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РЕФЕРАТ 

Пояснювальна записка 62 с., 20 рис., 2 табл., 7 джерел, 4 аркуша 

креслень.  

Об’єкт детальної розробки: Асинхронний Електропривод   

Мета роботи: модернізація системи векторного керування.  

Технічний проект містить розрахунки, які підтверджують 

працездатність системи. 

У розділі «Технологічна частина» вказані основні відомості про 

векторне керування та двигун.   

У розділі «Автоматизований електропривод» виконаний аналіз, 

розробка та розрахунок стратегій по зменшенню втрат у системі векторного 

керування 

У розділі «Охорона праці» виконано аналіз небезпечних та шкідливих 

виробничих чинників проектованого об’єкту. Проведені інженерно – технічні 

заходи з охорони праці, заходи щодо пожежної профілактики та ергономіки. 

В економічній частині наведено розрахунки та витрати на 

електроенергію, експлуатацію. Витрати скорочені приблизно на 20% завдяки 

введення стратегій по зменшенню втрат електроенергії. 

 

 

    АСИНХРОННИЙ ДВИГУН, ВЕКТОРНЕ КЕРУВАННЯ, ЧАСТОТНЕ 

УПРАВЛІННЯ, МІНІМІЗАЦІЯ ВТРАТ, ВТРАТИ В МІДІ, ЕЛЕКТРИЧНІ 

ВТРАТИ, ВТРАТИ В СТАЛІ МАГНІТОПРОВОДА. 
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ABSTRACT 

Explanatory note 62 p., 20 figures, 2 tables, 7 sources, 4 sheets of drawings. 

The object of detailed development: Induction Motor 

Purpose: Modernization of the vector control system. 

The technical design contains calculations that prove the system's 

performance. 

The "Technological part" section contains basic information about vector 

control and engine. 

The section "Automated Electric Drive" analyzes develops and calculates 

loss reduction strategies in the vector control system. 

In the section "Labor protection" an analysis of hazardous and harmful 

production factors of the projected object was performed. The engineering and 

technical measures on labor protection, measures for fire prevention and 

ergonomics have been carried out. 

 

In the economic part, calculations and expenses for electricity, operation are 

presented. Losses are reduced by about 20% due to the introduction of strategies to 

reduce electricity losses.  

 

    INDUCTION MOTOR, FIELD ORIENTED CONTROL,  FOC,  VECTOR 

CONTROL, FREQUENCY CONTROL, REDUCES OF  LOSSES, LOSS 

MINIMIZATION, COPPER LOSSES, CORE LOSSES. 
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РЕФЕРАТ 

Пояснительная записка 62 с., 20 рис., 2 табл., 7 источников, 4 листа чертежей. 

Объект детальной разработки: Асинхронный Электропривод 

Цель работы: модернизация системы векторного управления. 

Технический проект содержит расчеты, подтверждающие работоспособность 

системы. 

В разделе «Технологическая часть» указаны основные сведения о векторное 

управление и двигатель. 

В разделе «Автоматизированный электропривод» выполнен анализ, 

разработка и расчет стратегий по уменьшению потерь в системе векторного 

управления 

В разделе «Охрана труда» выполнен анализ опасных и вредных 

производственных факторов проектируемого объекта. Проведенные 

инженерно - технические мероприятия по охране труда, мероприятия по 

пожарной профилактике и эргономики. 

В экономической части приведены расчеты и расходы на электроэнергию, 

эксплуатацию. Расходы сокращены примерно на 20% благодаря введению 

стратегий по уменьшению потерь электроэнергии. 

