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Abstract 

Electric motor systems are the most important types of loads which consume 

up to 70% of total consumed electricity in industry, so the reduction of energy 

consumption in electric motor systems has become an important goal for all 

countries. In many of these applications, big energy savings are possible if 

the motors operate at variable speeds rather than at a fixed speed. This is 

made possible by using of variable frequency drives ―VFD‖. VFDs are capable 

of operating the different types of motors at variable speeds, thus maximizing 

the energy savings in different industrial applications and recovering the 

additional costs of VFDs within several years. Many motor drive 

manufacturers are now developing their new drives with advanced functions 

like ―Energy Optimization function‖ in order to even further reduce the energy 

consumption. Most of these manufacturers claim that the power consumption 

by the electric motors can be reduced further by more than 20-30% at partial 

load conditions. 

The main purpose of this study is to evaluate the efficiency performance of 

motor drives and the effects of their energy optimization functions on energy 

savings for different application cases. Four drives are tested and evaluated 

for the ―energy optimizing‖ functions. The efficiency performance of each drive 

is measured in a laboratory setup driving an induction motor for different 

combinations of operating speeds and loads. The results from efficiency 

measurements are then used to evaluate the economic impacts of the energy 

efficiency functions available in these drives. 

Based on the efficiency test results, four drives are assumed to be applied 

into three different typical applications including a pump application, a 

ventilation application and an elevator application. According to different 

applications and different load cycles, energy required by each drive for these 

applications is evaluated on yearly basis and energy saved by EO functions is 

calculated, which is then represented in terms of reduction in CO2 emission 

and reduction in energy bill. The efficiency comparison in typical applications 

provides an easy way to observe the efficiency performance of each drive and 

also demonstrates what is the most suitable application for each drive and the 

relevance of its energy optimization function. 

Key words: Induction motor, Energy optimization control, Optimal flux, 

Efficiency measurement 
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Abstrakt  

 

Elektriska motorsystem är den viktigaste och största typen av drivande 

system som förbrukar upp till 70% av den totala elförbrukningen inom 

industrin, så att minska energiförbrukningen i elektriska motorsystemen har 

blivit ett viktigt mål för alla länder. I många av dessa tillämpningar är stora 

energibesparingar möjliga om motorerna körs på olika hastigheter snarare än 

en statisk hastighet. Frekvensomformare kan kontrollera motorer vid 

varierande hastigheter och på detta sätt maximera energibesparingar i olika 

industriella tillämpningar och betala av sina ytterligare kostnader inom några 

års tid. Många motortillverkare utvecklar nu sina nya enheter med avancerade 

energisparande funktioner i syfte att ytterligare minska energiförbrukningen. 

De flesta av dessa tillverkare säger att den effekt som förbrukas av dom 

elektriska motorerna kan minskas med mer än 20-30% när dom körs på halv 

belastning. 

Det huvudsakliga syftet med denna studie är att utvärdera effektiviteten på 

elmotorerna och effekterna av deras energisparande funktioner för olika 

tillämpningar. Fyra enheter testas och utvärderas för "energioptimerings" 

funktioner. Effektiviteten för varje enhet mäts i en laboratoriumsuppställning 

där dom körs med olika kombinationer av varvtal och belastningar. Resultaten 

från effektivitetsmätningar används sedan för att bedöma de ekonomiska 

konsekvenserna av de energisparande funktionerna som finns i dessa 

enheter.  

Baserat på effektivitetsresultaten så antas dom fyra enheterna tillämpas i tre 

typiska tillämpningar, ett pumpsystem, ett ventilationssystem och en hiss. 

Beroende på olika tillämpningar och olika belastningscykler så bedöms 

elmotorernas elförbrukning på årsbasis och EO funktioner beräknas. 

Verkningsgradsjämförelse på typiska applikationer är ett enkelt sätt att följa 

effektiviteten för varje enhet och visar också vad som är den mest lämpade 

tillämpningen för varje enhet och hur viktiga dess energioptimeringsfunktioner 

är.  

Nyckelord: induktionsmotor, energioptimering kontroll, Optimal flux, 

Effektivitet mätning  
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1 INTRODUCTION 

1.1 Background of the study 

Electric motor systems are used everywhere in the world, including pump 

systems, ventilation systems, transportation systems, water supply systems 

and so on; it is one of the most important types of prime mover in industrial 

applications, which consumes about 70% of the consumed electricity. Thus 

any small efficiency improvement in the electric motor system will lead to a 

profound influence on human. Figure 1 shows the typical applications of 

electric motor systems. 

 

Figure 1: Applications of electrical motor system  

The electric motor is a device which changes electric power to mechanical 

power; it can be divided into two types: the synchronous motor and the 

asynchronous motor. Because of advantages like low price, a simple structure, 

a high power density and minor need of maintenance, the asynchronous 

motor systems are more wildly used in industry and civil area. 

The variable frequency drives become to the most popular controller in 

electric motor systems, it can not only take convenience for controlling the 

electric motors, but also improve the efficiency performance of electric motor 

systems. Although large energy savings are possible by using variable speed 

drives, still for precise control of the torque in high performance applications, 

the simple voltage-frequency control is not suitable. Before advanced control 

methods were invented, it was very difficult to control asynchronous motors 

because of coupling of the flux current and the torque current. The invention 

of advanced control methods, like vector control, direct torque control, 

simplifies the control toward asynchronous motors. For example, through 

using vector control method, an asynchronous motor can be treated like a DC 

motor in which the torque current and the flux current can be controlled 

separately, so the performances of asynchronous motor systems are 
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increased heavily, this accelerates the popularity of asynchronous motor 

systems. But these control methods might not be optimal from efficiency point 

of view if the motor flux is always kept to the nominal value in order to get a 

good torque performance. If the torque dynamics is not required, potential 

energy savings can be achieved by reducing the flux level of the motor. 

In order to increase the asynchronous motor systems’ efficiency in light load 

conditions, many energy optimization control methods have been proposed. 

Basically, these energy optimization control methods can be categorized into 

three types: search control (SC), loss model control (LMC) and simple state 

control, they are illustrated detailed in following chapter.  

In recent years, many motor drive manufacturers publish their new products 

with energy optimization functions in order to improve the electrical motor 

systems’ efficiency. For example, ABB's industrial drives include a function 

called Energy Optimising Control, Mitsubishi's high-end drives include two 

kinds of functions called: Energy Saving Control and Optimal Excitation 

Control, Danfoss automation drives have two functions called Auto Energy 

Optimising and Variable Torque Control, Yaskawa AC drives' energy 

optimization control is called Energy Saving Control, WEG produces its 

vectrue inverter with Optimal Flux Control, etc. All these energy optimization 

control methods are focus on improving electrical motor systems’ efficiency 

especially in light load condition, but they may belong to different control 

tragedies, so it is very important and interesting to evaluate the performances 

of these functions.  

Manufacturer Energy Optimization Function 

ABB Energy Optimisng Control 

Mitsubishi Energy Saving Control 

Optimal Excitation Control 

Danfoss Auto Energy Optimising 

Variable Torque Control 

Yaskawa Energy Saving Control 

WEG Optimal Flux Control 

Siemens Energy Control Optimization 

Fuji Optimum Minimum Power Control 

Table 1: Energy optimization controls of different manufacturers 

1.2 Objectives of the study 

The main objectives of this study are to measure the efficiency performance 

of different drives with energy optimization functions and then to analyze the 

effects of the ―EO‖ functions on the energy savings for different industrial 

applications. Four motor drives from different manufacturers are selected for 

this study. Each drive operates with same asynchronous motor and is applied 

with same load conditions- operating speeds and load torques. Then motor 

efficiency, inverter efficiency and system efficiency are measured for each of 

these operating points. The efficiency measurement for each drive will be 
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carried out twice with and without energy optimization control. In this way, the 

efficiency improvement by using energy optimization control is evaluated for 

each drive. These measurement results are then used as inputs for evaluating 

the energy savings for different applications. The drive manufacturers' 

information is not disclosed in this thesis work for confidentiality reasons, 

instead drives are represented as Drive A, Drive B, Drive C and Drive D. 

1.3 Structure of the report 

This report is structured as follow. Chapter 1 is an introduction chapter. In this 

chapter, the background, objectives of this study are described. In chapter 2, 

basic literatures about asynchronous motor, variable frequency drive and 

energy optimization control methods are illustrated. Chapter 3 describes the 

typical industrial applications like pump, ventilation and elevator systems and 

the benefits achieved by using VFD in these applications. Chapter 4 

describes the laboratory measurements of the test drives along with test 

platform setup and test procedures, etc.  Chapter 5 shows the efficiency test 

results of each drive. In Chapter 6 four drives are put into three typical 

applications to compare their efficiency performances. The conclusion from 

this thesis work is presented in chapter 7. 
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2 ENERGY OPTIMIZATION CONTROL OF ELECTRIC MOTOR SYSTEM 

In this chapter, the basic knowledge of the induction motor, the topology of 

VFD and their losses are introduced first, then the principals of different 

energy optimization controls are illustrated. The final section is the literature 

review which summarizes the different energy optimization controls from 

latest journals.  

2.1 Induction motor 

Induction motors belong to asynchronous motors, because of low price, 

simple structure, high power compact and the minor need of maintenance, 

they are wildly used in industrial area and domestic area.  

The induction motor doesn't have any permanent magnets on the rotor, 

instead, a current is induced in the rotor, the induced current in the rotor cuts 

the rotating magnetic field which is produced by the stator and produces the 

torque which makes the rotor rotating in the same direction with the rotating 

magnetic field in the stator. In order to induce the current in the rotor, there is 

always a slip between the rotor rotating speed and the rotating magnetic field 

in the stator. For this reason, Induction motor is also called asynchronous 

motor. 

2.1.1 Induction motor model 

The analysis of induction motor is based on the induction motor model. This 

section introduces the induction motor model in different coordinate systems 

[1]. 

Induction motor model: 

Stator voltage in stator reference frame: 

  
      

  
   

 

  
                Equation 2-1 

Rotor voltage in rotor reference frame: 

  
      

  
   

 

  
            Equation 2-2 

Stator and rotor flux: 

 
 
                        Equation 2-3 

 
 
                        Equation 2-4 

                                   (          and            )  

In this model, stator voltage and rotor voltage are represented in separate 

coordinates; it is not easy to analyze the characteristics of induction motor 

based on this model. Coordinate transformation should be made to keep all 

quantities in the same coordinate. 

Induction motor model in stator coordinate system: 
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A coordinate system is introduced which rotates with angular frequency   , 

all quantities are transformed into this rotating coordinate. The new induction 

motor model in the rotating coordinate is listed as below.  

Stator voltage in rotating coordinate: 

  
      

  
   

 

  
                 Equation 2-5 

Rotor voltage in rotating coordinate: 

                          
      

  
   

 

  
    

 
            Equation 2-6 

Stator and rotor flux: 

 
 
      

      
               Equation 2-7 

 
 
      

      
                Equation 2-8 

All stator voltage equation, rotor voltage equation and stator and rotor flux 

equations together define the equivalent circuit of the induction motor which is 

shown in Figure 2.  

 

Figure 2: T-equivalent circuit of induction motor 

2.1.2 Induction motor losses 

Figure 2 shows the equivalent circuit of the induction motor, but it doesn't 

include the iron loss resistor which plays a key role in induction motor losses. 

Normally, the iron loss resistor is modeled as a parallel resistor with mutual 

inductance   . The more accurate induction motor equivalent circuit is shown 

in Figure 3. 

 

Figure 3: T-equivalent circuit of induction motor with iron loss resistor 
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Figure 3 is sufficient to illustrate different loss components in induction motor. 

