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ABSTRACT 

 

A HARDWARE IN THE LOOP SIMULATOR DEVELOPMENT FOR WIND 

ENERGY CONVERSION SYSTEMS 

 

Pourkeivannour, Siamak 

Master of Science, Electrical and Electronics Engineering 

Supervisor: Prof. Dr. Hulusi Bülent Ertan 

 

 

September 2019, 188 pages 

 

In this thesis a wind turbine emulator is developed to replicate the mechanical and 

electrical behavior of a real wind energy conversion system. A scaling down algorithm 

is developed to scale down the mechanical behavior of a real wind energy conversion 

system to a laboratory scale wind turbine emulator. A user interface software is 

developed to be used as a supervisory control and data acquisition system for the wind 

turbine emulator in LABVIEW environment. The accuracy of the scaling down 

algorithm is verified using a MATLAB simulation environment and comparing the 

simulation and experimental results. Next, a microgrid is developed both in simulation 

and experimental environments. The developed microgrid is capable of operating in 

grid-connected and islanded mode. Then the developed microgrid is used to 

investigate the voltage and frequency deviations in the islanding event transition 

period using three control methods; the DC-braking resistance, the pitch angle control 

method and the load shedding method.  

To verify the accuracy of the developed system, the transients caused by the islanding 

event is compared for the simulation and experimental environments. Different load 

consumption and power generation scenarios are investigated in the islanding 

transition event. Finally, the transient results for the voltage and frequency of the 
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microgrid are analyzed and discussed based on the grid regulation codes prepared by 

Turkey electrical grid distributor, TEİAŞ, given in chapter 5. It is found out that when 

the turbine produces more power than the microgrid consumption the frequency and 

voltage oscillation magnitudes get larger as the difference between the two is larger 

during transition to islanding mode. It is also found that the oscillation magnitudes get 

larger as the power factor becomes smaller than unity. In addition, while the oscillation 

magnitude of the voltage and frequency increases the settling time for the 

corresponding variable rises. The results indicate that for the scenarios in which the 

power generation is higher than the load consumption in the microgrid with the value 

of 0.6 p.u. or higher, the microgrid frequency oscillations overpasses the grid 

regulation limitations. While the voltage of the microgrid exceeds the voltage ride 

through regulation limits, which is plotted in chapter 6, when the generation in the 

microgrid is higher than the consumption value of 0.7 p.u. or higher. On the other side 

the power factor of the loads in the microgrid affects the islanding transition 

oscillations. In the future, other control methods will be investigated for the scenarios 

which their oscillations are beyond the grid regulation limits. 

 

Keywords: Wind Energy Conversion Systems, Wind Turbine Emulators, Distributed 

Generation, Microgrid.  
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ÖZ 

 

RÜZGAR ENERJİSİ DÖNÜŞÜMÜ BENZETİMİ İÇİN DONANIM İÇİNDE 

YAZILIM SİSTEMİ GELİŞTİRİLMESİ 

 

Pourkeivannour, Siamak 

Yüksek Lisans, Elektrik ve Elektronik Mühendisliği 

Tez Danışmanı: Prof. Dr. Hulusi Bülent Ertan 

 

Eylül 2019, 188 sayfa 

 

Bu tezde, bir mikro şebekeye bağlı gerçek bir rüzgar enerjisi dönüşüm sisteminin 

mekanik ve elektriksel davranışını taklit etmek için bir rüzgar türbini emülatörü 

geliştirilmiştir. Gerçek bir rüzgar enerjisi dönüşüm sisteminin mekanik davranışını bir 

laboratuvar ölçekli rüzgar türbini emülatöründe benzetmek için bir ölçekleme 

algoritması geliştirilmiştir. Rüzgar türbini emülatörü için LABVIEW ortamında 

denetleyici kontrol ve veri toplama sistemi olarak kullanılmak üzere bir kullanıcı 

arayüzü yazılımı geliştirilmiştir. Ölçekleme algoritmasının doğruluğu, MATLAB 

simülasyon ortamı kullanılarak ve simülasyon ile deneysel sonuçlarının 

karşılaştırılmasıyla doğrulanmıştır.  

Daha sonra, hem simülasyon hem de deneysel ortamlarda bir mikro şebeke 

geliştirilmiştir. Geliştirilen mikro şebeke, ana şebekeye bağlı ve ada modunda çalışma 

imkanına sahiptir. Ardından geliştirilen mikro şebeke, üç farklı kontrol yöntem 

kullanarak ada moduna geçiş periyodundaki voltaj ve frekans sapmalarını araştırmak 

için kullanılmıştır; DC frenleneme yöntemi, türbin kanadı eğim açısı kontrol yöntemi 

ve yük atma yöntemi. Geliştirilen sistemin hatasızlığını doğrulamak için, mikri 

şebekenin ada moduna geçişi olayının neden olduğu geçici voltaj ve frekans 

saplamaları simülasyon ve deneysel ortamlar için karşılaştırılmıştır. Ada geçişi 

olayında farklı elektrik tüketim ve üretim senaryoları incelenmiştir. Son olarak, mikro 
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şebekenin gerilimi ve frekansı için ada moduna geçiş periyodundaki sonuçlar analiz 

edilmiş ve Türkiye elektrik şebekesi distribütörü TEİAŞ tarafından hazırlanan şebeke 

düzenleme kodlarına dayanarak incelenmiştir. Türbin mikrogrid tüketiminden daha 

fazla güç ürettiğinde, frekans ve voltaj salınım büyüklüklerinin, ada moduna geçiş 

sırasında ikisi arasındaki fark arttıkça büyüdüğü bulunmuştur. Ayrıca, güç faktörü 

birden düşük senariyolarda salınım büyüklüklerinin de büyüdüğü bulunmuştur. Ek 

olarak, gerilimin ve frekansın salınım büyüklüğü artarken, karşılık gelen değişkenin 

denge durumuna geri dönme süresi yükselir. Sonuçlar, elektrik üretiminin mikro 

şebekede 0.6 p.u ve ya daha fazla değerinde yük tüketiminden daha yüksek olduğu 

senaryolar için freansın şebeke düzenleme kodlarının sınırının dışında kadığını 

göstermektedir. Mikro şebekenin voltajı mikro şebekedeki üretim  yüklerin 

tüketiminden 0.7 p.u. veya daha yüksek olduğu senariyolarda bölüm 6'da gösterilen 

şebeke düzenleme sınırlarını aşıyor. Diğer taraftan, mikro şebekedeki yüklerin güç 

faktörü ada geçişi salınımlarını etkiyor. Gelecekte, salınımlarının şebeke düzenleme 

sınırlarının ötesinde olduğu senaryolar için diğer kontrol yöntemleri araştırılacaktır. 

 

Anahtar Kelimeler: Rüzgar Enerjisi Dönüşüm Sistemi, Rüzgar Türbini Emülatörü, 

Dağıtılmış Elektrik Üretimi, mikroşebeke 
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CHAPTER 1  

 

1. INTRODUCTION 

 

1.1. An Introductory Overview of Wind Energy 

The installed renewable energy capacity has reached 2195 GW by the early 2019, 

including hydropower energy [1]. Wind energy has a 25% participation in this 

statistics. It is expected for the wind energy harvestmen to exceed the 200 GW of the 

installed capacity just in Europe by the year 2020. This reveals the significant 

importance of the WECS’s. The penetration of wind energy conversion systems in 

supplying the electricity generation has brought new challenges and solutions for 

safety and the quality of the electrical grids.  

 Developing and testing new control strategies and new design concepts of WECS’s 

requires safe and low-cost facilities. Wind turbine emulator is a test bench to evaluate 

control strategies and hardware designs to consider grid connection issues in 

laboratory scale to provide safety and reduce the research costs. In order to accurately 

replicate the dynamic behavior of a real wind turbine in a laboratory, it is essential to 

do a precise scaling-down procedure. By the time, the literature lacks a reliable and 

accurate dynamic replication for a WTE.  

On the other hand, the increase in local renewable energy resources as wind and solar 

energy conversion systems, has made distributed energy generation a center of 

interest. The propagation of DG’s, has introduced the microgrid issue. Providing 

energy from renewable resources to the consumers by interaction of a microgrid 

system with main grid has proposed numerous advantages for the economy and the 

safety of the electrical network. The local blackouts can be decreased by the 

supervision of a microgrid. The local DG’s can sell the extra production to the main 

grid and etc. 
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1.2. Focused Challenges 

It is desirable to relate the behavior of a large wind turbine to smaller size wind turbine 

emulator for studying the energy yield under a given wind regime or for other 

purposes.  The emulator may be operating at a different speed than the wind turbine 

and the emulator is likely to have a different inertia than the actual turbine. However, 

what is desirable is to create a model so that the emulator behavior is related to the 

actual wind energy conversion system, so that the actual wind turbine behavior can be 

assessed in a realistic environment. This study first introduces a mathematical 

approach to translate the torque, speed changes of  any size wind turbine, to torque 

and speed of  the available emulator, such that the shaft behaves as if it has the same 

inertia as the actual system. 

The proposed mathematical approach should tested on a real turbine first by 

comparing the performance of this turbine with the scaled emulator control in Matlab. 