 

АСИНХРОННЫЙ ДВИГАТЕЛЬ, ВЕКТОРНОЕ УПРАВЛЕНИЕ, 

ЧАСТОТНОЕ  УПРАВЛЕНИЕ, МИНИМИЗАЦИЯ ПОТЕРЬ, ПОТЕРИ 

МЕДИ, ПОТЕРИ В СТАЛИ МАГНИТОПРОВОДА.   
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Introduction 

The principle of vector control of electrical drives is based on the control of both 

the magnitude and the phase of each phase current and voltage. For as long as this 

type of control considers the three phase system as three independent systems the 

control will remain analog and thus present several drawbacks. Since high 

computational power silicon devices, from TI, came to market it has been possible 

to realize far more precise digital vector control algorithms. The most common of 

these accurate vector controls is presented in this document: the Field Orientated 

Control, a digital implementation which demonstrates the capability of performing 

direct torque control, of handling system limitations and of achieving higher power 

conversion efficiency. 

During the last few years the field of controlled electrical drives has undergone 

rapid expansion due mainly to the advantages of semiconductors in both power and 

signal electronics and culminating in micro-electronic microprocessors. These 

technological improvements have enabled the development of really effective AC 

drive control with ever lower power dissipation hardware and ever more accurate 

control structures. The electrical drive controls become more accurate in the sense 

that not only are the DC current and voltage controlled but also the three phase 

currents and voltages are managed by so-called vector controls. This document 

describes the most efficient form of vector control scheme: the Field Orientated 

Control. It is based on three major points: the machine current and voltage space 

vectors, the transformation of a three phase speed and time dependent system into 

a two co-ordinate time invariant system and effective Pulse Width Modulation 

pattern generation. Thanks to these factors, the control of AC machine acquires 

every advantage of DC machine control and frees itself from the mechanical 

commutation drawbacks. Furthermore, this control structure, by achieving a very 

accurate steady state and transient control, leads to high dynamic performance in 

terms of response times and power conversion. 

AC motor control structures generally apply three 120º spatially displaced 

sinusoidal voltages to the three stator phases. In most of the classic AC drives the 

generation of the three sine waves is based on motor electromechanical 

characteristics and on an equivalent model for the motor in its steady state. 

Furthermore, the control looks like three separate single phase system controls 

rather than one control of a three phase system. The machine models and 

characteristics used are valid only in steady state. This causes the control to allow 

high peak voltage and current transients. These damage not only the drive dynamic 
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performance but also the power conversion efficiency. Additionally, the power 

components must be oversized to withstand the transient electrical spikes. 

Great difficulty in controlling the variables with sinusoidal references: PI 

regulators cannot perform a sinusoidal regulation without damaging the sinusoidal 

reference, and hysteresis controllers introduce high bandwidth noise into the 

system that is hard to filter out. 

No three phase system imbalance management. No consideration of the phase 

interactions. 

Finally, the control structure must be dedicated according to motor type 

(asynchronous or synchronous). 

The following chapters present the Field Orientated Control of AC drives. This 

control solution overcomes each of these drawbacks and thus improves the overall 

effectiveness of the AC drive. Detailed explanations and references to other helpful 

documents gives the reader a good understanding of the control structure and of the 

immediate benefits of such a solution. 
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1 Technological part 

 

1.1 Field Orientated Control 

The Field Orientated Control (FOC)   consists of controlling the stator currents 

represented by a vector. This control is based on projections which transform a 

three- phase time and speed dependent system into a two co-ordinate (d and q co-

ordinates) time invariant system. These projections lead to a structure similar to 

that of a DC machine control. Field orientated controlled machines need two 

constants as input references: the torque component (aligned with the q co-

ordinate) and the flux component (aligned with d co-ordinate). As Field Orientated 

Control is simply based on projections the control structure handles instantaneous 

electrical quantities. This makes the control accurate in every working operation 

(steady state and transient) and independent of the limited bandwidth mathematical 

model.   

Thanks to FOC it becomes possible to control, directly and separately, the torque 

and  flux of AC machines. Field Orientated Controlled AC machines thus obtain 

every DC machine advantage: instantaneous control of the separate quantities 

allowing accurate transient and steady state management. In addition to this 

advantage, Field Orientated Controlled AC machines solve the mechanical 

commutation problems inherent with DC machines. TMS320F240, by providing 

high CPU power and highly versatile motor control dedicated peripherals, makes 

the use of DC machines obsolete in terms of power conversion efficiency and 

system reliability, when compared with FOC AC machines. 