The total motor losses include stator and rotor copper losses, iron losses 

(eddy current and hysteresis), and mechanical losses (friction and windage). 

Currents flowing through stator resistor    and rotor resistor    cause 

resistive losses, they are called copper losses [4].  

The stator and rotor flux produces eddy currents and hysteresis losses, these 

constitute so called iron losses. Because eddy currents and hysteresis losses 

caused by the rotor flux are very small and can be neglected, iron losses 

caused by the stator flux are only considered and the iron loss resistor is 

represented by      as shown in Figure 3. 

Mechanical losses are caused by the mechanical friction on motor shaft and 

windage. Normally, mechanical losses are related to the motor speed. 

Figure 4 represents the power balance of the induction motor.     is the total 

power input of the induction motor; when the power passes through the stator, 

some losses are caused by the stator resistor and the iron resistor which are 

represented as      and     .    is the power left after the losses in the stator 

and this power is transferred from the stator to the rotor through the air gap; 

the rotor resistor and the iron resistor also cause some losses and these two 

power losses are represented as      and     .     is the total mechanical 

power which the rotor can get, but this is not the final mechanical output 

power of  the shaft, the motor shaft also loses some power because of friction 

and windage, then        is the final mechanical output power of the shaft. 

 

Figure 4: Power losses in induction motor 

2.2 Variable frequency drive  

Variable frequency drive (VFD) is a device which can transfer the commercial 

power supply input (50/60 Hz) to continually adjusted frequency output. It 

provides continuous control, matching motor speed to the specific demands of 

the work being performed. VFD is an excellent choice for industrial 

applications because they allow operators to fine-tune processes while 

reducing costs for energy and equipment maintenance [2].  VFD is wildly used 

in industrial area and domestic area in recent years, with using VFD 

technology, both productivity improvements and reduced energy consumption 

are gained. For example, instead of traditional bypass or throttle control, if the 
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pump is fed with VFD, the energy consumption can be reduced as much as 

30 % when the pump is operated at reduced speeds of 15% to 20%. The 

main benefits taken by VFD are summarized below [3]: 

 To improve the variable load drive system efficiency by changing the 

motor speed 

 The process control can be realized accurately and continuously over 

a wide range of speeds 

 Controlling of process temperature, flow or pressure without using of a 

separate controller. The driven equipment with the VFD are interfaced 

by using electronics and sensors. 

 Reducing the maintenance costs and prolonging the life of bearings 

and motors by reducing the motor speed 

 Eliminating the use of throttling valves and dampers and reducing the 

complexity of the control 

 Eliminating the use of soft starter 

 Eliminating water hammer problems by controlling ramp-up speed in a 

liquid system 

 Providing the ability of torque control which can prevent the driven 

equipment from excessive torque 

2.2.1 Topology of VFD system 

A typical VFD system topology is shown in Figure 5. A VFD normally includes 

a rectifier, a DC capacitor, an inverter and a control circuit. 

 

Figure 5: Topology of VFD system 

According to the topology, the VDF operation can be divided into two stages: 

rectifier stage and inverter stage. In the first stage, the rectifier is used to 

rectify the commercial power supply to the DC power, a DC capacitor is used 

to filter the pulsating output of the rectifier. In the second stage, the DC power 

is transferred into AC power again with variable frequencies and voltages, this 

AC power is the final output of the VFD system which is used for driving the 
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electric motor. All the transformations during the operation of VFD are 

controlled by the control circuit.  

2.2.2 Control methods of VFD system 

Most of VFDs use the same topology shown in Figure 5, but different VFDs 

may use different control methods. After decades of years developing, many 

control methods have been proposed, these include some simple control 

methods like V/f control, slip frequency control, some high performance 

controls like vector control, direct torque control and so on. In recent years, 

intelligent control concepts have been introduced to the VFD control strategy 

like neural network control, fuzzy logic control, etc. 

V/f control is a simple scalar control principal which controls 

voltage/frequency ratio constant. This control principal can only satisfy some 

simple applications. 

Vector control divides the currents flowing in the motor into a current for 

making a magnetic flux in the motor and a current for causing the motor to 

develop a torque and controls each current separately. Therefore, the high 

response is obtained and the torque at low speeds can be generated stably. It 

responds to the load variation quickly by torque current control, and torque 

control is also enabled by giving torque command. It has excellent control 

characteristics and achieves the control characteristics equal to those of DC 

machines [Felix Blaschke]. 

DTC control is focus on controlling the motor torque directly, it doesn't need 

coordinate transformation and also doesn't need to simplify the motor model, 

in this way, it reduces a lot of calculation [Manfred Depenbrock]. 

Intelligent control comes out in recent years and has already become to a 

very import research issue, but because of the complexity of this kind of 

method, they are seldom applied on real VFD products. 

2.2.3 VFD losses 

VFD losses mainly include: IGBT losses, control circuit losses and other 

dissipations like the rectifier conduction loss, the DC link filter resistive loss 

and so on. Among all different VFD losses, IGBT losses play a key role on the 

total losses.  

IGBT losses can be divided into two parts—the switching loss and the 

conduction loss.  Although an accurate description of the switching loss is a 

complex function of the current level, the switching loss is approximately 

proportional to the amount of the conducting current and the switching 

frequency. Simply the switching loss can be described as [4]: 

            
                 Equation 2-9 

where     is an empirically determined constant, and     is the switching 

frequency. 

The conduction loss can be calculated using IGBT approximation with a 

series connection of a DC voltage source (    ) representing IGBT on-state 

zero-current collector-emitter and a collector-emitter on-state resistance (  ): 
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            Equation 2-10 

So the instantaneous value of the IGBT conduction losses is: 

                                    
 
  
             Equation 2-11  

2.3 Energy optimization control methods  

Normally, when drive system operates around the nominal operating point, 

the motor and the inverter have good efficiency performances; but when the 

motor operates in light load conditions, both motor efficiency and inverter 

efficiency degrade by a large extent. The reason of the efficiency reduction in 

light load conditions is an unsuitable flux level selection. The relationship 

between the flux level and the motor losses is explained in Figure 6. 
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(a)                                     (b)    (c) 

Figure 6: Torque production in light load condition with different flux level- (a) nominal 

flux, (b) medium flux, (c) low flux 

Figure 6 depicts a vector diagram of a motor in a light load condition with 

three different flux levels: nominal flux, medium flux and low flux. In the three 

cases, motor torque outputs which are represented by the dark areas are the 

same and proportional to the product of    and   . In the first case (the 

nominal flux),    is large and    is small, the large flux leads to a large core 

loss and a large stator copper loss while the rotor copper loss is small; in the 

second case (medium flux),    is reduced to 50% of the nominal value and    

is doubled, so this reduces the stator core loss and copper loss but increases 

the rotor copper loss. Normally, the motor nominal flux level is designed to be 

put in the saturation area, when the flux is reduced to 50% of the nominal 

value, the stator current reduction is more than 50%, this means the stator 

copper loss reduction is larger than 50% of the loss in first case; in the third 

case, the rotor flux is reduced even more, this will go on reducing the core 

loss, but will cause the increase of the stator copper loss. According to the 

analysis on three different cases in Figure 6, the conclusion is that for a given 

load there exists an optimal flux level which can minimize the motor losses, 

this optimal flux level primarily depends on the load torque [4]. So the energy 

optimization issue can be equivalent to how to select an optimal flux level. 

In recent years, a lot of research have been put on energy optimization 

control, and many new methods have been developed, but almost all of them 

are on the basis of search control or/and loss model control, another simple 
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method is called scalar control. A new developing direction is to apply 

stochastic methods in controlling, including generic algorithm, fuzzy logic 

control and particle swarm control. The basic principles of different energy 

optimization controls are introduced in following sections 

2.3.1 Search control (SC) 

The basic principal of search control is to keep the motor power output 

constant (speed and torque are both kept constant), then through controlling 

some variables like flux current or stator voltage to minimize the input power. 

According to the principal, this method is based on the physical measurement, 

so it needs some extra hardware to realize the input power measurement. 

The extra hardware increases the cost and reduces the reliability of the drive 

system. One advantage of search control is that it doesn't depend on the 

motor parameters which are sensitive to operating state, so this method is 

effective.  

 

Figure 7: Ramp search control process 

Figure 7 depicts a typical search control process in which the stator current 

flux component     is selected as the controlled variable [5]. During the search 

process,     is reduced step by step until the input power minimum. The 

search step should be a compromised value considering the search time and 

the search accuracy. If the search step is too large, the search process may 

not find the optimal point; if the search step is too small, the search process 

will take a long time. 

2.3.2 Loss model control (LMC) 

The basic principal of Loss model control is that through calculating the 

optimal operating point directly based on the motor model, the direct optimal 

control variable reference is set to control the motor power loss minimum. 

According to the description of the principal, Loss model control calculates the 

optimal control variable reference directly, there is no search process, so this 

method is fast. But this method is based on the motor model, it is sensitive to 

the motor parameters. It is known that the motor parameters varies according 
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to different operating states, if the motor parameters change a lot from their 

setting value, LMC may not calculate the optimal control variable reference for 

the drive system. The control accuracy also depends on the motor equivalent 

circuit, an accurate equivalent circuit will lead to an accurate control, but also 

will increase the complexity of calculation. Figure 8 shows a simple motor 

equivalent circuit, the control strategy based on this model is illustrated as 

below [6]. 

 

Figure 8: Steady-state induction motor equivalent circuit- (a) d-axis, (b) q-axis 

The loss expression of the equivalent circuit in Figure 8 is: 

                              
     

     
         

    
   

        Equation 2-12 

where         represents the total power losses,                     represent 

stator copper loss, stator iron loss and rotor copper loss separately.  

The torque expression can be approximated as: 

   
 

 
                                      Equation 2-13 

where    is the coefficient of the torque. 

If the        is differentiated with respect to     for a constant torque, the 

following relationship between     and     can be got. 

        

    
           

   
 

   
        Equation 2-14 

(2-14) implies that the motor losses reach to minimum value when d-axis loss 

and q-axis loss are equal. Thus the optimal level of the magnetizing current is 

given by: 

          
  

  
                             Equation 2-15 

         is the final optimal control variable reference which is calculated 

based on the motor equivalent circuit, using it to control the flux level can 

make the motor losses minimum.  

2.3.3 Hybrid control 

Search control doesn't depend on motor parameters, but normally the search 

process takes a long time and also needs extra hardware to measure the 
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input power; loss model control executes fast, but it is sensitive to motor 

parameters. Hybrid control is a compromise solution which combines search 

control and loss model control together. The basic principal of this method is 

using LMC control to get a suboptimal reference first, and then using search 

control to get a more accurate final optimal value. In this way, the execution 

speed can be guaranteed, at the same time the execution accuracy is also 

very high. Table 2 summarizes advantages and disadvantages of different 

methods. 

Energy 

optimization 

control 

Advantages Disadvantages 

Search control 
 Not depend on 

motor parameters 

 Long execution time 

 Extra hardware 

Loss model 

control 

 Short execution 

time 

 Sensitive to motor 

parameters 

 

Hybrid control 

 Short execution 

time 

 Not depend on 

motor parameters 

 Extra hardware 

Table 2: Comparison of three energy optimization controls 

2.3.4 Simple state control 

In simple applications, the simple state control is preferred over high 

performance control. Simple state control means that one parameter of the 

drive is measured and controlled in a simple way. Simple state control 

includes constant slip frequency control, constant power factor control, etc. 