Then, the same comparison is made by emulating the behavior of the turbine with a 

certain wind speed variation and comparing the recoded results with the simulated 

wind turbine performance. 

Besides, the probability of installing a laboratory scaled microgrid is addressed by 

designing a simulation of large scale microgrid will be addressed. Using the software 

simulation, the probability of the islanded mode operation of a microgrid will be 

investigated. The proposed solutions will be studied and addressed based on the 

simulation results. 

1.3. Scopes of the Study 

In this section the outlines of the thesis is given. A brief description on the addressed 

problems and approaches for each chapter is given as following. 

In Chapter 2, firstly, a literature survey is given on WTE systems. Then the installed 

laboratory scaled or research oriented microgrids with the presence of distributed 

generators are addressed. 
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In chapter 3, the installation and calibration process of the installed WTE is explained. 

The developed user interface program and the control algorithm is described. 

Chapter 4 addresses the scaling-down approach of a real wind turbine to the WTE. 

Then a MPPT method is detailed with a comparison with simulation results and 

experimental results 

In Chapter 5, the development of a microgrid with the presence of DG’s and local 

loads is detailed. The islanding mode transition is studied and the proposed solutions 

to remain the system voltage and frequency stability is investigated. 

Chapter 6 gives a conclusion for the stated studies. The proposed further studies are 

investigated based on the results of the study. 
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CHAPTER 2  

 

2. LITERATURE REVIEW 

 

With the penetration of wind turbines into power generation systems the conventional 

sources of energy has started to be replaced with wind energy conversion systems. 

However, the wind energy has carried new issues to the electrical power generation 

literature. The design and test of a new generator, developing new control techniques 

and algorithms for maximum power extraction and  capabilities and feasibilities of 

integration of a wind turbine into the electrical grid needs a safe and modular (open to 

changes) laboratory environment.  The design and installation of a large scale wind 

turbine for research objectives is costly and not safe. The solution is to develop a 

scaled down wind energy conversion, wind turbine emulator.  In the literature, the 

published papers on WTE can be classified in two major groups, a) the installation a 

WTE in laboratory environment and developing algorithms to control a wind turbine 

in real conditions and b) the grid connection issues or building a micro-grid in the 

laboratory scales.  

A literature survey is done on the installation of wind turbine emulators and the 

feasibility of the constructing of a micro-grid in the laboratory consist of WTE and 

generator and storage set. To investigate the proposed control techniques and the 

mechanical emulation approaches, the brief review of the literature is given in the 

following. 

2.1. Installation and Developing the Control Algorithms of a WTE  

The proposed researches on wind turbine emulators are mainly concentrated on 

developing and installing a workbench composed of a motor to emulate the turbine 

side and a generator coupled to the motor, and the power electronics part. Besides the 
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type of the controller and the user interface varies. However, in the majority of papers 

the MPPT control and the mechanical replication of a real wind turbine is investigated.  

In [2], the study aims to develop a 10 kW variable speed wind turbine emulator in 

laboratory. In addition, a new approach to determine the power-speed characteristics 

of a desired wind turbine from standard data for a wind turbine. Then, it is illustrated 

that the emulator can follow the power-speed characteristic.  

The power-speed characteristic of the turbine is calculated as follows. For a given 

wind turbine the power extracted from wind is: 

 

𝑃𝑡 = 0.5 𝜌 𝐶𝑝(λ, β)𝐴 𝑣3 (2.1) 

 

Where 𝐶𝑝(λ, β) is the power constant of the turbine. 𝐶𝑝 − λ curve is graphed in figure 

2 and can be calculated from equation below by knowing 𝐶1 to 𝐶6 coefficients 

(Ackerman). 

 

𝐶𝑝(λ, β) = 𝐶1 (
𝐶2

λ𝑖
− 𝐶3β − 𝐶4) 𝑒

−𝐶5
λ𝑖 + 𝐶6λ 

(2.2) 

 

 

Standard 𝐶𝑝 − λ curve is normally that 𝐶1 to 𝐶6 coefficients are not given in the turbine 

datasheet. This paper uses the rated values of a wind turbine to fit the 𝐶𝑝 − λ curve 

with a polynomial to represent this curve. 

In order to estimate the constants of the polynomial, 𝐶𝑇0 in Fig. 2 is located using 

start-up wind speed and torque, 𝐶𝑇3 by the rated power and rotating shaft speed and 

the cut-off wind speed and the turbine speed at this wind speed are used to locate 𝐶𝑇6.  

The paper uses Excel program to estimate the remaining 𝐶𝑇1, 𝐶𝑇2, 𝐶𝑇4 and 𝐶𝑇5 points 

on the curve. Then 𝐶𝑝 − λ curve is fitted in a fifth order polynomial using these points. 
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Then this polynomial is used to produce a reference point for the WTE at a given wind 

speed. 

The WTE developed is comprised of an IM, a gearbox and a PMSG, which is coupled 

to the grid through a power electronic part. Figure 2.1 shows the equipped system. As 

seen in Figure 2.1, a monitoring and control unit is used to simulate the wind energy 

conversion system.  

 

 

Figure 2.1. Block Diagram of the Developed System in [2] 

 

An IM 10kW-500rpm is used to simulate the torque-speed graph of the proposed wind 

speed. A gearbox with 1:3 ratio is placed in-line with IM. A torque transducer is used 

to measure the shaft torque and speed at the secondary side of the gearbox. In addition, 

a flywheel with the moment of inertia of 400 kg.cm2 is connected to the gearbox to 

replicate the inertia of the blades of a real wind turbine. At the generator side, a 10 

kW-300RPM PMSG, a rectifier and a boost chopper has supplied 750 volts DC-link, 

which is connected to a DC-AC converter plugged in to the grid. 
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In MPPT part of the study, it is mentioned that a rectifier is used at PMSG output. 

Thus, the control system is not able to adjust the generator rotating speed directly. A 

different method is developed to do MPPT control. The output current of the rectifier 

is controlled to adjust the desired shaft speed on the generator. The main approach is 

to desire more or less power than the available wind speed power from generator. If 

the desired power is more than the wind power, the shaft will decelerate and if the 

requested power from generator is less than the wind power, the shaft will accelerate. 

This will continue until balancing the wind and generator power 

Achieved data is post-analyzed in a computer to calculate the power and efficiency of 

the system at any operating point. The output of this module is torque-speed curve to 

compare with the estimated curve at the previous part.  

 

 

Figure 2.2. WECS Block Diagram Addressed in [2] 

 

The results show that this study is capable of emulating a wind turbine torque-speed 

curve and implement the MPPT control by controlling the chopper current. A 

mathematical approach is presented to calculate the 𝐶𝑝 − λ curve from the proposed 

wind turbine characteristics. 
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The proposed wind turbine is not a pitch-controlled turbine. Thus, in the PMSG 

control unit if the wind power exceeds the rated values of the rectifier, the system will 

not be able to limit the shaft speed and the system may fail. 

In [3], a WTE is developed to replicate the torque-speed characteristic of a given wind 

turbine. 

 

 

Figure 2.3. WTE System Detailed in [3] 

 

The WTE bench is comprised of a 1kW IM driven by an inverter, a 1kW PMSG and 

a power converter part to inject the produced power to the grid. A torque transducer 

unit measures the shaft torque and rotating speed and sends the measured data to the 

data acquisition module shown in the Figure 2.3.  

The turbine model is developed in Matlab and the reference torque for the assumed 

wind speed is calculated form Equation 2.3. 

 

𝑇𝑡 =
0.5 𝜌 𝐶𝑝(λ, β)𝐴 𝑣3

𝜔
 

(2.3) 
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For this model, the wind speed may be entered to the software controlling the model 

manually, or recorded wind speed data may be read from a file or a programmed wind 

speed series may be input by the user. The program reads the wind data and calculates 

the torque reference according to the shaft rotating speed from equation 3. The torque 

reference is sent to the IM drive and the IM is driven based on this torque reference. 

At the experiment part, the emulator is driven by calculating the torque reference for 

three wind speeds. The wind speed is set to three levels, 3m/s, 6m/s and 9m/s 

consequently and the shaft torque is measured to be compared with the calculated 

torque reference in the controller to verify that the emulator simulates the torque-speed 

characteristics of the turbine accurately. In the results it is claimed that the proposed 

emulator follows the torque-speed characteristic of the assumed wind turbine with 

accuracy. 

However, the study lacks the kinetic model and the tower shadow and shear stress 

oscillations effects on the turbine torque, which are the main disturbing factors in wind 

energy conversion systems. The kinetic energy caused by the high inertia of the 

turbine blades plays the critic role in acceleration and deceleration of the shaft speed 

and should be considered while a turbine is controlled by a computer to keep the shaft 

torque on the turbine side below rated values. 