 

Significant aspects of vector control application: 

 Speed or position measurement or some sort of estimation is needed. 

 Torque and flux can be changed reasonably fast, in less than 5-10 milliseconds, 

by changing the references. 

 The step response has some overshoot if PI control is used. 

 The switching frequency of the transistors is usually constant and set by the 

modulator. 

 The accuracy of the torque depends on the accuracy of the motor parameters 

used in the control. Thus large errors due to for example rotor temperature 

changes often are encountered. 

 Reasonable processor performance is required; typically the control algorithm 

is calculated every PWM cycle. 

https://en.wikipedia.org/wiki/Step_response
https://en.wikipedia.org/wiki/Overshoot_(signal)
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Although the vector control algorithm is more complicated than the Direct Torque 

Control (DTC), the algorithm need not be calculated as frequently as the DTC 

algorithm. Also the current sensors need not be the best in the market. Thus the 

cost of the processor and other control hardware is lower making it suitable for 

applications where the ultimate performance of DTC is not required. 

 

  

https://en.wikipedia.org/wiki/Direct_Torque_Control
https://en.wikipedia.org/wiki/Direct_Torque_Control
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1.2 The Basic Scheme for the FOC 

 

 

Two motor phase currents are measured. These measurements feed the Clarke 

transformation module. The outputs of this projection are designated isα and isβ . 

These two components of the current are the inputs of the Park transformation that 

provide the current in the d,q rotating reference frame. The isd and isq components 

are compared to the references: isdref (the flux reference) and isqref (the torque 

reference). At this point, this control structure shows an interesting advantage: it 

can be used to control either synchronous or induction machines by simply 

changing the flux reference and obtaining rotor flux position. As in the 

synchronous permanent magnet, a motor, the rotor flux is fixed determined by the 

magnets so there is no need to create one. Therefore, when controlling a PMSM, 

isdref should be set to zero. As induction motors need a rotor flux creation in order 

to operate, the flux reference must not be zero. This conveniently solves one of the 

major drawbacks of the “classic” control structures: the portability from 

asynchronous to synchronous drives. The torque command isqref could be the output 

of the speed regulator when you use a speed FOC. The outputs of the current 

regulators are Vsdref and Vsqref; they are applied to the inverse Park transformation. 

The outputs of this projection are Vsαref and Vsβref, which are the components of the 

stator vector voltage in the (α, β) stationary orthogonal reference frame. These are 
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the inputs of the space vector pulse width modulation (PWM). The outputs of this 

block are the signals that drive the inverter. Note that both Park and inverse Park 

transformations need the rotor flux position. Obtaining this rotor flux position 

depends on the AC machine type (synchronous or asynchronous machine). The 

rotor flux position considerations are made in a following paragraph. 
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 1.3  Motor rated parameters: 

Motor.name    = 'K21R71G4'; 

Motor.R1      = 29;              Ohm 

Motor.R2      = 17.245;       Ohm 

Motor.Lmu     = 1;              H 

Motor.Lsigma  = 142.4e-3; H 

Motor.LS      = 1142.3e-3;   H   

Motor.sigma   = 0.1246;      Einheitslos  

Motor.T2      = 58e-3;          s 

Motor.Zp      = 2;                 Polpaare 

Motor.UN      = 400;           V eff. 

Motor.fN      = 50;               Hz 

Motor.Imax    = 3.7;            A eff. 

Motor.IqN     = 0.9;             A eff. 

Motor.IdN     = 0.6;             A eff. 