Constant slip frequency control is also called maximum torque per ampere 

control. When the motor is operating, operation at maximum torque per 

ampere state can be got if the slip frequency is controlled to make the stator 

current minimum. It is known that the amplitude of stator current is equal to: 

         
     

                         Equation 2-16 

In order to get the maximum torque output under the constrain of constant 

stator current,     should be equal to    . The slip frequency equation is: 

   
 

  

   

   
                                Equation 2-17 

If the relationship that     is equal to     needs to be satisfied, slip frequency 

   should be equal to  
 

  
, where    is the rotor time constant. This means if 

the slip frequency can be kept constant, the motor will operate at maximum 

torque per ampere state.  
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Another method is called power factor control, this method uses the power 

factor as the feedback to control the power factor of the motor. Normally, 

scalar control is simple, it is easy to be executed in control system, but the 

control performance is limited. 

2.4 Literature summary  

This section includes some literature summaries about different energy 

optimization controls. 

Chandan Chakraborty (2003) and Yoichi Hori introduced a search method 

combined with a LCM, then a hybrid control method for efficiency was 

proposed. The step change of flux current during search process causes 

torque ripple, the author adds a second order transfer function after given flux 

value to reduce the influence of that. The loss model used in this paper is a 

conventional model. The methods proposed in this paper are verified by 

simulation and experiments with same conditions. The results prove that the 

hybrid method has a short convergent time and also has a good torque 

performance against a sudden load change. Through filtering the control 

variable, an good dynamic performance is confirmed [7]. 

M.Cacciato and A.Consoli (2006) propsed a novel control technique which 

can improve the efficiency performance of a scalar controlled drive system. 

The principal of the proposed method is based on maximum toque per 

ampere control with an intuitive adaption algorithm, then it can keep constant 

slip. According to the proposed control method, the efficiency improvement 

can be achieved without adding more hardware into a conventional motor 

drive which uses scalar controls[8]. 

Kheldoun Aissa and Khodja Djalal Eddine (2009) proposed a LMC based on 

using series iron loss model of induction. The loss model is derived from the 

parallel model by introducing some simplifications and assuming that the 

change rate of magnetizting current is ignored in comparision with that of 

stator current and rotor current. Finnally, Loss model becomes simpler 

compared to the paralled model, it reduces two variables which is used in 

parallel model [9]. 

M.Nasir Uddin and Sang Woo Nam (2008) presented a new control method 

which is a kind of loss model control to improve the efficiency performance by 

selecting a optimal flux level. The induction motor model in rotating 

coordinates is referenced to the motor flux current. In this way, the leakage 

inductance will disappear on the rotor side in motor equivalent circuit. This 

transformation simplifies the steady state motor model, and loss model can be 

easily built up to calculate the optimal flux level. Simulation and experiments 

have proved that the LMC control method is better than conventional LMC 

method[6]. 

Raju Yanamshetti and S.S.Bharkar (2009) proposed a novel LMC based loss 

minimization algorithm which incorporates a dynamic search procedure. A 

simplified d-q model of the machine and the loss function has been adopted 

to arrive at the approximate flux reference for the efficiency maximization at 

that operating point. Iron loss resistor is changing all the time during the 

operation of motor, in order to get a more accurate control, the authors 
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introduced an online modification method to get a more accurate iron loss 

resistor [10]. The authors also applied fuzzy logic controller in search process, 

according to the experimental results, replacing PI controller with fuzzy logic 

controller can make motor have better efficiency and dynamic performance 

[11]. 

T.R Chelliah and J.G.Yadav (2009) introduced particle swarm concept for 

energy optimization. Particle swarm control is a kind of stochastic and is 

similar to genetic algorithm in which the system is initialized with a population 

of random solutions. The result shows this method has a good efficiency 

optimization performance [12]. 

Shu Yamamoto and John B. Adawey (2009) proposed a method to maximize 

the driving efficiency of synchronous reluctance motors having cross 

magnetic saturation effect. A novel method to calculate the optimum d and q 

axis currents that minimize the loss is proposed [13]. 

Sungmin Kim and Seung Ki Sul (2010) proposed a new control method based 

on signal injection. The maximum efficiency operation stands for that the total 

input power including the mechanical output power, the copper loss, and the 

iron loss should be minimized while maintaining constant torque at a certain 

speed, so the maximum efficiency operation is identical to the minimum 

power per torque (MPPT) operation. There is a special property for this 

operation point that the input power variation according to the current angle 

should be Zero. The method is based on this characteristic [14]. 
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3 VFDS AND THEIR USE FOR ENERGY SAVINGS IN INDUSTRIAL 

APPLICATIONS 

The efficiency improvement by applying VFDs in electric motor systems 

depends on the load types. In this chapter, the benefits of applying VFDs in 

electric motor systems with different load types are introduced.  

3.1 Benefits of VFD in different applications 

Variable frequency drives become to the most popular controllers in electric 

motor systems, they are wildly used for many applications in industry. 

Normally the VFD applications can be divided into three main types according 

to their load types - constant torque load, variable torque load and constant 

power load. The different types of loads and benefits of applying VFDs for 

these kinds of loads are introduced as below: 

3.1.1 Constant torque application 

Constant torque application requires the motor to output a constant torque 

regardless of different speeds. Figure 9 shows the speed-torque relationship 

of this load type. About 90% of industrial machines can be categorized into 

this load type, such as hoists, conveyors, some mixers and extruders, as well 

as reciprocating compressor. 

 

Figure 9: speed-torque relationship of constant torque load 

It is known that the motor output power is equal to the product of the motor 

speed and the output torque. In constant torque application, since the motor 

doesn't always operates at the nominal speed, sometimes the motor also 

operates at a lower speed in order to reduce the energy consumption. When 

VFD is used for constant torque application, the supply voltage and frequency 

to the motor are adjustable, so it is convenient to change the motor speed to 

realize energy saving through using VFDs. 

3.1.2 Variable torque application 

Variable torque load is another very important load type in industry, the typical 

applications of this kind of load are centrifugal pumps and centrifugal fans. In 

variable torque applications, the motor speed-torque characteristic is shown in 
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Figure 10. According to the affinity law, the motor torque is proportional to the 

square of the motor speed, and the motor power is proportional to the cube of 

the motor speed, if the motor speed is reduced by 20%, then the motor output 

power is reduced to 51% (0.8^3) of the original value. So VFDs provide a 

good way for pump systems or fan systems to save energy consumptions. 

 

Figure 10: speed-torque relationship of variable torque load 

3.1.3 Constant power application 

Motor operating areas can be divided into two parts, when the motor operates 

below the nominal speed, the motor can output a constant torque, so this 

operating area is called constant torque area; when the motor operates at the 

nominal speed or above it, since the motor input voltage can't be increased 

any more, the motor enters the constant power area which is shown in Figure 

11. In constant power application, the motor operates at the nominal speed or 

higher speeds in the constant power area, the torque gets drop with speed 

increasing. Normally, only few applications require very high speeds, like 

saws and grinders.  

 

Figure 11: speed-torque relationship of constant power load 

In constant power application, the motor always output constant power, so 

VFD can't save energy in this kind of application. 
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3.2 Benefits of energy optimization control 

It is already known that VFD can bring energy savings to many applications, 

many VFDs also have energy optimization controls which can make efficiency 

performances of drive systems even better. Figure 12 shows the motor 

efficiency curves of a pump system, the blue curve represents the motor 

efficiency when EO function is disabled; the red curve represents the motor 

efficiency when EO function is enabled. It is obvious that when the motor 

operates at low speeds, EO function can improve the motor efficiency with a 

large extent, but when the motor operates around the nominal speed, the 

efficiency is almost the same no matter using EO function or not. The 

efficiency benefits obtained by EO function depend on the operating area, no 

matter the load type is constant torque load or variable torque load, if the 

motor always operates around the nominal operating point, EO function can't 

bring too many benefits, the system when using EO function consumes the 

same energy with the system without EO function. But when the motor always 

operates with partial loads, using EO function can reduce the energy 

consumption. Thus at partial load conditions, it is possible to reduce the 

power consumption by using EO function. 

 

Figure 12: pump system efficiency curve 

In the chapter 6, the efficiency benefits taken by EO functions of different 

evaluated targets will be verified in imaginary applications according to the 

test results.  
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4 MEASUREMENT SETUP FOR VFD CHARACTERIZATION  

This chapter introduces the test setup including: test drives, measurement 

instruments and overall experimental platform setup. The last section also 

introduces the test procedure for efficiency characterization and a sample 

result template.  

4.1 Test motor selection 

ABB standard induction motor is selected as the test motor. The specification 

of this motor is listed in Table 3. 
Motor ID M3AA 160 L 4 

Type ABB standard induction motor 

Frame size 160 

Power 20 kW 

Max. speed 1976 r/min 

Voltage 400 V 

Current 38 A 

Torque 97.177 Nm 

Winding connection Delta 

Table 3: Basic data of the motor used in the tests 

4.2 Test drive selection 

The main task of this study is to evaluate the efficiency performance and 

energy optimization functions of VFDs, so the selection standard of the 

evaluated drives is that drives should include energy optimization functions. 

According to this standard and based on the available energy optimization 

techniques on the market,  four drives are selected as the evaluating targets, 

three of them include energy optimization functions, one of them doesn't 

include energy optimization function because of the selection by mistake. For 

the confidential reasons with different drive manufacturers, drives are 

represented as Drive A, Drive B, Drive C and Drive D. All four drives have the 

same power rating (22 kW). 

4.3 Experimental platform setup 

4.3.1 Measurement method 

IEC 60034-2-1 standard specifies two methods for determining the standard 

losses and efficiency of the electric motors (only applicable to motors fed from 

sinusoidal supply), The new standard IEC 60034-2-3 specifies the test 

methods for determining the losses and efficiency of converter fed induction 

motors; this standard is still in draft and will be published in the end of 2011. 

As per these standards, the methods for determining motor losses and 

efficiency can be divided into two types: Determination of efficiency from 

direct measurement and from indirect measurement [19]. Direct measurement 

method where the power output from the motor is measured with a suitable 

torque transducer is selected as measurement method for this study. Along 

with the motor efficiency, another purpose of measurements is to measure the 

inverter efficiency and thus the total system efficiency.  
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Figure 13: Power balance of the drive system 

Figure 13 shows the power balance of the drive system, the process of the 

direct measurement is illustrated based on Figure 13.     is the electrical 

power input to the inverter,     is the electrical power input to the motor,   

represents the speed of the motor,   is the torque output of the motor. 

According to Figure 13, the motor efficiency, the inverter efficiency and the 

system efficiency can be expressed as below: 

       
    

   
                               Equation 4-1 

          
   

   
                             Equation 4-2 

        
    

   
                              Equation 4-3 

4.3.2 Different Instruments used in measurement setup 

Based on efficiency direct measurement method, some measurement 

instruments are required. 

Power analyzer: Power analyzer is used to measure currents, voltages and 

efficiency of test target. Yokogawa WT3000 precision power analyzers are 

selected.   

 

Figure 14: YokogawaWT-3000 power analyzer 

Current transducer: Power analyzer's current input signals come from 

current transducers, 6 LEM high performance current transducers (IT200-S 

ULTRASTAB) are selected. 
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Figure 15: LEM IT200-S current transducer 

Torque transducer: Torque transducer is used to measure the motor output 

torque and speed. Magtrol TM-312 in-line torque transducer is selected. 

 

Figure 16: Magtrol TM-312 torque transducer 

Other instruments required include: temperature sensors, some fuses, some 

switches, contactors, etc. 

4.3.3 Experimental platform 

The wiring diagram of the experimental test platform is shown in Figure 17. 

The whole experimental platform includes: test drives (A, B, C, D), a test 

object-induction motor, a load drive, a load motor, 2 Power analyzers, a 

torque transducer, current and temperature transducers, an Agilent 

temperature logger, etc.  