The paper [4] intends to establish a laboratory scale WTE bench which imitates the 

behavior of a real wind turbine in terms of the torque-speed characteristic. In addition, 

the paper aims to develop and test a maximum power point tracking algorithm on the 

system.  
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Figure 2.4. WTE Block Diagram Detailed in [4]  

 

For this purpose, two 5.5kW-1420rpm induction machines are coupled in-line as the 

motor and the generator, a PLC as a control unit and a power converter connected to 

the grid is used. IM is driven by a torque reference, which is calculated from Equation 

2.3, and sent to the motor side drive by PLC. The controller uses Equation 2.3 to 

calculate the shat torque reference at a given wind speed. 

The wind speed in entered manually to a PLC and according to the assumed wind 

turbine and rotating shaft speed, the torque reference is calculated. The grid side 

converter is controlled in vector control mode and active and reactive powers injected 

to the grid are controlled independently.  

At the experiments part, firstly the wind speed is kept at constant value of 6m/s and 

the MPPT controller is run. The results declare that the MPPT controller is able to 

catch the maximum power production point. It is not mentioned in the paper which 

MPPT method is used, however, the graphs show that hill climb method is developed 

in the controller. For the next experiment, the wind speed is entered within a step 

function varying from 4m/s to 6 m/s to test the MPPT system. It is seen from the 

results that after some perturbation and observation intervals the maximum point is 

reached for the available wind speeds.  
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However, the paper has not assumed the turbine tower effect oscillations on the shaft 

torque, which affects the generator output power. The inertia of the turbine blades is 

not taken in to considerations. This variable influences the acceleration and 

deceleration of the turbine shaft speed critically.  Thus, the proposed MPPT algorithm 

may not work with real wind turbine transients. 

In [5], a control interface is designed and developed for a wind turbine emulator on 

Microsoft Visual C++ to reproduce the shaft torque of a wind turbine for a given wind 

speed.  

In the laboratory bench, a permanent magnet synchronous motor is used as wind 

turbine emulator. A 5kW-150rpm (40 poles) PMSM is coupled to the same machine 

and injects the electric power to the grid through a power converter. A torque 

transducer is measuring the shaft torque and speed as a feedback reference for the 

controller. A control interface as seen in Figure 2.5 is developed in the Microsoft 

Visual C++ to control the wind speed and shaft speed manually. 

 

 

Figure 2.5. WTE Schematic Detailed in [5] 

 

The torque reference is calculated in the controller program based on the entered wind 

speed and sent to IM inverter. For this purpose, the produced power of the assumed 

turbine is calculated from Equation 2.1. 

In addition, the tower shear stress and tower shadow oscillations are added to the 

torque equation as disturbance variables.  
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Tower shadow torque for a turbine with three blades can be expressed as: 

 

𝑃𝑡𝑠 = 𝑝𝑡𝑠  cos 3𝜔𝑟𝑡 (2.4) 

 

Where 𝑝𝑡𝑠 is the tower shadow constant and 𝜔𝑟 is the turbine shaft rotating speed.  

Air density changes by altitude change. Thus, this change in the air density affects the 

power produced by the turbine. This variation in the produced power will result a 

disturbance in the shaft torque, which can be expressed as: 

 

𝑃𝑤𝑠 = 𝑝𝑤𝑠  cos 𝜔𝑟𝑡 (2.5) 

 

Where 𝑝𝑤𝑠 is the wind shear constant of the turbine. The actual shaft power 

transmitted to the generator is: 

 

𝑃𝑡𝑟 = 𝑃𝑡 − 𝑃𝑡𝑠−𝑃𝑤𝑠 (2.6) 

 

The shaft torque reference of the emulator is calculated from Equation 2.7: 

 

𝑇𝑡 =
𝑃𝑡𝑟

𝜔
 

(2.7) 

 

The resultant torque is graphed in Figure 2.6. This torque is sent to IM drive and the 

IM is driven by this torque reference. 

A monitoring part is developed to observe the important variables during the 

experiment in the controller program. Figure 2.7 shows the interface program 
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environment graphing the reference torque, wind speed and the output power on the 

grid side. 

 

 

Figure 2.6. Reference Torque and the Tower Disturbances Added to Turbine Torque Produced by 

Wind [5] 

 

 

Figure 2.7. Developed User Interface in [5] 
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At the experiments section, the emulator is verified in steady state condition to 

replicate the torque-speed characteristic of the proposed wind turbine. A two-step 

wind speed of 10m/s and 15m/s is entered to the controller. Then the theoretic and the 

measured torques are compared. The experimental results validate that the emulator is 

able to follow the assumed wind turbine torque with the presence of distribution 

tolerances.  

The paper has studied the steady state application of a wind turbine, while the wind 

speed and load is kept constant. The measured mechanical torque is compared with 

the theoretically calculated torque reference in the model. However, no transient state 

investigations, for the case that wind speed is varying by time is done on the emulator 

and no comparison with a real wind turbine behavior has been included in the research.  

In [6], a WTE is developed in order to use a matrix converter instead of a back-to-

back converter to convert the produced AC in the generator side to 60HZ grid AC side 

power. A 1.5MW Nordex wind turbine is scaled to 2kW to imitate the torque-speed 

characteristics of the turbine. However, the scaling down approach is not explained in 

the paper. In the proposed laboratory set, a 7.5 kW IM is coupled to a 3.7 kW PMSG 

as seen in Figure 2.7. A matrix converter is connected to the output side of the 

generator to transmit the produced power to the grid. The matrix converter is replaced 

with the conventional back-to-back bridge converter to eliminate the DC-link 

capacitor and achieve a bi-directional power transfer.  
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Figure 2.8. Proposed WTE System in [6]  

  

The torque-wind speed characteristic of a 1.5MW wind turbine is scaled to 2 kW in 

the computer and this calculated torque is sent to vector controlled drive to run the 

IM. This torque-wind speed characteristic proposed in the paper is the maximum 

torque that the reference wind turbine can produce with respect to the present wind 

speed and the implementation of MPPT control.  

The main objective of this paper is to develop a grid side matrix converter. In the 

implemented matrix converter, the controller part follows the torque-wind speed 

characteristic to produce a power reference. Then the converter gates are switched 

based on this power reference and the PLL feedback. The controller part is built on a 

DSP unit to produce the switching pulses. The inertia constant of the 1.5MW wind 

turbine is calculated from the blades dimensions and weight from Equation 2.8. 

 

𝐽 = 𝑚 𝑅2 (2.8) 
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At the experiments section, the measured output torque of the IM is compared to the 

scaled reference torque from the proposed Nordex turbine. In addition, the 

compatibility of the grid side converter output voltages with the grid voltages are 

verified. 

Although, the paper does not mention how this calculated inertia effects the shaft 

torque in the experiments. In [6], the author has explained the scaling approach for the 

same emulator set in [5]. 

The paper [7] aims to implement MPPT control strategy on a laboratory scaled WTE. 

In addition, a controller is built to regulate the DC-link voltage with respect to the 

power transfer to the grid.  

In addition, the effect of the inertia of a 1.5MW wind turbine is calculated and scaled 

down. The calculated total torque reference (consisting the torque produced by wind 

and the inertia effect) for the 1.5MW turbine is multiplied by the scaling factor which 

is the division of the rated power of the real wind turbine over the rated power of 

WTE. For this purpose, a 7.5 kW IM is coupled with a 3.7 kW PMSG. A 1.5 MW 

Nordex wind turbine torque-speed characteristic is scaled down to 2 kW rated power 

as seen in Table 2.1. 

 

Table 2.1. Scaling Parameters in [7] 

Parameter 1.5MW System 2kW Simulator Scaling Factor 

Ω [rad/sec] 1.91558 125.66 0.01522 

RPM 18.2925 1200 65.6 

T [N.m] 783049 15.915 49200 

 

A DSP control unit calculates the torque reference for a given wind speed and sends 

to IM drive. At the PMSG side, the controller sends a rotating speed reference 

calculated from MPPT algorithm. In the MPPT implementation, the controller used 
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the Cp-λ characteristic of the Nordex wind turbine (Figure 2.8) to find the optimum 

tip speed ratio for the maximum Cp. 

 

  

Figure 2.9. Cp-λ Characteristic of the Nordex Wind Turbine [7] 

 

The achieved tip speed ratio is placed in equation 11 to calculate the rotating speed 

reference of the MPPT system. 

 

λ =
𝜔 𝑅

𝑣
 

(2.9) 

 

Where R is the blades diameter and v is the wind speed and  𝜔 is the rotating shaft 

speed. The speed reference is sent to the PMSG drive and the PMSG is driven at this 

speed. The torque reference is achieved from the torque-speed characteristic of the 

turbine as seen in Figure 2.10. 
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Figure 2.10. Motor Torque Reference Calculation Algorithm Developed in [7] 

 

The controller sends this torque reference to the IM drive and the motor is driven at 

the torque. 

In the grid side converter, the DC-link voltage is regulated by controlling the power 

injection to the grid. When the power transmitted to the grid is more than the produced 

power by the PMSG, VDC will drop and when it is more the voltage in DC-link will 

rise. Thus, a controller as seen in Figure 2.11 is developed in DSP unit to keep the 

DC-link voltage at the reference value.  

 



 

 

 

20 

 

 

Figure 2.11. DC-link Voltage Control in [7] 

The transmitted active power equation of the converter is given in Equation 2.10. 