Motor.Psi1N   = 0.887;       Vs 

Motor.MN      = 2.59;          Nm 

Motor.Mmax    = 10;           Nm 

Motor.PN      = 370;           W 

Motor.J_M     = 4.9e-4;      kgm
2
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2 Copper Losses optimization 

2.1 Introduction to Copper Losses 

Copper losses occur due to current flowing in stator and rotor windings. As the 

load changes, the current flowing in rotor and stator winding also changes and 

hence these losses also changes. Electro-magnetic torque of induction motor is 

approximately 

𝑇𝑒𝑚 =
3

2
∗ 𝑍𝑝 ∗ 𝐿𝑚 ∗ 𝐼1𝑞 ∗ 𝐼1𝑑  

One can rewrite this expression in such way 

𝑇𝑒𝑚 = 𝐾 ∗ 𝐼𝑚 ∗ 𝐼𝑟  

 

So, take a look at this equation one can say that for a given load torque, the 

required electro-magnetic torque is obtainable by an infinite number of 

combinations of magnetizing current and torque producing rotor current. If   I𝑚  is 

large and I𝑟 is small, then the core loss and the stator copper loss are large and the 

rotor copper loss is small. Contrarily if I𝑚 gets smaller and I𝑟 gets larger, then the 

core loss and the stator copper loss initially decrease and the rotor copper loss 

increases, but eventually the stator copper loss starts to increase also, so for a given 

load torque there is a ratio between the magnetizing current and the rotor current 

which generates a minimum of total losses. The motor is normally designed so that 

it operates with an optimum near rated load. But at low load there is an excess of 

magnetization, corresponding to a large I𝑚 and a smallI𝑟. The total loss can then 

be reduced by reducing I𝑚 and increasing I𝑟   

In general case copper losses have view: 

2.2 Calculations of Copper Losses Strategy 

𝑃𝑙𝑜𝑠𝑠𝑒𝑠,𝑐𝑢 =
3

2
𝑅1𝐼1𝑑

2 +
3

2
(𝑅1 + 𝑅2)𝐼1𝑞

2  

Using general moment equation 𝑇𝑒𝑚 = 𝑍𝑝 ∗ 𝐿µ ∗ 𝑖𝑠𝑑 ∗ 𝑖𝑠𝑞 and accept that load 

torque is constant one can obtain dependence copper losses of stator current’s 

direct component. 

𝑃𝑙𝑜𝑠𝑠𝑒𝑠,𝑐𝑢(𝐼1𝑑) =
3

2
𝑅1𝐼1𝑑

2 +
2

3
(𝑅1 + 𝑅2)

𝑇𝑒𝑚
2

𝑍𝑝
2𝐿µ

2 𝐼1𝑑
2  
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It has parabolic form 

[3] 

One can notice from the picture that there is only one extremum. 

So, there is always such point of stator current which corresponds to the minimal 

copper losses. We can find expression for this point by finding extrema of this 

function.  

This equation has parabolic form. That’s why there is always one point (extrema) 

which corresponds to the minimal value of copper losses. Let us find this value 

Using rules of Higher Math one can make: 

1. Find the first derivative of copper losses equation    

2. Set the derivative equal to zero and solve for  𝐼1𝑑  

3. Obtained value of 𝐼1𝑑  corresponds to a minimal value of copper losses 

Let us make this 

1)  

𝑑(𝑃𝑙𝑜𝑠𝑠𝑒𝑠,𝑐𝑢)

𝑑(𝐼1𝑑)
= 3𝑅1𝐼1𝑑 −

4

3
(𝑅1 + 𝑅2)

𝑇𝑒𝑚
2

𝑍𝑝
2𝐿µ

2 𝐼1𝑑
3  

2)    

3𝑅1𝐼1𝑑 −
4

3
(𝑅1 + 𝑅2)

𝑇𝑒𝑚
2

𝑍𝑝
2𝐿µ

2 𝐼1𝑑
3 = 0 

𝑅1𝐼1𝑑
4 =

4

9
(𝑅1 + 𝑅2)

𝑇𝑒𝑚
2

𝑍𝑝
2𝐿µ

2
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𝐼1𝑑
4 =

4

9

(𝑅1 + 𝑅2)