One power analyzer is connected to the input terminal of the test drive, it is 

used for measuring the input power to the test drive. Another power analyzer 

is connected to the output terminal of the test drive, this is used for measuring 

the input power of the motor. The test motor and the load motor are coaxially 

coupled with a torque transducer, the torque transducer is used to measure 

the motor output torque and speed. Various temperature sensors are put 

inside the motors, the signals from the sensors are sent back to Agilent 

Logger, and then the machine temperatures can be monitored. 
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Figure 17: Experimental platform 

The experimental platform also has some protection circuits, including: 

a. Emergency stop: In the control room, there is a button used for 

emergency stop for test drives.  

b. Trip interlock: Once faults happen on test drives, fault signals will also trip 

load drive 

c. Motor over temperature relay protection: Once the over temperature in 

motor is detected, the power supply for test drive output contactor will be 

switched off, this action will cut down the power supply for the test motor. 

4.4 Accuracy of the measurement setup 

The accuracy of the measurement setup is decided by the accuracy of 

measurement instruments. Power analyzer is the most important 

measurement instrument in the setup, its accuracy decides the measurement 

accuracy.   

The catalogue basic power accuracy of the WT3000 power meters for the 

input frequencies between 1 kHz to 10 kHz is ―0.1% of reading + 0.05% of 

range‖ for voltage, current signals and  ―0.15% of reading + 0.1% of range‖ for 

power signals [20].  
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Table 4: Measurement accuracy of WT 3000 power analyzer 

The above table is valid for WT3000 with 30 A current input elements, 

Temperature: 23.5°C, Humidity: 30 to 75%RH. The maximum value of 

measurement error considering the nominal motor-drive ratings is ~12 W for 

each phase. The measurement errors from current transducers are specified 

as ± ((0.05% of reading + 40 uA) , the maximum value for the measurement 

under consideration is less than 25.040 mA. The error in the torque 

transducers are compensated in the measurements by measuring the torque 

reading at standstill (no power condition).  

4.5 Test procedure and results expression 

For four drive systems, the test procedures are same. The motor is applied 

with a constant torque from the load motor and the speed of the test motor is 

changed in steps of 250 rpm. In this way, the loss variation in the motor is 

minimal.  

The complete test is explained as below: 

1. First the load torque applied through the load motor is increased in 10% 

intervals from 10% to 100% of the nominal value. 

2. At each load level, the operating speed reference to the test motor is 

changed from 500 rpm to 2000 rpm in the interval of 250 rpm. The 

different parameters from the instrumentation setup are monitored and 

stored continuously.  

3. After the measurement with the reference speed of 2000 rpm has been 

taken, the load torque is increased by 10 % and the speed step sequence 

is repeated from the minimum speed to the maximum speed as explained 

in step 2. 

Each drive will be tested twice (excluding Drive D) – without EO and with EO. 

Every time the applied load of the motor is changed, the motor will be kept 

running for 1 hour and half, then the motor temperature is allowed to reach to 

a stable condition in this way, the test is then continued with next reference 

point. The test points are shown in Table 5. 

Efficiency test results are reported in tabular format, and are also presented 

on torque-speed plane: a constant load efficiency figure and a constant 
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efficiency figure (contour plane on torque-speed axis). An example of two 

different figure formats is shown in Figure 18. 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 
          750 
          1000 
          1250 
          1500 
          1750 
          2000 
          

Table 5: Template for efficiency measurement points 

 

Figure 18: Efficiency figures- (a) constant load figure, (b) constant efficiency figure 
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5 EFFICIENCY CHARACTERISTICS OF TEST DRIVES 

In this chapter, efficiency test results are presented as the motor efficiency, 

the inverter efficiency and the system efficiency for different operating 

conditions. The efficiency improvement by using EO function in each drive is 

also investigated. 

5.1 Efficiency characteristics for drive A 

5.1.1 Motor efficiency  

Figure 19 represents the Drive A system motor efficiency distribution when 

EO function is disabled. According to Figure 19, it is observed that when the 

motor operates with light loads, the motor efficiency is low; when the motor 

operates with heavy loads, the efficiency is high. The motor efficiency is 

increasing with load increasing. For the same load condition, the motor 

operating at high speeds has a higher efficiency compared to the motor 

operating at low speeds. 

 

(a) 

 

(b) 

Figure 19: Motor efficiency without EO- (a) constant motor load figure, (b) constant 

motor efficiency figure 
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(a) 

 

(b) 

Figure 20: Motor efficiency with EO- (a) constant motor load figure, (b) constant motor 

efficiency figure 

Figure 20 shows the motor efficiency when EO function is enabled. According 

to Figure 20, this result is very similar to the result shown in Figure 19, so 

same conclusion can be got. But with EO enabled, the motor efficiency has 

been improved especially at light load conditions. 

5.1.2 Motor efficiency improvement by EO 

Figure 21 shows the motor efficiency difference between with EO and without 

EO, the positive value represents the efficiency increased by EO, the negative 

value represents the efficiency decreased by EO. According to Figure 21, 

Figure 19 and Figure 20, it is observed that when the motor operates with 

loads lower than 50% of the nominal load, the motor efficiency with EO 

enabled is much higher than with EO disabled. For example, when the motor 

operates at 500 rpm with 10% of the nominal load, the efficiencies with EO 

enabled and disabled are 76% and 58% separately, 18% improvement on the 

motor efficiency is got, the motor efficiency is improved by a large amount 

through use of EO function when the motor operates with light loads. When 

the motor operates with heavy loads above 50% of the nominal load, the 

efficiency difference between two cases is very small, especially at high 
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speed conditions. Because with heavy loads, no matter with EO enabled or 

disabled, the motor has to use a large flux current in order to output enough 

torque, so even using EO function, the result is almost the same compared 

with the result with EO disabled. For example, when the motor operates at 

1000 rpm with 70% of the nominal load, the efficiencies of two cases are 

87.69% and 87.93%; when the motor operates at 2000 rpm with 100% of the 

nominal load, the efficiencies are 91.32% and 91.37% respectively. 

 

Figure 21: Motor efficiency difference between with EO and without EO 

5.1.3 Inverter efficiency  

Figure 22 and Figure 23 show Drive A inverter efficiencies with EO and 

without EO separately. According to Figure 22 and Figure 23, it is observed 

that the inverter efficiency is increased with increasing in load torque and 

operating speed, this trend is similar to the motor efficiency trend. 

 

(a) 
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(b) 

Figure 22: Inverter efficiency without EO- (a) constant motor load figure, (b) constant 

inverter efficiency figure 

 

 (a)                                                              

 

(b) 

Figure 23: Inverter efficiency with EO- (a) constant motor load figure, (b) constant 

inverter efficiency figure 
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5.1.4 Inverter efficiency improvement by EO 

 

Figure 24: Inverter efficiency difference between with EO and without EO 

Figure 24 shows the inverter efficiency difference between with EO and 

without EO. According to the results, when operating at light loads, the 

inverter efficiency can have a large improvement through use of EO; but when 

the motor operates with heavy loads, this improvement is very little. 

5.1.5 System efficiency 

Figure 25 and Figure 26 show the system efficiencies without EO and with EO 

separately.  

It is known that the efficiency of drive system is the combined efficiency of the 

inverter plus the motor, so the system efficiency is also increasing with the 

load torque and the speed increasing which is similar with the motor efficiency 

and the inverter efficiency. 

 

(a)  



 

36 

 

 

(b) 

Figure 25: system efficiency without EO- (a) constant motor load figure, (b) constant 

system efficiency figure 

 

(a) 

 

(b) 

Figure 26: system efficiency with EO- (a) constant motor load figure, (b) constant 

system efficiency figure 
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5.1.6 System efficiency improvement by EO 

EO function can improve both the motor efficiency and the inverter efficiency, 

thus when using EO function, the system efficiency is also improved 

especially at light loads. According to Figure 27, it is easy to find: when the 

motor operates with 10% of the nominal load, the efficiency is improved by at 

least 12%; but with increasing load, the efficiency improvement become 

smaller and smaller. When the motor operates with the nominal load, the 

system efficiencies with EO enabled and disabled are almost same. 

 

Figure 27: Inverter efficiency difference between with EO and without EO 

5.2 Efficiency characteristics for drive B 

5.2.1 Motor efficiency  

Figure 28 is the Drive B system motor efficiency without EO. In Figure 28, it is 

easy to observe that: when the motor operates with light loads, the efficiency 

is lower compared to the value when the motor operates with larger loads. 

The efficiency is increasing accompanied with the motor speed and load 

increasing. When the speed is larger than 1500 rpm and the applied load is 

larger than 50% of the nominal load, the efficiency almost keeps constant. 

 

(a)                                                               
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(b) 

Figure 28: Motor efficiency without EO- (a) constant motor load figure, (b) constant 

motor efficiency figure 

 

(a) 

 

(b) 

Figure 29: Motor efficiency with EO- (a) constant motor load figure, (b) constant motor 

efficiency figure 
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When EO function is enabled, a similar efficiency contour can be observed in 

Figure 29 compared with the results when EO function is disabled. The motor 

efficiency is increasing accompanied with the motor speed or load increasing. 

5.2.2 Motor efficiency improvement by EO 

Figure 30 shows the motor efficiency difference between with EO function and 

without EO function. According to Figure 30, it can be seen that when the 

motor operates with light loads (loads are smaller than 40% of the nominal 

load), there is a large improvement in motor efficiency through use of EO 

function. For example, when the motor operates with 10% load, if EO is 

enabled, the efficiency can get 24% improvement when the motor operates at 

500 rpm. But with increasing load, the efficiency improvement  becomes 

smaller and smaller, when the motor load is larger than 80% of the nominal 

load, the efficiency with EO enabled is even lower compared to the efficiency 

with EO disabled. So the EO function works well when the motor operates 

with light loads, but when the motor operates with heavy loads, it may cause 

nagative effects on the efficiency performance.   

 

Figure 30: Motor efficiency difference between with EO and without EO 

5.2.3 Inverter efficiency  

Figure 31 shows the inverter efficiency when EO function is enabled and 

Figure 32 shows the inverter efficiency when EO function is disabled.  

 

(a) 
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(b) 

Figure 31: Inverter efficiency without EO- (a) constant motor load figure, (b) constant 

inverter efficiency figure 

 

(a) 

 

(b) 

Figure 32: Inverter efficiency with EO- (a) constant motor load figure, (b) constant 

inverter efficiency figure 
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According to the results in Figure 31 and Figure 32, it is easy to observe that 

no matter with EO or without EO, with load torque increasing or speed 

increasing, the inverter efficiency is increasing.  

5.2.4 Inverter efficiency improvement by EO 

Figure 33 shows the efficiency difference between with EO and without EO for 

the same operating points. According to the results shown in Figure 33, it can 

be seen that EO function also improves the inverter efficiency, this is because 

of smaller current flowing through the IGBT when EO is enabled compared to 

when EO is disabled, the smaller current reduces the IGBT loss and improves 

the efficiency of the inverter. 

 

Figure 33: Inverter efficiency difference between with EO and without EO 

5.2.5 System efficiency 

Figure 34 and Figure 35 show the system efficiencies without EO and with EO 

separately. The previous results have already shown that the motor efficiency 

and the inverter efficiency get increasing with load torque increasing or speed 

increasing and system efficiency is the combined efficiency of the motor and 

the inverter, so the system efficiency has the similar trend with the motor and 

the inverter efficiency. 