 

𝑃𝑔𝑟𝑖𝑑 =
3

2
𝑣𝑑𝑖𝑑 

(2.10) 

 

Vd is given as the reference voltage to the controller by a PLL unit. Therefore, the 

power transmission is directly controller by the D-axis current of the controller as seen 

in Figure 2.10. At the experiment part, the application of the MPPT algorithm is 

verified for a series of wind speeds entered manually to the controller. The DC-link 

voltage variation is observed during the MPPT implementation. The results show that 

the proposed controller is able to keep Vdc in the reference value. 

In [8] the dynamic response of the system for the wind and shaft speed variations with 

the presence of the turbine inertia is investigated. As seen in Figure 2.12, a PMSM is 

placed in-line with a PMSG to imitate the real wind turbines torque-speed 

characteristics. 

 

 

Figure 2.12. WTE Block Diagram Proposed in [8]  
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The WTE system is comprised of two 7.5 kW PMSM’s. A power drive operated in 

servo mode controls the PMSM in order to imitate the proposed wind turbine torque. 

A DSP controller unit calculates the torque reference for a given wind speed from 

Equation 2.1 and sends to PMSM drive. In addition to this torque, a compensation 

torque produced by the turbine inertia effect as seen in equation 2 is added to the 

calculated torque based on the wınd speed resultıng the torque reference. 

 

𝑇𝑐𝑜𝑚𝑝 = 𝐽
𝑑𝜔

𝑑𝑡
 

(2.11) 

 

The shaft speed is taken as a feedback for the control loop and the transfer function 

for the closed loop system is obtained as Figure 2.13. 

 

 

Figure 2.13. Diagram of Dynamic System Implementation in [8] 

 

In the experiment part, firstly the steady state performance of the developed WTE is 

verified to follow the torque-shaft speed characteristic of the given wind turbine. Then, 

by applying a step in the shaft speed reference, the output torque of the PMSM is 

graphed in the controller. The results show that system is able to emulate a real wind 

turbine’s dynamic inertia behavior accurately. 

Paper [9] aims to develop a WTE in order to imitate the dynamic behavior of a real 

wind turbine in terms of turbine inertia. For this purpose a 7.5 kW – 715 rpm IM is 
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coupled to a 5.5 kW – 126 rpm PMSG. A gearbox with the ratio of 6.03 is placed in-

line between motor and generator.  

 

 

Figure 2.14. The Block Diagram of the System in [9] 

 

As seen in Figure 2.14, controller unit uses the shaft speed and torque on the IM side 

to produce the torque reference. This torque reference is sent to power converter to 

drive the IM. The torque reference is calculated from equation 2.1. The paper mentions 

that the power coefficients are obtained from the wind turbine test. However, the 

turbine specifications are not mentioned in the study.  

In addition to the steady state output torque of the turbine, the blades inertia effect is 

added to torque reference by taking the shaft speed derivative using a closed loop 

feedback. 

 

𝑇𝑖𝑛𝑒𝑟𝑡𝑖𝑎 = 𝐽
𝑑𝜔

𝑑𝑡
 

(2.12) 

 

At the experiment part, the proposed wind turbine is simulated in Matlab and the 

torque-shaft speed characteristics are obtained. Then 9m/s and 10m/s wind speeds 

within a square wave function is entered to the controller. The shaft torque and speed 

variation of IM is observer and compared with the simulation results.  

The paper claims that the simulation verify the experimental results.  

Paper [10] develops a DSP unit to control a WTE in a laboratory scale. The inertia 

effect is implemented by calculatıng the shaft speed derivative and multiplying by the 
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moment of inertia of the turbine resulting an additive torque to the wind torque. In 

addition, three MPPT algorithms are tested on the system. Two 1.5 kW squirrel cage 

induction motors are coupled as seen in Figure 2.13. At the generator side, two back-

to back bridge converters, with 550 volt dc-link, transmit the generated power to the 

grid side. The developed DSP is controlling the PWM signals sent to motor side and 

generator side converter switches. The reference torque is given to the DSP by the 

computer and the DSP produces the PWM signals for the motor drive. The PWM 

signals for the generator side drive is also produced in the DSP by calculating a shaft 

speed reference from the MPPT algorithm. Finally, the controller controls the DC-link 

voltage by adjusting the PWM signals for the grid side converter. 

 

 

Figure 2.15. Developed WTE System in [10] 
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The power extracted from a given wind turbine is calculated in Equation 2.1 in the 

computer. The mechanical torque equation of emulated turbine is: 

 

𝑇𝑀 = 𝑇𝐺 + 𝐽
𝑑𝜔

𝑑𝑡
 

(2.13) 

 

Where J is the equivalent inertia of emulated turbine and can be derived from: 

 

𝐽 =
𝐽𝑇

𝐺2
+ 𝐽𝐺 − 𝐽𝑀 

(2.14) 

 

Where G is the gearbox ratio of a real wind turbine. Therefore the equivalent inertia 

is the total inertia of the turbine blades referred to generator side of the gearbox and 

generator except the motor. Due to the latency in the computer processor, the inertia 

implementation is done in real-time DSP. The discrete sampling of shaft speed is 

proposed in the paper and the additional inertia torque is calculated form Equation 

2.15.  

 

𝑇𝐽(𝑘) =
𝐽

𝑇
[𝜔𝑔(𝑘) − 𝜔𝑔(𝑘 − 1)] 

(2.15) 

 

Where, T is the sampling time, which is 50usec in this study. A low pass filter is placed 

at the output of the block to filter the high frequency noise caused by the measurement 

devices. The MPPT is applied in three methods, the optimal tip speed ratio method 

(TSR), the power signal feedback (PSF) and the perturbation and observation (P&O) 

method. IN the TSR method, the optimal tip speed ratio is achieved from Cp-λ curve. 

Then the shaft speed reference is calculated from equation 5 and sent to the generator 

drive. 
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𝜔𝑟𝑒𝑓 =
λ𝑜𝑝𝑡 𝑣

𝑅
 

(2.16) 

 

The PSF method is based on experienced off-line tests. The maximum obtained power 

point is saved in a table for different wind speeds and in the real application operation 

the optimal shaft speed for the present wind speed is called-back from the table and 

sent to the generator drive. The P&O method is dependent to the extracted power from 

the blades in each shaft speed. In a given wind speed, the controller applies shaft speed 

steps and measures the turbine power and produces the next steps’ speed reference to 

reach a more power production. In order to limit the DC-link voltage, a crowbar is 

placed in-line with DC-link capacitor. This unit controls the DC-link voltage to 

prevent over voltages while there is a voltage dip in the grid and the converter is not 

able to inject the produced power to the grid. At the experiment part, firstly the 

proposed MPPT algorithms are verified for a series of varying wind speeds. Then, the 

response of pitch angle controller and crow bar is tested for overrated wind speeds. 

In paper [11], the constant speed and the variable speed wind turbines are compared. 

In addition the behavior of pitch controlled wind turbines is investigated with the 

presence of drive train turbulences and wind speed oscillations. The author uses a 750 

kW NREL real wind turbine to test the control strategies. The block diagram of the 

system is shown in Figure 2.14. A pitch controlled turbine is coupled to a generator 

transmitting the produced power to the grid through the power converter unit. The 

technical specifications of the conversion system is not described in the paper. It is 

mentioned in the paper that the large inertia of turbine blades act as inductors in 

electronic circuits. The shaft speed variation becomes smooth with storing and 

restoring the kinetic energy during the acceleration and deceleration periods 

respectively as seen in Figure 2.17. 
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Figure 2.16. Block Diagram of the System in [11] 

 

 

Figure 2.17. Kinetic Energy Variation in the Turbine During Acceleration and Deceleration [11] 
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In order to do maximum power product tracking, the controller adjusts the rotating 

speed of the generator by controlling the electric power transmitted to the grid side 

controller. For the high wind speeds the pitch angle controller limits the captured 

power by the blades. The controller uses Equation 2.17 to adjust the rotating speed.  

 

𝑑𝜔𝑚

𝑑𝑡
=

1

𝐽
∫(𝑇𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 − 𝑇𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐)𝑑𝑡 

(2.17) 

 

Therefore, the rate of change of the shaft speed is proportional with the difference 

between captured turbine power and the transmitted electric power. Where, captured 

power is bigger than the transmitted electric power the shaft will accelerate and where 

the electric power is bigger that captured power the shaft will decelerate. In the control 

of the shaft speed, the limiting criteria is the mechanical part witch is the pitch angle 

change rate of the blades. Therefore, at the experiments part, as seen in Figure 2.19, 

the pitch angle change rate is adjusted in two different values. It is seen that for a 

higher pitch angle change rate the power captured by the blades is controlled more 

smoothly. Thus, the shaft speed control becomes easier. It is seen in the results the 

system that the speed control is optimized for a higher pitch angle change ratio.  
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Figure 2.18. Electrical Power, Aerodynamic Power and the Rotor RPM at Low Pitch [11] 

 

 

 

 

Figure 2.19. Shaft Speed Variation for Higher Pitch Angle Change Ratio [11] 
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Figure 2.20. Mechanical and Electrical Power at Higher Pitch Angle Change Ratio [11] 

 

2.2. Integration of Wind Energy Conversion Systems into Microgrids 

With the expansion of renewable energy sources into the electrical grids, the concept 

of micro-grid has gained interest. A micro-grid is capable of disconnecting itself 

during a grid fault or breakdown while the distributed energy generators or storage 

systems in the micro-grid are able to supply the local loads. In addition, the economic 

load management using storage systems issue is another objective in installing a 

micro-grid. A storage system stores energy while the solar or wind energy is available 

and supplies loads during night hours or while wind speed level is low. 