𝑅1

𝑇𝑒𝑚
2

𝑍𝑝
2𝐿µ

2
 

𝐼1𝑑 = √
2

3
√

(𝑅1 + 𝑅2)

𝑅1 ∗ 𝑍𝑝
2𝐿µ

2

4

∗ √𝑇𝑒𝑚 

  

 

3) After all transformations there was obtained point for minimal I1𝑑 for certain 

load torque 

I1𝑑𝑚𝑖𝑛 = √
2

3
√

(𝑅1 + 𝑅2)

𝑅1 ∗ 𝑍𝑝
2𝐿µ

2

4

∗ √𝑇𝑒𝑚 

Using this equation it is easy to find value of rotor flux 𝜓𝑟𝑑 which corresponds to 

the minimal copper losses 

𝜓𝑟𝑑𝑜𝑝𝑡 = I1𝑑𝑚𝑖𝑛 ∗ 𝐿µ=√
2

3
√

(𝑅1+𝑅2)

𝑅1∗𝑍𝑝
2𝐿µ

2

4
∗ √𝑇𝑒𝑚 ∗ 𝐿µ 

Let us enter coefficient  𝑘𝑐𝑜𝑝𝑝𝑒𝑟 = √
2

3
√

(𝑅1+𝑅2)

𝑅1∗𝑍𝑝
2𝐿µ

2

4
∗ 𝐿µ 

then 𝜓𝑟𝑑𝑜𝑝𝑡 = 𝑘𝑐𝑜𝑝𝑝𝑒𝑟 ∗ √𝑇𝑒𝑚  

Using 𝜓𝑟𝑑𝑜𝑝𝑡 in Field orienting control FOC instead of constant value of 𝜓𝑟𝑑 one 

can significantly decrease copper losses.  
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I have been investigated induction motor DRS112M4 

Rated data: P=370 W; w=1500 rpm; p=2 

The scheme of the Field Oriented Control  
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I have created bloc in Simulink model which calculates value of 𝜓𝑟𝑑𝑜𝑝𝑡 

 

And one can change desirable flux, using FluxModeSelect 

1 - User flux 

2 - standart flux 

3 - Copper losses optimization  

4 - Core losses optimization 

This block contains : 
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This scheme calculates desirable flux where : 

 

Filter_Psi_2opt and Filter2 were implemented to prevent instantaneous changing of 

the flux 

Field Weakening curve protects drive from speed higher than rated one 

Turn optimization off if there is FW protects drive from voltage higher than rated 

and then it turns optimization off if there is field weakening mode   
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2.3 Copper losses  Test  

Let us compare Induction Motor operation with optimization and without it 

For example, I was tasted Induction Motor at 250 till 1250 rpm  

1. Consumed Power without optimization at No load mode  

 

       Consumed Power with copper optimization at No load mode  
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As we can see from the characteristics optimization gives very good result at small 

speed. Before 1200 there is much less consumption of the power sometimes even 

greater as 50% 

At 250 rpm with usual 𝜓𝑟𝑑 motor consumes something about 40 W  

But with 𝜓𝑟𝑑𝑜𝑝𝑡 it consumes 16-17 W. 

As speed gets higher stator coil resistance becomes greater and copper 

optimization gives worse results. For example at 1000 rpm power ratio is 38/31 W 

and at 1250 rpm and higher there is almost equal power consumption. 

The same result we can see with operation under load 

 

2. Consumed Power without optimization; Load 30 % 

 

 

       Consumed Power with copper optimization; Load 30 % 
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3. Consumed Power without optimization; Load 60 % 
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Consumed Power with copper optimization; Load 60 % 

 

2.4 Conclusion of Copper losses strategy        

When we increase Load Torque then Copper losses become grater and Copper 

optimization gives worse result. 

An induction motors were developed to work at rated parameters, that is why they 

constructed in such a way to have minimal Copper loses at rated speed. 