 

(a)                                                               
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(b) 

Figure 34: system efficiency without EO- (a) constant motor load figure, (b) constant 

system efficiency figure 

 

(a)   

 

(b) 

Figure 35: system efficiency with EO- (a) constant motor load figure, (b) constant 

system efficiency figure 
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5.2.6 System efficiency improvement by EO 

The previous results in Figure 30 and Figure 33 have proved that EO function 

can improve both the motor efficiency and the inverter efficiency, so the 

system efficiency will increase by use of EO function, the system efficiency 

improvement by EO function is shown in Figure 36. According to Figure 36, 

when the motor load torque is lower than 40% of the nominal load, the system 

efficiency improvement is large; but when the motor operates with heavy 

loads, this improvement is not obvious any more. 

 

Figure 36: System efficiency difference between with EO and without EO 

5.3 Efficiency characteristics for drive C 

5.3.1 Motor efficiency 

Figure 37 shows the Drive C system motor efficiency without EO. According 

to results, the minimum motor efficiency is 57.29% when the motor operates 

with 10% of the nominal load at 500 rpm. Increasing motor load torque or 

speed can improve the motor efficiency; when the motor speed is higher than 

1500 rpm at the same time the motor load is larger than 60% of the nominal 

load, the motor efficiency almost keeps constant and the efficiency value is 

about 90%. 

 

(a)                                                         
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(b) 

Figure 37: Motor efficiency without EO- (a) constant motor load figure, (b) constant 

motor efficiency figure 

 

(a) 

 

(b) 

Figure 38: Motor efficiency with EO- (a) constant motor load figure, (b) constant motor 

efficiency figure 
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Figure 38 shows the motor efficiency results when the motor operates with 

EO enabled. It can be seen that the minimum efficiency value is 76.78% 

which also happens at the operating point (500 rpm, 10% load). It also can be 

observed that: when the motor speed is higher than 1250 rpm and the load is 

larger than 50% of the nominal load, the motor efficiency can reach to 90% 

and almost keeps constant. 

5.3.2 Motor efficiency improvement by EO 

In Figure 39, the value of each point represents the efficiency difference 

between with EO enabled and disabled. According to Figure 39: when the 

motor operates with light loads, the motor efficiency can get big improvements 

through using EO function. For example, when the motor operates with 10% 

of the nominal load, the motor efficiency can get at least 10% improvement, 

the maximum improvement happens at the point (500 rpm, 10% load) and the 

efficiency improvement can reach to 19.7%.  

With the speed or the load increasing, the efficiency improvement by using 

EO becomes small. When the motor load is larger than 80% of the nominal 

load,  the motor efficiencies with EO enabled and disabled are very close, in 

some test points, the motor efficiency even decreases a little bit because of 

using EO function. 

So the EO function works well when the motor operates with light loads, but 

when the motor operates with heavy loads, it may cause negative effects on 

the efficiency performance.   

 

Figure 39: Motor efficiency difference between with EO and without EO 

5.3.3 Inverter efficiency 

Figure 40 shows the inverter efficiency without EO. It can be seen that similar 

with the motor efficiency distribution, the inverter efficiency is increasing with 

load torque increasing or speed increasing. The lowest efficiency among all 

test points happens when the motor operates at 500 rpm with 10% of the 

nominal load, the value is 85.26%. The highest efficiency can reach to 97.7% 

which happens at 2000 rpm with 90% of the nominal load. 
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 (a)                                                         

 

(b) 

Figure 40: Inverter efficiency without EO- (a) constant motor load figure, (b) constant 

inverter efficiency figure 

Figure 41 shows inverter efficiency with EO. Similar trend with Figure 40 can 

be found. 

 

(a)   
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(b) 

Figure 41: Inverter efficiency with EO- (a) constant motor load figure, (b) constant 

inverter efficiency figure 

5.3.4 Inverter efficiency improvement by EO 

According to Figure 42, when EO is enabled, the inverter efficiency can also 

get improving. When the motor operates with light loads, the efficiency can 

get a large improvement through using EO; but when the motor operates with 

heavy loads, this improvement is very little. This is because smaller current 

flows through the IGBT when EO is enabled compared to the current when 

EO is disabled, smaller current reduces the loss of IGBT and improves the 

efficiency of the drive; but when the motor operates with heavy loads, the 

current reduction is very little, and thus the inverter efficiency can't get a large 

improvement.  

 

Figure 42: Inverter efficiency comparison between with EO and without EO 

5.3.5 System efficiency 

Figure 43 and Figure 44 show the system efficiencies without EO and with EO 

separately. The results are similar with other drives’, the system efficiency is 

increasing with load torque increasing and speed increasing.  
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(a) 

 

(b) 

Figure 43: System efficiency without EO- (a) constant motor load figure, (b) constant 

system efficiency figure 

 

(a)   
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(b) 

Figure 44: System efficiency with EO- (a) constant motor load figure, (b) constant 

system efficiency figure 

5.3.6 System efficiency improvement by EO 

The drive system includes the motor and the inverter, so the system efficiency 

is equal to the product of the motor efficiency and the inverter efficiency. 

Since EO function can improve both the motor efficiency and the inverter 

efficiency, the system efficiency is definitely improved, results in Figure 45 

verify this. EO function can improve the system efficiency by larger 

magnitudes when the motor operates with light loads. For example, the 

minimum system efficiency is 48% when EO is disabled (500 rpm, 10% load); 

after using EO, the efficiency at this point becomes to 68%, about 20% 

improvement is achieved through using EO function. But when the motor 

operates with heavy loads, the system efficiency improvement is very little 

through using EO function, this is because the motor efficiency and the 

inverter efficiency don't get a large improvement when the motor operates 

with heavy loads. 

 

Figure 45: System efficiency comparison between with EO and without EO 

5.4 Efficiency characteristics for drive D 

There is no EO function in drive D, so test results don’t contain the 

comparison results between with EO and without EO. 
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5.4.1 Motor efficiency 

Figure 46 shows the motor efficiency test results.  

 

(a) 

 

(b)               

Figure 46: Motor efficiency- (a) constant motor load figure, (b) constant motor 

efficiency figure 

According to Figure 46 it is observed that: at low speeds and with partial loads, 

the motor efficiency is very low. For example, when the motor operates at 500 

rpm with 10% load, the efficiency is only 38.75%. Accompanied with speed 

increasing or load increasing, the efficiency increases. For the same speed, 

when load is larger than 60% of the nominal load, the efficiency almost 

reaches to the peak value and doesn't change too much. This means the 

optimal operating requirement on the motor load is keeping the load larger 

than 60% of the nominal value.  

5.4.2 Inverter efficiency 

Figure 47 shows the inverter efficiency test results. A similar efficiency 

distribution can be seen in the results.  
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(a) 

 

(b)  

Figure 47: Inverter efficiency- (a) constant motor load figure, (b) constant inverter 

efficiency figure 

5.4.3 System efficiency 

Figure 48 shows the system efficiency results, a similar efficiency distribution 

can be found. 

 

(a)                                                              
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(b) 

Figure 48: System efficiency- (a) constant motor load figure, (b) constant system 

efficiency figure 
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6 ENERGY SAVING BETWEEN FOUR DRIVES 

In this chapter, the four drives' efficiency results are compared in three 

imaginary applications- pump application, ventilation application and elevator 

application. In each application, four drive systems are assumed to operate in 

the same load cycle for one year, and then their yearly energy consumptions, 

costs and CO2 reductions are compared. 

6.1 Comparison in pump application 

Drive A, Drive B, Drive C and Drive D are assumed to be used for the same 

pump system separately; the pump system's load cycle is shown in Figure 49. 

The pump system operates for a whole year- total operation time is 8760 

hours, in 1000 hours, the pump system operates with the power of 15.6 kW; 

in 6000 hours, the pump system operates with the power of 10 kW; in the left 

1760 hours, the pump system operates at a light load condition with the 

power of 4 kW. 

 

Figure 49: pump system load cycle 

The pump system uses a 20 kW induction motor, the motor's speed-torque 

curve is shown as below: 

 

Figure 50: motor speed-torque curve 
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According to the efficiency test results from Chapter 4, the four pump systems’ 

efficiency curves in this application are shown in Figure 51. 

 

(a)                                                        (b) 

 

(c)                                                    (d) 

Figure 51: The pump system efficiency curves- (a) Drive A pump system efficiency 

curve, (b) Drive B pump system efficiency curve, (c) Drive C pump system efficiency 

curve, (d) Drive D pump system efficiency curve 

According to the pump system load cycle each year and efficiency curves 

shown in Figure 51, the total output energy needed each year is equal to: 

Pump output energy = 1000*15,6kW + 6000*10kW + 1760*4kW=82640 kWh 

The formula for calculating the actual energy consumption of each pump 

system is shown below: 

Actual energy consumption 
     

  
 

     

  
 

     

  
          Equation 6-1 

where   ,     and    represent the different operating powers,    ,     and    

represent the operating time at different powers,   ,     and    represent the 

efficiency values at different powers. According to Equation 6-1, the actual 

energy consumption of each pump system is calculated and listed in Table 6. 
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Table 6 shows energy consumptions of four pump systems, including required 

energy according to the load cycle, actual energy consumed without EO, 

actual energy consumed with EO, energy saved by EO, CO2 reduction and 

money saved by EO. 
 Drive A Drive B Drive C Drive D 

Required Energy 

(kWh) 
82640 82640 82640 82640 

Energy consumed without EO 

(kWh) 
97115 97618 96999 98218 

Energy consumed with EO 

(kWh) 
95393 95359 95156  

Energy saved by EO 

(kWh) 
1722 2259 1843  

CO2 reduction 

(Kg) 
878 1152 940  

Money saved 

(SEK) 
2239 2937 2396  

(Average rate of CO2 emission: 0.51 kg/kWh, average electricity price in Sweden: 1.3 SEK/kWh) 

Table 6: Energy consumption of four pump systems 

According to Table 6, when EO function is disabled, Drive C pump system 

consumes 96999 kWh which is the smallest energy consumption among four 

pump systems; Drive D pump system consumes 98218 kWh which is the 

largest energy consumption among four pump systems. When EO function is 

enabled, the energy consumption of each pump system is reduced, the 

energy reduction of Drive B pump system is the largest which reaches to 

2259 kWh, the energy reduction of Drive A pump system is 1722 kWh; the 

energy reduction of Drive C pump system is 1843 kWh; Since Drive D doesn't 

have EO function, there is no energy reduction for Drive D pump system. It 

can be seen that Drive C pump system still consumes the smallest energy 

among four pump system after using EO function. So no matter EO is 

enabled or disabled, the efficiency performance of Drive C pump system is 

the best among four pump systems. 

6.2 Comparison in ventilation application 

In second imaginary application, Drive A, Drive B, Drive C and Drive D are 

assumed to be used for the same ventilation system separately. Each year, 

the load cycle of the ventilation system is shown in Figure 52. 

 

Figure 52: Ventilation system load cycle 
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For this ventilation system, the motor's speed-torque curve is shown in Figure 

53. 

 

Figure 53: Motor speed-torque curve 

Based on the efficiency test results from Chapter 4, the four ventilation 

systems’ efficiency curves are shown in Figure 54. 

 

(a)                                                       (b) 

 

(c)                                                      (d) 

Figure 54: The ventilation system efficiency curves- (a) Drive A ventilation system 

efficiency curve, (b) Drive B ventilation system efficiency curve, (c) Drive C ventilation 

system efficiency curve, (d) Drive D ventilation system efficiency curve 
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According to the ventilation system load cycle and the efficiency curves, the 

energy consumptions are calculated as below:  

The total output energy needed each year is equal to: 

Ventilation output energy = 350.4*20kW + 262.8*14,58kW + 3328.8*10.24kW 

+ 3504*6,86kW + 1051.2*4.32kW + 262.8*2.5kW =74162 kWh 

The formula for calculating the actual energy consumption of each ventilation 

system is shown below: 

Actual energy consumption 

 
     

  
   

     

  
   

     

  
   

     

  
   

     

  
   

     

  
        Equation 6-2 

where    to    represent the 6 operating points with different powers,     to  

    represent the operating times at different powers,    to    represent the 

efficiency values at different powers. According to Equation 6-2, the actual 

energy consumption of each ventilation system is calculated and listed in 

Table 7. 

