysis and performed simulations 
we have arrived at the following conclusions: 

 If load torque has a value close to nominal or higher, 
magnetizing flux is also nominal regardless of whether an 
algorithm for efficiency optimization is applied or not. For a light 
load hybrid method for efficiency optimization gives significiant 
power loss reduction (figs. 7 and 9). Also, it  shows good 
dynamic performances (figs. 7 and 8) and negligible sensitivity to 
parameter changes. 

 APPENDIX 

Motor parameters TYP  IEC80T4 0.75 
3MOT   Δ220/Y380V 
3,7/2,12 A  0.75kW 
cosϕ= 0,71    
1410 o/min  50 Hz 
 
Rs = 10.4 Ω 
Rr = 11.6 Ω 
Lγs= 22 mH Lγr = 22 mH 
Lmn = 0,557H Jm = 0,0072 kgm2 
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