The design and installation of a micro-grid with the presence of a wind turbine and 

storage battery cells is the trend subject in the literature. Some papers has been 

reviewed in the following:  

The paper [12] reviews a couple of experimental micro-grids developed to study the 

structure and the control strategy possibilities in islanding events of the local 
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distributed generation (DG) systems and storage sets and local loads. The paper has 

illustrated a micro-grid as a combination of DG’s, local loads, energy storage devices 

and control units. In addition it is mentioned that micro-grids provides less energy 

loss, less investment costs, reduces reserve generation systems and increases voltage 

and frequency stability of the grid. DG’s cover a large variety of energy producers. 

Conventional fuel combustion engines, wind turbines, solar cells and hydro-

generators are the generative sets that can be installed in a micro-grid. However, 

storage systems as batteries, super capacitors and fly wheels provides the power 

balance control, voltage and frequency support and act as start-up’s energy resource 

of the grid. In addition, for traditional engine-generator systems the large inertia of the 

machine acts as a storage system. The loads in a micro-grid are classified by the degree 

of the importance. The more reliability and power quality sensitive loads have a higher 

priority to the loads like residents.  This classification plays a critical role in the load 

control strategies of voltage and frequency stability controls and in the production 

consumption unbalances. A summary of the experimental micro-grid test beds is listed 

in this paper. The list below shows the characteristics and the capacity and component 

list of the discussed micro-grids: 

1. The Residential Microgrid of Am Steinweg in Stutensee – German 

 CHP generator of 28 kW 

 PV generators of 35 kW 

 Acid battery of 880Ah 

 Battery inverter of 100 kW 

 400/20K V 

 Energy demand and production stability control and islanding operation 

via power flow and power quality management system 

2. Bronsbergen Holiday Park microgrid – Netherland 

 Solar PV of 315kW 

 2 * battery banks connected through inverters 

 400/10K/400KV 
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 Active and reactive power is controlled via central controller 

3. The CERTS testbed – United States 

 3 * 60 KW converter based source driven by natural gas 

 Battery storage at DC bus of each generators 

 Energy management System is used to dispatch DG set point 

4. Boralex planned islanding – Hydro Quebec (HQ), Canada 

 Peak load 7 MW 

 31 MW steam turbine 

 120/25/13.8 KV 

 Planned islanding operation during maintenance 

5. Boston Bar – BC Hydro, Canada 

 2 * 4.32 MVA Hydro generators 

 Peak load of 3 MW 

 Increased inertia of generators 

 69/25 KV 

 Black start with a 55 KW diesel generator 

6. CESI RICERCA DER test microgrid – Italy 

 PV 10KW 

 Diesel 7KVA 

 Wind 8KVA 

 Lead Acid Battery 

 PV 14 KW 

 Solar thermal 10KW 

 Biomas 10KW 

 Micro Turbine 100KW 

 Flywheel 100 KW, 30min 

 Controlable 100KW+220KVAR load 

 400/23K/800K V 

 Supervisor and Control System records and analyzes test data 
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7. Kythnos island microgrid – Greece 

 PV of 100KW 

 Battery bank of 53KWh 

 Diesel generator of 5KW 

 400 V 

 Battery charge-discharge control 

 Battery inverters control the frequency of grid 

8. Laboratory-scale microgrid system at National Technical University of Athens 

(NTUA) – Greece NTUA 

 2 * PV generators 1.2KW 

 Wind turbine 1KW 

 Battery energy storage 250 Ah, 60 V 

 Controllable loads 

 230KV single phase 

 Battery inverters work as voltage converters to adjust the voltage and 

frequency of the grid in islanding mode 

 When connected to grid the battery inverters follow the grid 

9. Aichi microgrid project – Central Japan airport city 

 Fuel cell generators of 595 KW 

 The battery converter controls the voltage references 

10. Kyoto eco-energy project (Kyotango project) – Japan 

 PV system of 50KW 

 Gas engine generator of 400KW 

 Fuel cell Gen of 250KW 

 Lead-acid of 100KW  

 Remote monitor and control system is used to meet the energy demand 

11. Hachinohe project – Japan The Hachinohe 

 100KW Battery storage 

 3 * Gas engine of 170KW 
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 2 * PV systems of 50KW 

 3 * PV systems of 10KW  

 2 * Wind turbine of 2KW 

 2 * Wind turbine of 8KW 

 Weekly supply and demand planning, economic dispatch control once 

every 3 min and second by second power flow control 

12. Test network at Akagi of the Central Research Institute of Electric Power 

Industry (CRIEPI) – Japan  

 Step Voltage Regulator 

 3 * 100KW PV generators 

 200KVA resistance and reluctance loads 

 Static Var Compensator 

13. Sendai project – Japan 

 Battery Storage 

 A remote measurement and control center can operate the system 

 2 * 350KW gas engine 

 250KW MCFC 

 50KW PV 

14. DeMoTec test microgrid system – German 

 Battery 10KW 

 2 * PV generators of 2KW  

 Wind turbine 15KW 

 Diesel generator of 26KW 

It is noted that the more conventional micro-grid systems rely on generator governor 

and static switches to protect the system stability. The large inertia of the engine-

synchronous generator supports the system frequency. However in the new micro-grid 

combinations the power electronic part disconnects the mechanical inertia of the 

energy production parts like wind turbine from the grid. In this case, the battery 
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storage modules or the synthetic inertia of the WECS support the system stability by 

injecting the active and reactive power during voltage or frequency drops[13], [14]. 

Battery storage systems and DC link capacitors with inverters feeding the grid 

produces the voltage and frequency reference of the grid in islanding mode. In 

addition, a central control unit is responsible of management of the demand and supply 

balances.   

The paper [15] reviews the control strategies of micro-grid distributed generators in 

islanding mode. A DG in a grid is classified in grid forming and grid following unit. 

This paper concentrates on voltage-controlled grid forming DG’s. 

An integrated control technique consists of primary, secondary and tertiary controls. 

The primary control is responsible of voltage-frequency stability by managing the 

plug and play units. However, the secondary control concentrates on power quality by 

compensating voltage and frequency deviations. Finally, the tertiary control optimizes 

the power flow in the micro-grid. 

The second section of the paper reviews the communication based control techniques 

of the micro-grids. The communication-based models are able to adjust voltage and 

frequency in rated values with only primary control. However, the communication 

lines increases the cost.  

The communication-based models: 

1. Concentrated control of DG units 

As seen in Figure 2.21, in this configuration the current sharing module detects the 

load current and gives a current reference for each DG. The voltage controller 

calculates a voltage reference for each converter and using a PLL synchronizes itself 

with the AC bus frequency and phase.   
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Figure 2.21. Concentrated  Microgrid Block Diagram Architecture [15] 

 

2. Master/Slave Control 

In Master/Slave control, a master module adjusts the bus voltage and sends a current 

reference to slave units. All units have the same current reference. The model has just 

one PLL unit the slave DG’s follow the reference signal of the master. However, if 

the master fails the whole system will fail. In some references, a rotating master 

module approach is proposed. In this method, if the master unit fails a slave unit is 

changed to master.  
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Figure 2.22. Master/Slave Control Microgrid Blok Diagram [15] 

 

 

Figure 2.23. Distributed Control Microgrid Block Diagram [15] 
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3. Distributed Control 

In this method, for each DG a current regulator adjusts the PWM reference signal. A 

current sharing bus is used to supply the current reference and voltage synchronization 

signals for each converter.  It is discussed in the review paper that the interconnected 

system has better current sharing control, fast transient response and high power 

quality. However, the distributed system is cheap and easy to expand. 

The paper [16] investigates the impact of the battery size on micro-grid voltage 

instabilities during grid faults in islanding mode. Firstly, a simulation model is studied. 

In the model a 2.5MW wind turbine, a 1MW synchronous generator and a PV panel 

is supplying a 3MW 0.8 PF lagging load. The transients of the cutting in the PV panel 

is compared for different battery sizes from 5 MVA up to 15 MVA. It is been 

mentioned in the paper that the battery size selection for a micro-grid is not studied in 

the literature. Therefore, an experimental approach has been adopted for the present 

model to find the appropriate battery size with concentration on the transients’ 

reduction in islanding mode. 

At the simulation part, while the system is working in steady state the PV panel is 

connected to the micro-grid and the fluctuation of the PCC voltage, wind turbine shaft 

speed and output power is shown. Without a battery storage the system voltage has 

become unstable after adding the PV panel and the controller is not able to recover the 

voltage to its’ rated value. With 5 MVA and 10 MVA batteries the voltage control is 

improved. However, the final value of the voltage in the steady state is 1.04 p.u. The 

0.04 p.u. steady state error is due to use of PI controller in the system. However, the 

error decreases with using battery in comparison with the no-battery tests. It is 

observed that the best transient performance is shown with 10 MVA battery storage. 