Table 7 shows energy consumptions of four ventilation systems, including 

required energy according to the load cycle, actual energy consumed without 

EO, actual energy consumed with EO, energy saved by EO and CO2 

reduction. 
 Drive A Drive B Drive C Drive D 

Output Energy 

(kWh) 
74162 74162 74162 74162 

Energy consumed without EO 

(kWh) 
86678 86290 86330 86698 

Energy consumed with EO 

(kWh) 
85980 85221 85147  

Saved Energy by EO 

(kWh) 
698 1069 1183  

CO2 reduced 

(Kg) 
356 545,2 603  

Money saved 

(SEK) 
907 1390 1538  

(Average rate of CO2 emission: 0.51 kg/kWh, average electricity price in Sweden: 1.3 SEK/kWh) 

Table 7: Energy consumption of four ventilation systems 

According to Table 7, it can be observed that when EO is disabled, Drive B 

ventilation system consumes the smallest energy among four systems and 

the energy consumption is 86290 kWh. Drive D still consumes the largest 

energy (86698 kWh) among four systems. When EO is enabled, Drive C 

ventilation system saves the largest energy which is equal to 1183 kWh, Drive 

A ventilation system only saves 688 kWh which is the smallest among three 

systems. So when using EO function, Drive C ventilation system has the best 

efficiency performance. 

6.3 Comparison in elevator application 

Four drives are assumed to be used for a typical elevator application with a 

20 kW motor. Here it is assumed that the elevator operates 12 hours a day. 

The load cycle of this application in one year is shown in Figure 55. 
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Figure 55: Elevator system load cycle 

In order to simplify the calculation, it is assumed that the elevator system is a 

constant speed system, acceleration and deceleration are neglected during 

the operation of the elevator and the motor always operates at the nominal 

speed, so the simplified speed-torque curve is shown in Figure 56. 

 

Figure 56: Motor speed-torque curve 

Based on the efficiency test results from Chapter 4, the four elevator systems’ 

efficiency curves are shown as below: 

 

(a)                                                       (b) 
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(c)                                                       (d) 

Figure 57: The elevator system efficiency curves- (a) Drive A elevator system 

efficiency curve, (b) Drive B elevator system efficiency curve, (c) Drive C elevator 

system efficiency curve, (d) Drive D elevator system efficiency curve 

The total output energy needed each year is equal to: 

Elevator output energy = 1825*18.86kW + 365*17.14kW + 365*16.57kW + 

365*15.43kW + 365*12kW + 365*10.86kW + 730*9kW  =67270 kWh 

The formula for calculating the actual energy consumption of each elevator 

system is shown as below: 

Actual energy consumption 

 
     

  
   

     

  
   

     

  
   

     

  
   

     

  
   

     

  
  

     

  
        Equation 6-3 

where    to    represent the 7 operating points with different powers,     to  

    represent the operating times at different powers,    to    represent the 

efficiency values at different powers. According to Equation 6-3, the actual 

energy consumption of each elevator system is calculated and listed in Table 

8. 
 Drive A Drive B Drive C Drive D 

Output Energy 

(kWh) 
67270 67270 67270 67270 

Energy consumed without EO 

(kWh) 
75999 75999 76243 75999 

Energy consumed with EO 

(kWh) 
75859 76157 76157  

Energy saved by EO 

(kWh) 
140 -157 86  

CO2 reduced 

(Kg) 
71.4 -80.07 43,86  

Money saved 

(SEK) 
182 -206 112  

(Average rate of CO2 emission: 0.51 kg/kWh, average electricity price in Sweden: 1.3 SEK/kWh) 

Table 8: Energy consumption of four elevator systems 

Table 8 shows the final energy consumptions and energy saved by EO 

function of four elevator systems. It is easy to observe that when EO function 

is disabled, Drive A, Drive B and Drive D consume the same energy which is 
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equal to 75999 kWh, Drive C consumes 76243 kWh which is more than other 

three elevator systems. After using EO function, Drive A elevator consumes 

75895 kWh which is the smallest energy among all elevator systems. Drive B 

and Drive C consume the same energy which is equal to 76157 after using 

EO function. One observation is that Drive B elevator system consumes more 

energy when EO function is enabled compared to the consumed energy when 

EO is disabled, the reason for this phenomenon is that according to the load 

cycle of the elevator system, the system operates with heavy loads at most of 

time, EO function doesn't improve the system efficiency a lot and even 

reduces the system efficiency at heavy load conditions. So when EO function 

is enabled, Drive B elevator system even consumes more energy than EO 

function disabled. 

For elevator application, Drive A has the best efficiency performance among 

all the drives no matter when EO function is enabled or disabled. Drive B's 

EO function is not suitable for the elevator application since it can increase 

the energy consumption. In elevator application, Drive C doesn't keep as a 

good efficiency performance as in pump application or ventilation application, 

it consumes more energy than other drives. 
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7 CONCLUSION AND SUGGESTIONS FOR FUTURE WORK 

7.1 Conclusion 

Variable frequency drives are often incorporating new features to reduce the 

motor and the converter losses thus maximizing the overall efficiency of the 

motor drive system. But these drives come with higher initial costs for 

consumers and additional complexity. The aim of the thesis work is to 

investigate the potential energy savings taken by EO function and its 

relevance. The high efficiency drives selected are tested in the laboratory to 

determine the efficiencies; this is done at different speed steps with different 

loads thus forming the efficiency curves over the speed-torque plane with and 

without activating the energy optimization functions in these drives. Based on 

these efficiency curves, the yearly energy consumptions using these drives 

for three different application cases are evaluated. The four drives are then 

compared in terms of the energy saved and annual savings in terms of 

electricity costs. The main conclusions from the thesis work are summarized 

as below. 

a) Four drives, named as Drive A, Drive B, Drive C and Drive D, are selected 

as the evaluation targets of efficiency performance. Comparing the 

efficiency results of four drives, it can be seen that when the test motor 

operates around the nominal operating point, four drive systems have 

very similar performances in terms of motor, inverter and system 

efficiency. But when the motor operates with light loads or at low speeds, 

efficiency performances of four drive systems are different from each 

other.  

b) Drive A, Drive B and Drive C have energy optimization functions. By 

comparing the efficiency results of each drive with EO function and 

without EO function, it is clear that EO function can improve the motor 

efficiency and the inverter efficiency to a larger extent when the motor 

operates at light loads, but when the motor operates around the nominal 

operating point, EO function almost has no effect and even reduces the 

efficiency performance a bit in some cases. As it is apparent that the 

energy saving using EO function is possible only when the motor operates 

with light loads, the EO function is not useful for practical applications 

where the motor always operates around the nominal operating point. 

Three application cases are considered to compare the energy savings 

based on the performances of these four drives. 

c) The first application is a typical pump application where the motor 

normally operates around the half of the nominal load, so EO function 

should have a good effect on energy saving. According to the results, EO 

function of each drive reduces the energy consumption required by the 

pump for the assumed load profile. Based on the measured efficiencies, 

the energy consumed by the pump fed with each drive is calculated on 

yearly basis. Drive C pump system consumes the smallest energy without 

using EO function and thus is more economical, this can be seen in 

Figure 58. Figure 59 shows that the energy saved by Drive C is also the 

biggest with using EO function among all drives and thus the overall 
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energy consumption by drive C with EO is the lowest among all drives 

which can be seen in Figure 60. These energy savings are also presented 

in terms of the annual CO2 reduction and savings in annual electricity cost 

as shown in Table 6. Thus Drive C is economically the best among four 

drives for this pump application case. 

 

Figure 58: Energy consumption per year without EO 

 

Figure 59: Energy saved by EO function per year 

 

Figure 60: Energy consumption per year with EO 
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d) In ventilation application, the motor operates at partial loads at most of 

time according to the load cycle. So in this application, EO function can 

also improve the efficiency performance apparently. According to Figure 

58, it can be seen that Drive B consumes the smallest energy without EO 

function among all drive systems, after that there comes Drive C 

ventilation system and Drive A ventilation system, Drive D consumes the 

largest energy. Drive C's EO function can reduce more energy 

consumption than other drives which is shown in Figure 59, so after using 

EO function, Drive C ventilation system consumes the smallest energy 

among all drive systems.  

e) In elevator application, the load cycle is a little different from the load 

cycles in pump application and ventilation application, at most of time the 

motor operates around the nominal operating point, so EO function will 

not improve the efficiency performance a lot. According to Figure 58, it is 

observed that: when EO function is disabled, Drive A elevator system, 

Drive B elevator system and Drive D elevator system consume the same 

energy, Drive C elevator system consumes more energy than other three 

systems. After using EO function, in Figure 59, it can be seen that Drive 

A’s EO function reduces more energy than other drives’ EO function, so 

Drive A elevator system has the best efficiency performance. Drive B’s 

EO function increases the energy consumption, so when EO is enabled, 

Drive B elevator system doesn’t consume less energy than Drive C 

elevator system any more, Drive B elevator system and Drive C elevator 

system consume the same energy when using EO function which is 

shown in Figure 60. 

Thus the selection of high efficiency drives based on energy optimization 

functions is very much application dependent. The large energy saving is 

possible in applications where the drives operate at partial load conditions. 

But if the application involves constant torque profiles at full load condition, 

there is hardly any energy savings using high efficiency drives. The additional 

investments on the high efficiency drives are not justified in these cases. 

7.2 Suggestions for future work  

In this study, only four drives have been evaluated, there are still many VFDs 

with EO functions, it is also very interesting to go on working on these drives. 

EO function can improve the motor system efficiency, but at same time may 

take some negative effects to the motor, this is not investigated in this study, it 

is also very important to study the problems brought by EO functions in future 

work. 
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9 APPENDIX 

9.1 Drive A efficiency test results 

Table 9: Motor efficiency without EO (speed in rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 57,83 71,15 76,79 79,70 81,12 81,70 81,82 81,46 80,80 79,90 

750 61,92 74,87 80,29 83,01 84,59 85,26 85,57 85,47 85,13 84,60 

1000 64,30 77,06 82,29 84,96 86,49 87,26 87,69 87,68 87,54 87,19 

1250 66,23 78,55 83,61 86,24 87,69 88,53 89,02 89,11 89,06 88,86 

1500 67,78 79,72 84,57 87,14 88,60 89,54 89,93 90,13 90,11 90,01 

1750 68,24 80,40 85,22 87,80 89,24 90,18 90,64 90,86 90,91 90,84 

2000 68,90 81,18 85,76 88,47 89,82 90,91 91,34 91,50 91,50 91,32 

Table 10: Motor efficiency with EO (speed in rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 75,57 79,38 80,92 81,86 82,15 82,21 81,88 81,36 80,74 79,83 

750 78,51 82,73 84,20 85,25 85,70 85,87 85,75 85,48 85,16 84,58 

1000 79,93 84,44 85,91 87,04 87,64 87,88 87,93 87,84 87,58 87,19 

1250 80,55 85,41 87,05 88,22 88,83 89,14 89,28 89,26 89,11 88,84 

1500 81,15 86,08 87,76 88,97 89,64 90,05 90,21 90,26 90,20 90,00 

1750 81,08 86,41 88,22 89,53 90,23 90,68 90,88 90,98 90,97 90,82 

2000 80,87 86,61 88,51 89,90 90,64 91,12 91,39 91,54 91,51 91,37 

Table 11: Motor efficiency difference between with EO and without EO (speed in rpm, 

torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 17,73 8,22 4,14 2,16 1,03 0,52 0,06 0,10 0,06 -0,07 