 

 So, at range speed near the rated one Copper Optimization does not give any 

benefits.  
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3 Core losses optimization 

3.1 Calculation of Core losses strategy 

But at increasing speed Core losses become greater. So, Core lose optimization 

could reduce them.   

 

 

Developed magnetic Torque is 𝑇𝑒𝑚 = 𝑍𝑝 ∗ 𝐿µ ∗ 𝑖𝑠𝑑 ∗ 𝑖𝑠𝑞 

Total losses are [1]   

 

𝑃𝑙𝑜𝑠𝑠 = 𝑃𝑙𝑜𝑠𝑠,𝑑 + 𝑃𝑙𝑜𝑠𝑠,𝑞 + 𝑃𝑙𝑜𝑠𝑠,𝑑𝑞 

𝑃𝑙𝑜𝑠𝑠 =
𝑇𝑒𝑚

𝑍𝑝 ∗ 𝐿µ
∗ ((

(𝑤𝑠 ∗ 𝐿µ)
2

𝑅𝐹𝑒
+ 𝑅𝑠 + (𝑤𝑠 ∗ 𝐿µ)

2 𝑅𝑠

𝑅𝐹𝑒
2 ) ∗

𝑍𝑝 ∗ 𝐿µ ∗ 𝑖𝑠𝑑
2

𝑇𝑒𝑚
) + (𝑅𝑠

+ 𝑅𝑠) ∗
𝑇𝑒𝑚

𝑍𝑝 ∗ 𝐿µ ∗ 𝑖𝑠𝑑
2 − 2𝑤𝑠𝐿µ

𝑅𝑠

𝑅𝐹𝑒
) 

If load torque is constant then for obtaining minimal lossess   one can make the 

same transformation like with Copper losses. Let us asume that all motor 

paremetters does not depenf on 𝑖𝑠𝑑 

𝑖𝑠𝑞

𝑖𝑠𝑑
=

𝑇𝑒𝑚

𝑍𝑝 ∗ 𝐿µ ∗ 𝑖𝑠𝑑
2 

 

Let us enter coeeficient 𝑘1 =
(𝐿µ)

2

𝑅𝐹𝑒
+ (𝐿µ)

2 𝑅𝑠

𝑅𝐹𝑒
2  for simplicity. Then  

𝑃𝑙𝑜𝑠𝑠 =
𝑇𝑒𝑚

𝑍𝑝 ∗ 𝐿µ
∗ (𝑤𝑠

2 ∗ 𝑘1 + 𝑅𝑠 ) ∗
𝑍𝑝 ∗ 𝐿µ ∗ 𝑖𝑠𝑑

2

𝑇𝑒𝑚
+ (𝑅𝑠 + 𝑅𝑠) ∗

𝑇𝑒𝑚

𝑍𝑝 ∗ 𝐿µ ∗ 𝑖𝑠𝑑
2

− 2𝑤𝑠𝐿µ

𝑅𝑠

𝑅𝐹𝑒
) 

Foundation of minimal value of 𝑖𝑠𝑑 

 
𝑑(𝑃𝑙𝑜𝑠𝑠)

𝑑(𝑖𝑠𝑑)
= 0 
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(𝑤𝑠
2 ∗ 𝑘1 + 𝑅𝑠 ) ∗

𝑍𝑝 ∗ 𝐿µ ∗ 2 ∗ 𝑖𝑠𝑑

𝑇𝑒𝑚
+ (𝑅𝑠 + 𝑅𝑠) ∗

−2 ∗ 𝑇𝑒𝑚

𝑍𝑝 ∗ 𝐿µ ∗ 𝑖𝑠𝑑
3 = 0 

 

(𝑤𝑠
2 ∗ 𝑘1 + 𝑅𝑠 ) ∗ (𝑍𝑝 ∗ 𝐿µ ∗ 2 ∗ 𝑖𝑠𝑑

4) =  (𝑅𝑠<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>