There is no remarkable steady state fault in voltage and the rotating speed of the 

turbine has been kept constant during the experiment.  However, the 15MVA battery 

storage connected to the micro-grid has worsen the voltage overshoot and the wind 
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turbine reactive power oscillations. The paper does not mention the reason of why 

15MVA battery is showing worse results in comparison with 10MVA battery set.  

At the next part of the paper, an experimental study has been done on a wind turbine 

emulator. A small-scaled PMSG is installed as a wind energy generator and a 

programmable DC source emulates the PV panel.  A set of 6V DC 200AH batteries 

are added to the system. The transient performance of the system in islanding mode is 

observed for the 80%, 50% and the 20% charged battery pack. The PV panel is 

initialized while the system is working in steady state and islanding mode. The best 

results for the smallest oscillations in PCC voltage and battery and wind turbine 

currents are achieved in 80% of battery charge. The paper mentions that the 100% 

battery charge was not possible due to technical limitations. The paper investigate the 

proper battery size for the micro-grid systems. That has been shown that there is an 

optimum size of battery for the simulation model. The transient performance in the 

simulation results has become worse while the battery size is increased after the 

optimum size of 10MVA. However, the study lacks the details of the voltage and 

frequency control strategy. The rating power values of the experimental test bench is 

not included in the paper. In addition, the frequency of the system or the rotating speed 

of the synchronous generator fluctuations which is a critical variable in micro-grids is 

not shown in the results.  

The paper [17] proposes a laboratory scale micro-grid comprised of a wind emulator, 

a PV panel, a battery storage system and a single phase AC load. The modules are 

connected through a DC link using converters. 
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Figure 2.24. Components of the Laboratory Scale Experimental Microgrid in [17] 

 

The paper aims to develop control strategies to micro-grid voltage stability and energy 

management for various energy production and consumption compositions. The 260 

watts PV panel emulator is irradiated by a set of industrial lights. The PV is able to 

work in MPPT mode to produce the maximum available power from the irritating 

lights and also off-MPPT mode for the case the energy production and consumption 

is not balanced. 

The  PV panel voltage reference in off-MPPT mode is calculated from Equation 2.18: 

 

𝑉𝑟𝑒𝑓𝑓 =
𝑃𝐿 − 𝑃𝑊

𝐼
 

(2.18) 

 

Where 𝑃𝐿 is the load power, 𝑃𝑊 is the wind turbine power and 𝐼 is the PV panel output 

current.   

The wind turbine emulator is a 260 watts PMSG imitating the power characteristics 

of a real wind turbine. The wind turbine is always working is MPPT mode. The 

generator side inverter is controlled with a VDC reference signal and is able to work in 
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two-direction power flow operation points. The battery storage system is a lead-acid 

48 volt 10 Ah module. The central controller control the state of charge of the battery 

within maximum and minimum limits. While the total energy production is more than 

load power the battery is charged up to maximum charge state. Then the PV panel is 

changed to work in off-MPPT mode to balance the power of the micro-grid. 

Otherwise, while the energy production is less than the load power the battery supplies 

the extra-required energy. Finally, a controllable single-phase resistive load is 

connected to DC bus via a converter module. A real-time SCADA system is developed 

to control and monitor the whole system and produce the voltage references for the 

converters the MPPT or off-MPPT working mode of the PV panel. This controller 

also controls the battery charge operation. At the experiments part, the system is 

operated in different fault cases. The controller is able to sustain the power balance 

using the battery charge and discharge applications. 

In [18] a laboratory-scale micro grid consist of a PV simulator system, a wind energy 

emulator system and a bi-directional inverter connected to a rechargeable battery set 

is installed. The purpose of the study is to develop control strategies to maintain 

voltage and frequency in reference values within grid connected and islanding modes 

as well as the grid connected to islanding mode and reverse transition transients 

stability solutions.  
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Figure 2.25.  Block Diagram of the Microgrid System Proposed in [18] 

 

For this purpose as seen in Figure 2.23, a 0.7 KW DC voltage source used to imitate 

the behavior of a PV system is connected through a DC-AC converter to transmit the 

power to the 230-volt 50Hz grid. A wind turbine emulator system comprised of a 

generator an AC-DC-AC back-to-back converters set is also connected to the grid. An 

adjustable local load is used to simulate the load variations of a real grid. To 

compensate the transient fluctuations in the connection point a storage system 

comprised of a 100Ah 24-volts battery and a DC-AC bi-directional converter is used. 

The whole system comprises a single-phase 230-volt 50Hz microgrid capable of 

islanding mode operation with a controllable switch. The system is controlled by a 

central controller set shown in Figure 2.23. The controller gets the line voltage and 

frequency and the grid connection status of the microgrid and controls the power 

generation by PV and WTE systems as well as controlling the power flow direction 

of the storage system. There is two steady state operating modes in the controller 

algorithm. First, the grid connected mode and the islanding mode. In addition, there 

are two transient modes, transition from grid connection mode to islanding mode and 
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from islanding mode to grid connection mode. In the grid connected steady state mode, 

the converters follow the voltage and frequency of the grid and transmit active power 

to the grid. The converter in the storage system charges the battery from the grid to 

support the load supply in islanding mode periods. However, at the steady state 

islanding mode, the storage side converter controls the voltage and the frequency of 

the islanded grid by controlling the power flow of the battery. For the situation that 

the battery is full and the distributed power generation by PV simulator and WTE is 

higher than the consumed power by the local load, the controller increases the 

frequency of the grid via storage side converter. Then the PV and WTE converters 

limit the power generation to reduce the grid frequency. Besides the steady state 

operating mode, the transient modes are critical to maintain the system in stable 

situation. At this study, a controlled relay switch is used to transfer the microgrid to 

islanding mode from grid-connected mode and vice versa. The experimental results of 

the study shows that the system voltage and frequency kept within acceptable limits 

via storage system converter in load change and power generation change in PV and 

WTE within the steady state modes. However, there is no detailed investigation on the 

transient period fluctuations. In addition, the controller is only capable of the 

controlling the storage system converter and the converters on PV and WTE sides are 

out of control of the controller. In real situations, which there is more intense voltage 

or frequency variations and power unbalances in the grid, this control strategy may 

not be able to save the system. 

The paper [19] proposes a web based control and monitoring SCADA for a laboratory 

scale wind-PV-battery micro-grid composition. 
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Figure 2.26. Block Diagram of the Proposed System in [19] 

 

As seen in Figure 2.26, the system is consist of two 2.2 KW induction generators 

emulating wind energy conversion system, a PV supplied by 16 200 watts lamps, a 

battery set, an AC load and a central PLC for control and monitoring the system. The 

common DC bus is used to transmit produced power to the grid through a DC-AC 

converter. The controller is able to monitor the power flow of the generation units, 

extract excel reports, and control the power factor and voltage of the IG’s using 

variable capacitors. A fuzzy logic controller developed in the PLC is responsible of 

switching capacitors placed at the terminal of the IG’s. The results show that the fuzzy 

controller has improved he voltage stability and the power factor of the IG’s. 

Although, in the system modification the induction generators can connect to the 

system directly reducing the rating of the power electronics. In addition, the paper 

does not discuss the wind emulator a PV system model details. The energy 

consumption management for various loads is a major issue in micro-grids. Without 

an energy production management the generation-consumption balance will not be 

acquired, which is not proposed in the model. The capacity and the charge-discharge 

module of the capacitors are not discussed in the paper. Finally, the system is not able 

to switch to islanding mode in grid side fault conditions.  
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The paper [20] discusses the experimental tests done on a laboratory scale micro-grid 

test bench. 

 

 

Figure 2.27. Test Bench Block Diagram of the Proposed System in [20]  

 

The test bench, as seen in Figure 2.27, is comprised of three generators and four loads 

connected to the utility grid. The A-1, A-2 and B-1 generator sets and load-3 and load-

4 are able to switch to islanding mode using a static switch. There is no master 

controller system in the micro-grid. Thus, each set has its’ own controller set. There 

is two controlling issues in controllers, voltage-reactive power droop control and 

frequency-active power droop control. If there is not adequate active power generation 

in the islanding mode, the frequency will drop. Therefore, the controller will increase 
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the active power generation. In addition, the reactive power is controlled via the 

voltage set point of the local controller.  

Load-3 and load-6 are controllable loads from 0 to 90 kW and 0 to 63 kVAR. Figure 

30 shows the power conditioning system of each generator. 

 

 

Figure 2.28. Power Conditioning System in [20] 

 

As seen in Figure 2.28, the generator set is connected to the DC-link through an ac-dc 

converter. At the DC-link point, a DC storage unit is used to inject power as an internal 

power source. The DC-link voltage is greater than the grid ac voltage amplitude to 

support the voltage greater than the rated value in reactive power injections. The 

voltage-reactive power control also does not allow the reactive currents to circulate 

among generators.  Whenever the reactive power in the generation points are 

capacitive the voltage set point is dropped to regulate the reactive power and limit the 

reactive currents. The same control technique is used for frequency-active power 

issue. For example, when the system is switched to islanding mode and the power 

generation is low, the frequency drop will result in increase in active power generation. 