750 16,58 7,86 3,91 2,24 1,11 0,61 0,18 0,01 0,02 -0,02 

1000 15,63 7,38 3,63 2,08 1,15 0,62 0,25 0,16 0,04 -0,01 

1250 14,32 6,86 3,44 1,98 1,14 0,61 0,27 0,15 0,05 -0,02 

1500 13,37 6,36 3,20 1,84 1,04 0,52 0,27 0,13 0,08 0,00 

1750 12,84 6,02 3,00 1,73 0,99 0,51 0,24 0,13 0,07 -0,03 

2000 11,97 5,43 2,75 1,43 0,82 0,21 0,04 0,04 0,01 0,05 

Table 12: Inverter efficiency without EO (speed in rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 83,07 88,18 90,51 91,73 92,48 92,89 93,17 93,34 93,43 93,51 

750 86,95 91,18 92,98 93,90 94,43 94,78 94,97 95,08 95,13 95,17 

1000 89,50 92,90 94,37 95,10 95,50 95,80 95,93 96,02 96,05 96,10 

1250 91,09 94,03 95,24 95,87 96,23 96,44 96,55 96,62 96,63 96,66 

1500 92,37 94,81 95,87 96,41 96,69 96,85 96,97 97,02 97,03 97,03 

1750 93,04 95,36 96,28 96,74 97,01 97,16 97,27 97,32 97,32 97,32 

2000 93,65 95,83 96,60 97,04 97,29 97,44 97,50 97,54 97,52 97,49 
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Table 13: Inverter efficiency with EO (speed in rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 85,21 89,79 91,39 92,21 92,73 92,98 93,23 93,34 93,44 93,48 

750 89,16 92,49 93,67 94,27 94,62 94,83 95,01 95,10 95,13 95,15 

1000 91,35 94,02 94,99 95,44 95,69 95,86 95,96 96,04 96,08 96,09 

1250 93,11 95,04 95,77 96,16 96,37 96,50 96,58 96,63 96,66 96,64 

1500 94,12 95,71 96,32 96,69 96,83 96,91 97,01 97,03 97,06 97,05 

1750 94,75 96,19 96,73 97,01 97,15 97,22 97,30 97,33 97,31 97,33 

2000 95,25 96,53 97,04 97,29 97,40 97,48 97,54 97,54 97,55 97,53 

Table 14: Inverter efficiency difference between with EO and without EO (speed in 

rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 2,14 1,62 0,88 0,49 0,25 0,09 0,06 -0,01 0,01 -0,03 

750 2,21 1,31 0,69 0,36 0,19 0,05 0,04 0,02 -0,01 -0,02 

1000 1,84 1,11 0,62 0,34 0,20 0,06 0,03 0,01 0,03 -0,01 

1250 2,02 1,01 0,52 0,29 0,14 0,06 0,03 0,01 0,03 -0,02 

1500 1,75 0,90 0,45 0,28 0,13 0,06 0,04 0,01 0,02 0,02 

1750 1,71 0,83 0,44 0,27 0,14 0,06 0,03 0,01 -0,01 0,01 

2000 1,60 0,71 0,44 0,25 0,11 0,04 0,04 0,00 0,03 0,04 

Table 15: System efficiency without EO (speed in rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 48,04 62,74 69,50 73,10 75,02 75,89 76,23 76,04 75,49 74,72 

750 53,84 68,27 74,65 77,95 79,88 80,81 81,26 81,27 80,99 80,51 

1000 57,55 71,59 77,65 80,80 82,59 83,59 84,12 84,20 84,09 83,79 

1250 60,33 73,87 79,64 82,67 84,39 85,39 85,95 86,10 86,06 85,88 

1500 62,61 75,58 81,08 84,01 85,67 86,72 87,21 87,45 87,44 87,33 

1750 63,49 76,66 82,05 84,93 86,57 87,62 88,17 88,42 88,47 88,41 

2000 64,53 77,79 82,84 85,85 87,39 88,59 89,06 89,25 89,23 89,03 

Table 16: System efficiency with EO (speed in rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 64,39 71,28 73,95 75,49 76,18 76,44 76,33 75,94 75,44 74,63 

750 69,99 76,52 78,87 80,36 81,09 81,43 81,47 81,30 81,01 80,48 

1000 73,01 79,39 81,60 83,07 83,87 84,24 84,38 84,36 84,15 83,77 

1250 75,00 81,18 83,37 84,83 85,60 86,02 86,23 86,26 86,14 85,85 

1500 76,38 82,39 84,53 86,03 86,80 87,27 87,51 87,59 87,54 87,34 

1750 76,82 83,12 85,33 86,85 87,65 88,17 88,42 88,55 88,53 88,39 

2000 77,03 83,61 85,89 87,47 88,28 88,83 89,13 89,29 89,26 89,11 
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Table 17: System efficiency difference between with EO and without EO (speed in 

rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 16,35 8,54 4,45 2,38 1,16 0,56 0,10 -0,10 -0,05 -0,09 

750 16,15 8,25 4,22 2,41 1,21 0,62 0,20 0,03 0,02 -0,04 

1000 15,46 7,80 3,95 2,27 1,27 0,65 0,26 0,16 0,06 -0,02 

1250 14,67 7,31 3,73 2,16 1,22 0,64 0,28 0,15 0,08 -0,03 

1500 13,77 6,81 3,46 2,02 1,13 0,56 0,30 0,14 0,10 0,01 

1750 13,34 6,45 3,28 1,92 1,09 0,55 0,25 0,13 0,06 -0,02 

2000 12,50 5,81 3,05 1,61 0,90 0,24 0,08 0,04 0,03 0,08 

9.2 Drive B efficiency test results 

Table 18: Motor efficiency without EO (speed in rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 48,24 61,41 72,48 76,83 79,13 80,38 80,82 80,69 80,14 79,16 

750 55,03 67,78 77,66 81,32 83,30 84,52 84,94 85,00 84,74 84,17 

1000 59,10 71,30 80,41 83,77 85,63 86,66 87,23 87,35 87,26 86,88 

1250 62,06 73,66 82,20 85,35 87,11 88,12 88,66 88,85 88,84 88,65 

1500 64,37 75,47 83,50 86,48 88,17 89,15 89,67 89,91 89,93 89,83 

1750 65,34 76,41 84,29 87,20 88,85 89,79 90,36 90,65 90,72 90,66 

2000 66,34 77,38 85,08 87,89 89,51 90,34 91,00 91,22 91,34 91,28 

Table 19: Motor efficiency with EO (speed in rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 72,16 78,11 80,06 80,92 81,36 81,55 81,00 80,24 80,71 76,39 

750 76,34 81,90 83,81 84,76 85,31 85,47 85,24 84,58 84,04 82,21 

1000 78,22 83,85 85,79 86,77 87,40 87,67 87,59 87,14 86,72 85,50 

1250 79,45 84,92 86,92 87,99 88,69 89,03 89,05 88,75 88,43 87,53 

1500 80,38 85,63 87,65 88,82 89,58 89,97 90,04 89,87 89,62 88,92 

1750 80,35 85,96 88,11 89,41 90,20 90,65 90,77 90,68 90,47 89,93 

2000 80,18 86,18 88,47 89,80 90,64 91,11 91,28 91,24 91,08 90,64 

Table 20: Motor efficiency difference between with EO and without EO (speed in rpm, 

torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 23,92 16,70 7,58 4,09 2,24 1,17 0,18 -0,44 0,58 -2,77 

750 21,31 14,12 6,14 3,44 2,01 0,95 0,30 -0,42 -0,69 -1,96 

1000 19,12 12,55 5,38 3,00 1,78 1,00 0,36 -0,20 -0,54 -1,38 

1250 17,39 11,26 4,72 2,65 1,57 0,92 0,39 -0,11 -0,40 -1,12 

1500 16,02 10,16 4,15 2,34 1,41 0,82 0,37 -0,03 -0,31 -0,91 

1750 15,01 9,55 3,82 2,20 1,35 0,86 0,41 0,03 -0,26 -0,72 

2000 13,84 8,80 3,40 1,91 1,13 0,77 0,28 0,03 -0,26 -0,64 
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Table 21: Inverter efficiency without EO (speed in rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 86,19 89,58 92,28 93,22 93,80 94,14 94,30 94,41 94,46 94,46 

750 89,90 92,58 94,51 95,12 95,51 95,68 95,81 95,85 95,88 95,85 

1000 92,18 94,20 95,66 96,13 96,41 96,54 96,60 96,64 96,63 96,60 

1250 93,49 95,21 96,37 96,74 96,93 97,06 97,09 97,10 97,10 97,06 

1500 94,45 95,83 96,85 97,15 97,33 97,39 97,43 97,43 97,42 97,38 

1750 95,04 96,29 97,17 97,43 97,58 97,65 97,67 97,66 97,64 97,60 

2000 95,33 96,52 97,37 97,61 97,75 97,84 97,86 97,87 97,85 97,82 

Table 22: Inverter efficiency with EO (speed in rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 91,93 93,92 94,29 94,55 94,55 94,55 94,57 94,48 94,28 94,09 

750 94,16 95,58 95,86 95,97 95,99 95,99 95,94 95,80 95,58 95,51 

1000 95,66 96,42 96,62 96,72 96,71 96,72 96,68 96,60 96,47 96,36 

1250 96,41 97,00 97,13 97,21 97,21 97,20 97,16 97,09 96,97 96,88 

1500 96,89 97,38 97,48 97,56 97,52 97,51 97,49 97,40 97,29 97,21 

1750 97,25 97,65 97,75 97,76 97,75 97,74 97,70 97,63 97,54 97,47 

2000 97,50 97,87 97,93 97,95 97,92 97,91 97,87 97,80 97,70 97,64 

Table 23: Inverter efficiency difference between with EO and without EO (speed in 

rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 5,74 4,34 2,02 1,33 0,76 0,42 0,27 0,07 -0,18 -0,36 

750 4,26 3,00 1,36 0,86 0,48 0,32 0,13 -0,05 -0,29 -0,34 

1000 3,49 2,22 0,96 0,59 0,31 0,18 0,09 -0,04 -0,16 -0,24 

1250 2,92 1,79 0,77 0,47 0,28 0,14 0,07 -0,02 -0,14 -0,17 

1500 2,44 1,55 0,63 0,41 0,19 0,12 0,06 -0,03 -0,12 -0,17 

1750 2,21 1,36 0,58 0,34 0,17 0,09 0,04 -0,03 -0,10 -0,13 

2000 2,17 1,35 0,56 0,34 0,16 0,07 0,01 -0,07 -0,15 -0,18 

Table 24: System efficiency without EO (speed in rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 41,57 55,01 66,88 71,62 74,22 75,67 76,21 76,18 75,69 74,77 

750 49,47 62,74 73,40 77,35 79,55 80,87 81,38 81,48 81,24 80,68 

1000 54,47 67,16 76,92 80,53 82,55 83,66 84,26 84,41 84,32 83,93 

1250 58,02 70,13 79,21 82,57 84,44 85,53 86,08 86,28 86,26 86,04 

1500 60,79 72,32 80,87 84,01 85,82 86,83 87,37 87,60 87,61 87,47 

1750 62,09 73,57 81,91 84,96 86,71 87,68 88,26 88,52 88,59 88,48 

2000 63,24 74,68 82,84 85,79 87,50 88,40 89,05 89,28 89,37 89,29 

 

 

 

 



 

70 

 

Table 25: System efficiency with EO (speed in rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 72,16 78,11 80,06 80,92 81,36 81,55 81,00 80,24 80,71 76,39 

750 76,34 81,90 83,81 84,76 85,31 85,47 85,24 84,58 84,04 82,21 

1000 78,22 83,85 85,79 86,77 87,40 87,67 87,59 87,14 86,72 85,50 

1250 79,45 84,92 86,92 87,99 88,69 89,03 89,05 88,75 88,43 87,53 

1500 80,38 85,63 87,65 88,82 89,58 89,97 90,04 89,87 89,62 88,92 

1750 80,35 85,96 88,11 89,41 90,20 90,65 90,77 90,68 90,47 89,93 

2000 80,18 86,18 88,47 89,80 90,64 91,11 91,28 91,24 91,08 90,64 

Table 26: System efficiency difference between with EO and without EO (speed in 

rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 24,76 18,35 8,61 4,89 2,71 1,44 0,39 -0,36 0,40 -2,89 

750 22,41 15,53 6,94 4,00 2,33 1,18 0,40 -0,45 -0,91 -2,16 

1000 20,35 13,69 5,97 3,40 1,98 1,13 0,42 -0,24 -0,66 -1,54 

1250 18,58 12,25 5,21 2,98 1,77 1,01 0,44 -0,12 -0,51 -1,24 

1500 17,09 11,06 4,57 2,64 1,54 0,90 0,42 -0,06 -0,41 -1,03 

1750 16,05 10,36 4,22 2,45 1,47 0,92 0,43 0,00 -0,35 -0,82 

2000 14,93 9,66 3,80 2,17 1,26 0,82 0,29 -0,04 -0,39 -0,79 

9.3 Drive C efficiency test results 

Table 27: Motor efficiency without EO (speed in rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 57,29 71,70 77,62 80,42 81,84 82,44 82,44 82,09 81,44 80,53 

750 61,24 75,20 80,82 83,57 85,04 85,77 86,00 85,93 85,62 85,08 

1000 63,88 77,25 82,62 85,33 86,83 87,62 87,97 88,04 87,90 87,54 

1250 65,87 78,63 83,89 86,55 87,98 88,83 89,25 89,42 89,35 89,11 

1500 67,52 79,79 84,87 87,45 88,90 89,78 90,19 90,38 90,35 90,17 

1750 67,89 80,37 85,41 87,99 89,47 90,34 90,79 91,01 91,01 90,91 

2000 70,16 81,82 86,85 89,25 90,52 91,25 91,51 91,52 91,36 91,11 

Table 28: Motor efficiency with EO (speed in rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 76,78 81,43 82,49 83,04 83,20 83,03 82,67 82,12 81,21 80,07 

750 79,56 84,46 85,62 86,16 86,47 86,50 86,33 86,07 85,46 84,64 

1000 80,85 86,05 87,19 87,84 88,24 88,39 88,31 88,17 87,78 87,22 

1250 81,43 86,87 88,17 88,90 89,37 89,58 89,63 89,54 89,25 88,82 

1500 81,71 87,37 88,79 89,56 90,11 90,40 90,52 90,49 90,27 89,95 

1750 81,28 87,59 89,20 90,02 90,66 90,97 91,10 91,15 90,99 90,75 

2000 80,89 87,65 89,43 90,38 90,96 91,34 91,48 91,42 91,17 90,52 
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Table 29: Motor efficiency difference between with EO and without EO (speed in rpm, 

torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 19,49 9,73 4,87 2,62 1,36 0,59 0,23 0,03 -0,23 -0,46 

750 18,31 9,26 4,80 2,59 1,43 0,73 0,32 0,13 -0,16 -0,44 

1000 16,98 8,80 4,57 2,51 1,41 0,77 0,34 0,13 -0,12 -0,32 

1250 15,57 8,25 4,28 2,35 1,38 0,75 0,39 0,12 -0,11 -0,29 

1500 14,19 7,58 3,92 2,11 1,22 0,62 0,33 0,12 -0,08 -0,22 

1750 13,39 7,22 3,78 2,04 1,19 0,63 0,32 0,13 -0,02 -0,16 

2000 10,74 5,83 2,58 1,14 0,44 0,08 -0,03 -0,10 -0,18 -0,59 

Table 30: Inverter efficiency without EO (speed in rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 85,26 89,87 91,77 92,79 93,31 93,64 93,83 93,92 93,95 93,93 

750 88,84 92,47 93,94 94,71 95,08 95,30 95,37 95,41 95,45 95,40 

1000 91,04 93,92 95,16 95,73 96,00 96,18 96,26 96,27 96,28 96,25 

1250 92,39 94,94 95,92 96,35 96,56 96,72 96,78 96,79 96,85 96,84 

1500 93,48 95,63 96,45 96,79 96,98 97,09 97,14 97,21 97,25 97,23 

1750 94,10 96,10 96,77 97,13 97,25 97,36 97,46 97,50 97,55 97,53 

2000 95,15 96,78 97,34 97,55 97,61 97,71 97,73 97,71 97,74 97,69 

Table 31: Inverter efficiency with EO (speed in rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 89,70 91,82 92,91 93,45 93,73 93,85 93,93 93,97 93,94 93,88 

750 92,53 94,07 94,76 95,18 95,35 95,46 95,49 95,43 95,41 95,41 

1000 93,99 95,26 95,80 96,10 96,21 96,29 96,33 96,28 96,22 96,18 

1250 95,16 95,96 96,43 96,64 96,75 96,80 96,85 96,81 96,80 96,72 

1500 95,81 96,50 96,87 97,04 97,10 97,17 97,20 97,22 97,22 97,17 

1750 96,36 96,88 97,15 97,30 97,38 97,42 97,44 97,50 97,43 97,44 

2000 96,65 97,18 97,38 97,51 97,56 97,65 97,67 97,64 97,62 97,47 

Table 32: Inverter efficiency difference between with EO and without EO (speed in 

rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 4,44 1,95 1,14 0,66 0,41 0,21 0,10 0,05 -0,01 -0,05 

750 3,69 1,60 0,82 0,47 0,27 0,16 0,11 0,02 -0,04 0,01 

1000 2,94 1,34 0,64 0,37 0,21 0,11 0,08 0,01 -0,06 -0,07 

1250 2,76 1,02 0,50 0,29 0,19 0,09 0,07 0,02 -0,05 -0,13 

1500 2,33 0,87 0,42 0,25 0,13 0,07 0,06 0,01 -0,04 -0,06 

1750 2,26 0,78 0,38 0,18 0,13 0,07 -0,02 0,00 -0,12 -0,10 

2000 1,50 0,39 0,04 -0,04 -0,05 -0,06 -0,06 -0,08 -0,12 -0,22 
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Table 33: System efficiency without EO (speed in rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 48,84 64,43 71,23 74,62 76,37 77,20 77,36 77,10 76,51 75,64 

750 54,41 69,53 75,93 79,15 80,86 81,74 82,02 81,99 81,73 81,17 

1000 58,15 72,56 78,62 81,68 83,36 84,27 84,67 84,75 84,63 84,25 

1250 60,85 74,64 80,47 83,39 84,95 85,91 86,38 86,55 86,54 86,30 

1500 63,11 76,30 81,85 84,65 86,21 87,18 87,61 87,85 87,87 87,68 

1750 63,88 77,23 82,66 85,46 87,01 87,95 88,49 88,73 88,79 88,67 

2000 66,75 79,19 84,53 87,06 88,36 89,17 89,43 89,42 89,29 89,01 

Table 34: System efficiency with EO (speed in rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 68,87 74,77 76,64 77,60 77,98 77,93 77,66 77,17 76,29 75,17 

750 73,62 79,45 81,13 82,00 82,45 82,58 82,43 82,13 81,53 80,76 

1000 75,99 81,98 83,53 84,41 84,89 85,10 85,07 84,88 84,46 83,88 

1250 77,49 83,36 85,02 85,91 86,46 86,71 86,81 86,69 86,39 85,90 

1500 78,28 84,31 86,01 86,91 87,50 87,84 87,99 87,97 87,76 87,41 

1750 78,32 84,85 86,66 87,60 88,28 88,62 88,77 88,87 88,66 88,42 

2000 78,18 85,18 87,08 88,13 88,74 89,19 89,35 89,26 89,00 88,23 

Table 35: System efficiency difference between with EO and without EO (speed in 

rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 20,03 10,33 5,41 2,98 1,61 0,73 0,30 0,07 -0,22 -0,48 

750 19,21 9,91 5,21 2,85 1,59 0,83 0,40 0,14 -0,19 -0,41 

1000 17,84 9,42 4,91 2,73 1,53 0,83 0,39 0,13 -0,17 -0,37 

1250 16,63 8,72 4,55 2,52 1,51 0,80 0,44 0,14 -0,15 -0,40 

1500 15,17 8,01 4,16 2,26 1,30 0,67 0,37 0,12 -0,11 -0,26 

1750 14,44 7,62 4,00 2,14 1,27 0,67 0,29 0,13 -0,13 -0,24 

2000 11,43 5,99 2,55 1,07 0,39 0,02 -0,08 -0,17 -0,29 -0,78 

9.4 Drive D efficiency test results 

Table 36: Motor efficiency (speed in rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 38,75 65,62 74,91 79,13 81,57 82,29 82,58 82,16 81,43 80,32 

750 43,91 70,40 78,90 82,74 85,04 85,85 86,27 86,20 85,96 85,34 

1000 46,90 73,15 81,07 84,64 86,85 87,72 88,23 88,31 88,21 87,84 

1250 49,41 74,80 82,43 85,86 87,93 88,89 89,43 89,63 89,65 89,41 

1500 51,83 76,09 83,42 86,72 88,70 89,61 90,24 90,47 90,60 90,45 

1750 51,80 76,56 83,85 87,15 89,13 90,08 90,75 91,04 91,22 91,15 

2000 54,03 78,55 85,25 88,47 90,19 90,88 91,52 91,70 91,74 91,58 
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Table 37: Inverter efficiency (speed in rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 76,50 85,55 89,33 90,95 91,95 92,50 92,84 93,04 92,98 92,95 

750 81,41 89,21 92,10 93,32 94,04 94,43 94,69 94,81 94,79 94,81 

1000 84,98 91,34 93,69 94,65 95,19 95,46 95,67 95,76 95,88 95,90 

1250 87,22 92,82 94,70 95,49 95,93 96,13 96,34 96,44 96,52 96,52 

1500 88,93 93,77 95,40 96,05 96,42 96,64 96,82 96,87 96,96 96,93 

1750 90,01 94,44 95,89 96,45 96,79 96,98 97,11 97,17 97,23 97,21 

2000 91,46 95,39 96,52 97,03 97,22 97,36 97,45 97,47 97,50 97,43 

 

Table 38: System efficiency (speed in rpm, torque in % of nominal torque) 

Torque 
Speed        10  20  30  40  50  60  70  80  90  100  

500 29,64 56,14 66,92 71,97 75,00 76,12 76,67 76,44 75,71 74,66 

750 35,74 62,81 72,67 77,21 79,97 81,07 81,69 81,73 81,48 80,91 

1000 39,85 66,82 75,96 80,11 82,67 83,74 84,41 84,57 84,57 84,24 

1250 43,09 69,42 78,06 81,99 84,34 85,45 86,16 86,44 86,54 86,30 

1500 46,10 71,35 79,58 83,29 85,52 86,61 87,37 87,64 87,84 87,67 

1750 46,62 72,31 80,40 84,06 86,28 87,36 88,14 88,47 88,69 88,61 

2000 49,42 74,93 82,29 85,84 87,68 88,48 89,19 89,38 89,45 89,23 

 

 

 

 

 

 
 