At the test part of the research, firstly the system stability is checked for various load 

change scenarios. Then the system controller is exposed with unbalance loads with a 

disconnection in one line. Thus, the nature line current is not equal to zero and the 
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output power of the generators are increased. Finally, the transmission from grid-

connected mode to islanding mode is done. The generators have increased the power 

generation after experiencing a power shortage while the system is changed to 

islanding mode.  

In [21] a microgrid model has been developed in Matlab Simulink program to study 

the control strategies in islanding mode transition from grid-connected mode. Load 

management control and the use of storage systems are addressed in the paper to 

reduce the voltage and frequency deviations during the islanding mode operation. 

 

Figure 2.29. The Block Diagram of the Developed Microgrid Model in [21] 

 

As seen in Figure 2.29, the microgrid is a low voltage grid connected to the main 

medium voltage through a transformer. A load controller (LC) does the load 

management operation in each load connection point. A micro-source controller (MS) 

controls the amount of the active and reactive power production of each micro-source. 

In addition, a microgrid central controller (MGCC) acts as a central connection device 

to other controller and manages the economic operation of the microgrid and is 

responsible of the fault detection and islanding mode transition. A fuel cell generator, 
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a photovoltaic system (PV) and a wind turbine is connected to the grid as micro-

sources. Due to the large time constant of the micro-sources like fuel cell generator, 

these devices are not used in primary control. The primary control is responsible of 

the reduction of the frequency and voltage deviations in system disturbances. 

Therefore, the storage sources are used to inject power instantly into the microgrid 

while the system experiences disturbances or large load variations. A flywheel and a 

Battery cell are modeled to be used as storage devices in the system. All the generation 

and storage systems are connected to the grid trough inverters to facilitate the 

generated active and reactive power control. In addition, the local loads are connected 

to the microgrid directly. The inverters in the model are working in two operation 

modes: voltage source inverter (VSI) and PQ control mode. In the PQ control mode, 

the inverter injects the available input power to the grid as a unit power factor or based 

on an active and reactive reference given by the MGCC. The VSI controlled inverter 

controls the voltage and frequency of the system using drop equations: 

 

𝜔1 = 𝜔𝑔𝑟𝑖𝑑 + 𝐾𝑝 × 𝑃1 (2.19) 

 

𝑉1 = 𝑉𝑔𝑟𝑖𝑑 + 𝐾𝑄 × 𝑄1 (2.20) 

 

Where 𝑃1 and 𝑄1 are the output powers of the inverter, 𝐾𝑝 and 𝐾𝑄 are the droop slop 

coefficients and 𝜔𝑔𝑟𝑖𝑑 and 𝑉𝑔𝑟𝑖𝑑 are the grid voltage and frequency references. Within 

a microgrid, at least one inverter should operate in VSI mode. Thus, while a fault 

occurs in the main grid and the microgrid changes to islanding mode operation the 

VSI should stabilize the voltage and frequency. Otherwise, the microgrid voltage-

frequency stability will be lost. The droop control strategy based on Equations 2.19 

and 2.20 is responsible of the voltage and frequency deviation as a primary control. 

Because of the small time constant of the storage devices, these devices are chosen as 

VSI controlled elements of the microgrid. However, the power sources in storage 
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devices are limited and charged from the low voltage grid. Therefore, a secondary 

control is needed to recover the disturbances after a grid fault. The MGCC uses micro-

sources like fuel cell and wind generations as secondary control by sending active and 

reactive power references to the generators. In addition, the MGCC disconnects the 

unnecessary loads at the islanding transition moment to facilitate the balance of the 

generation and consumption level. In the simulation part, the forced islanding mode 

is investigated to study the dynamic behavior of the microgrid. An 80kW load supplied 

by the 50 kW local generation and the main grid scenario is developed. At the 

islanding mode transient the load controllers disconnect the certain amount of the load 

from microgrid and after frequency restoration the disconnected loads are reconnected 

to the microgrid in steps. As seen in Figure 2.30, the islanding mode occurs in second 

10ms and the system frequency and voltage is restored after 11 seconds using VSI 

primary control and the secondary control support of micro-sources. Simulation 

results show that the islanding mode transition has been performed safely. The use of 

storage devices in primary control has ensured the safe operation of the microgrid in 

islanding mode transition. 

 

  

Figure 2.30. Islanding Mode Transient Response of the System in [21] 

 

In [22] a control strategy is developed to stabilize the frequency and voltage deviations 

during islanding mode transmission in a microgrid. The proposed control is evaluated 
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in PSCAD/EMTDC simulation environment and then tested in an experimental 

microgrid. The paper mentions that during the transition of the microgrid from grid 

connected mode, the power unbalances between supply and demand results in voltage 

and frequency fluctuations. To stabilize theses fluctuations, a Microgrid Management 

System (MMS) controls the generation systems like fuel cell generators and combined 

heat and power generators (CHP) to balance the power in a microgrid. However, the 

time constant of these units are large. Therefore, an energy storage system (ESS) is 

used in the model with a relatively small time constant to do the primary control by 

injecting or absorbing the power to the microgrid at the islanding mode transition 

period. ESS is a battery bank connected to the microgrid through a bi-directional 

inverter. The inverter is working in PQ mode while the microgrid is in grid-connected 

mode. However, while the MMC detects a grid fault or a disconnection, the ESS 

inverter is changed to work in voltage source mode. Besides, the MSS is responsible 

of load shedding and supervisory control of microsources. Load shedding is done 

while the ESS is not able to support the microgrid due to the large unbalance. The 

unnecessary loads are disconnected from the system at the islanding mode transition. 

After recovering the microgrid by secondary controllers, the disconnected loads are 

reconnected in steps. 

 

 

Figure 2.31. The Control Strategy of MME Proposed in [22] 
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As seen in Figure 2.31, the microgrid has a hierarchical control strategy. After 

injecting a finite power to the microgrid by ESS, at the secondary control the MMS 

starts to increase the power production of microsources and reduce the power output 

of ESS to zero. The power reference of the microsources are sent by MMS using 

Equation 2.21 and 2.22: 

 

∆𝑃𝑟𝑒𝑓−𝑖 = 𝑝𝑓−𝑃𝑖 × 𝑃𝑡𝑜𝑡𝑎𝑙 𝑑𝑒𝑚𝑎𝑛𝑑 (2.21) 

 

∆𝑃𝑄𝑟𝑒𝑓−𝑖 = 𝑝𝑓−𝑄𝑖 × 𝑄𝑡𝑜𝑡𝑎𝑙 𝑑𝑒𝑚𝑎𝑛𝑑 (2.22) 

 

Where ∆𝑃𝑟𝑒𝑓−𝑖 and ∆𝑄𝑟𝑒𝑓−𝑖 are the change in the power reference of i-th microsource, 

𝑝𝑓−𝑃𝑖 and 𝑝𝑓−𝑄𝑖 are the participation factor of the i-th microsource and the 

𝑃𝑡𝑜𝑡𝑎𝑙 𝑑𝑒𝑚𝑎𝑛𝑑 and 𝑄𝑡𝑜𝑡𝑎𝑙 𝑑𝑒𝑚𝑎𝑛𝑑 are the total active and reactive power demand.  

 

 

Figure 2.32. Total Power Demand Generation Proposed in [22] 

 

The total power demands are calculated as seen in Figure 2.32. The MMS compares 

the measured power of ESS and the power references to produce a total power demand 

signal. At the start the fully charged ESS injects a large power to the grid. Therefore, 

the total power demand is very small. However, the power supply capability of ESS 
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is limited. Thus, the power demand start to increase as ESS discharges.  In this session, 

the secondary control increases the power production of fuel cell generators to recover 

the fluctuations. 

 

 

Figure 2.33. The Proposed Microgrid System in [22] 

 

The proposed control strategy is developed on a 120kW microgrid comprised of two 

50kW and 20kW diesel engine generators, a 10kW PV system, a 20kW PV/WT 

/hybrid set and an ESS. In simulation part, the proposed control strategy has been 

evaluated for three scenarios, islanding mode transmission without secondary control, 

islanding mode transition with secondary control and islanding mode transmission 

with varying loads. The results show that the presence of the secondary control is 

necessary for microgrid voltage and frequency stability. The controller is able to 

recover the frequency and voltage after an islanding mode transition. At the next part, 

an experimental microgrid plant is developed to study the results in simulation 

environment. The islanding mode transition experiment results show that the primary 

control is able to maintain the voltage and frequency within stable operation limits if 

the importing power from grid before islanding operation is 15kW+0kVAR. Though, 

if the importing power from grid before islanding operation is 20kW, the ESS inverter 

experiences an over current status and stops injecting power to the microgrid. 
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However, with the application of secondary control, the controller is able to stabilize 

the voltage and frequency. 

 

 

Figure 2.34. Microgrid Components of the System Proposed in [22] 

 

In [23] the fast response of the ESS has been used to stabilize the voltage and 

frequency deviations in islanding operation. However, because of the limited power 

capacity of the ESS a secondary control is used to recover the islanded microgrid 

voltage and frequency to the nominal values. The secondary control has used the fuel 

cell generators to inject excessive power. However, the effect of renewable resources 

on the microgrid stability like wind turbine and PV cells is not addressed. In this paper, 

a microgrid model comprised of two distributed generation units (DG) and equivalent 

loads are modeled in PSCAD program. One DG is a 5MVA synchronous generator 

with modeled governor and exciting system directly connected to the voltage lines and 

one is a 2.5MVA DG, which uses a back-to-back converter to connect to the 

microgrid. A combination of four RL loads and one diode-rectifier load are connected 

to the microgrid.  
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Figure 2.35. The single Line Diagram of the Studied Model in [23] 

 

The objective of this research is to evaluate that if the microgrid central controller is 

able to maintain the voltage, frequency and the phase angle within allowed ranges 

while an islanding operation is happened as a planned operation or due to a fault. A 

fault detector controls the grid connection point to disconnect the microgrid within 5 

periods of voltage waveform after a fault in the main grid. The transients severity 

depends on type of the fault in the main grid, the operating point if the DG units and 

the fault detection latency. In this model, the fault detector is able to disconnect the 

microgrid in 2-5 seconds after a grid event. After an islanding action, the controller 

checks the microgrid reconnection possibility. The controller achieves the 

reconnection to the main grid if the voltage error is below 3%, frequency error is below 

0.1Hz and the phase angle error is below 10 degrees. The paper evaluates the operation 

of the islanding mode controller with three scenarios: 

1. Grid connected mode 

2. Pre-planned islanding operation  

3. a) Line to ground fault 
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b) Line to line fault 

c) Three phase line to ground fault 

 

The fault detection method and the reconnection control is not explained in the paper 

with details. However, the results show that the controller is able to maintain the 

microgrid voltage and frequency balance in safe margins. In addition, the DG2 has the 

responsibility of the recovering the transients at the first moments of the unbalance 

due to the fast response capability of the power electronic devices. The governor at 

DG1 has a larger time constant. Thus, acts slower than DG2 in islanding transition. 

To address a research plan on islanding mode operation of microgrids it is essential to 

contemplate on the challenges of establishing and controlling the stability of a 

microgrid operating in grid connected or islanded modes.  

2.3. Comments 

By contemplating the literature, it is seen that the main issue in the islanding mode 

operation of microgrids is the voltage and frequency oscillations when the microgrid 

disconnects itself from the main grid. At the disconnection moment, the generation-

consumption balance is lost in the microgrid. The local central controller of the 

microgrid takes the responsibility of controlling the micro sources and the loads to 

bring back the generation-consumption balance. The conventional synchronous diesel 

generators are too slow to response fast enough for these transients. The renewable 

sources and the battery storage systems are connected to the microgrid through their 

power electronic parts. Thus, using the renewable micro sources and the battery 

storage systems with fast response capabilities are expected to be appropriate choice 

to maintain microgrid voltage and frequency in acceptable margins. In addition, in the 

literature, the load shedding management is used to help the controller to re-establish 

the generation-consumption balance by disconnecting the unimportant loads at the 

unbalance event moment and reconnecting them after that the system is taken back to 

the steady state. 
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CHAPTER 3  

 

3. DEVELOPING A WIND TURBINE EMULATOR 

 

The concept of renewable energies harvesting has gained importance in the recent 

years. Fossil fuels resources are being depleted every year by the human. Today fossil 

fuels contribute 80 percent of the energy supply in the world but by this rate of 

consumption in a few years they will disappear because they are not renewable. In 

competition with fossil fuels, wind energy, solar energy and hydropower energies as 

renewable energy sources have gained the interests. The installed capacity of the wind 

energy plants has increased from 47 GW to 369 GW during the years 2004 to 

2014[24]. But to be successful in the energy market a wind energy plant should able 

to compete with the low fossil fuel prices and concord with the grid standards. For this 

purpose new methods to control a wind turbine and new designs of energy generator 

are being developed. Testing these developments require a laboratory environment to 

monitor the available failures and instabilities or to measure the effectiveness of the 

system in practical applications.  

A WTE as shown in Figure 3.1, consists of two electrical machines. A motor which 

imitates the power characteristic of a real wind turbine or a designed turbine. The 

motor is drove by a torque reference produced in the developed software. The torque 

reference is calculated according to the wind speed and the turbine dimensions and 

properties. This motor can be a DC motor or an induction motor. DC motors are easy 

to drive but an induction motor is robust, does not need maintenance and is 

economically beneficial. On the other side, a generator transforms the product shaft 

power to electric energy. There is a wide range of generator types available for this 

purpose like permanent magnet synchronous generators (PMSG) or induction type 
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generators (IG) and doubly-fed synchronous generators (DFSG). They all have pros 

and cons and should be chosen according to the working condition and the installed 

regions wind characteristics. A real-time monitoring software is responsible to 

produce the torque reference for the IM and speed reference for the PMSG calculated 

in the software. The produced energy in the generator side is given to the grid through 

a back-to-back converter which converts an AC voltage waveform with variable 

frequency to DC voltage and in the next step inverts the DC to AC with frequency 

compatible with the grid [25].  

 

 

 

Figure 3.1. a)Wind Energy Conversion System. b) Wind Energy Conversion System Emulator 
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3.1. Purpose of the System and Test Capabilities 

The wind turbine emulator system is installed in order to provide a wind turbines 

simulation test environment to do below experiments and developments: 

Obtain Energy Yield of a turbine-generator and Controller under a Certain 

Wind Regime 

Wind data recorded from a site can be entered to WTE and realistic energy yield can 

be obtained.  

Develop MPPT control methods 

Maximum Power Production Tracking control methods (MPPT) are provided to 

facilitate the maximum of the available power production for the present wind 

conditions. Three are different strategies for this purpose [26]. The present and a newly 

developed method can be tested for different wind conditions. 

Assess turbines for a site 

WTE can be used to assess the suitability of a wind turbine for a particular site by 

estimating its energy yield using recorded wind data from the site. Various turbines 

can be assessed to determine the most suitable turbine type. 

Test under adverse condition 

To test a control algorithm or a designed mechanical or electrical system in the 

extreme wind speeds or hazardous conditions, WTE can imitate the desired wind 

speed by calculating the produced torque in the turbine in the controller and sending 

the torque reference to the IM to replicate the behavior of the turbine in the same wind 

conditions. The procedure of the torque calculation and the turbine conditional effects 

on the shaft torque (tower shadow and shear stress effect) and applying the calculated 

torque on the IM is explained in Chapter 2 and also investigated in [27],  [28] and [10]. 
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Test grid side fault condition system stability 

During a grid connected application, a fault in the grid side or the electronic parts of 

the grid connection may cause transition to islanding mode of the turbine. The system 

stability should be controlled via developed control technics. This operating condition 

can be simulated using WTE available. Scaling a microgrid and testing various 

scenarios is possible on this system[7]. Hardware and software can be developed and 

assessed using this facility under the safe testing conditions in the laboratory. 

3.2. Installed Wind Turbine Emulator Components 

In order to study the wind turbine energy conversion systems a WTE desk has been 

installed in Middle East Technical University Electrical Engineering Department 

Electrical Machines laboratory by METU Wind Center. 

The installed WTE as shown in Figure 3.2, consists of  

 11KW induction motor as a turbine torque emulator driven by a frequency 

inverter. This frequency inverter drives the motor with the desired torque, 

which is calculated in the LabVIEW software. The torque reference signal is 

sent to the inverter through a LAN cable within Modbus protocol.  

 The generator side is a 10.8 KW PMSG. This generator is coupled to the motor 

and is driven by a drive which acquires a speed reference data from the 

software. This drive regulates the variable frequency voltage to DC and is 

connected back to back to a regen power converter, which converts the DC 

voltage to 50 Hz AC.  

 A LCL filter eliminates the harmonics produced in the regen drive and gives a 

pure 50 Hz-220 volt to the grid. The filter is composed of two inductors and 

capacitors.  

 The torque transducer in the coupling point of motor and generator measures 

the torque and rotating speed.  
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 The Data Acquisition system (DAQ) bought from National Instruments 

gathers the data including the voltages, currents, phase angles and active power 

of both motor and generator and sends them to the software. In addition to 

DAQ, a HIOKI harmonic teste testifies the measured values of DAQ.  

 A computer with LABVIEW Interface receives the measured data from DAQ 

and the wind speed entered by the operator and calculates the torque reference 

sent to IM drive and speed reference to PMSG drive.  

 

 

Figure 3.2. Installed WTE Block Daiagram 

 

As seen in the Figure 3.2, the induction motor, PMSG and torque transducer set are 

coupled on an adjustable workbench. The height of the tables can be adjusted 

independently to facilitate replacing each element of the set with any other type of 

machines or torque sensor encoders.  
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The grid emulator part of the set has not been installed yet. Thus the output of the AC-

DC-AC drive set is connected directly to the grid via a LCL filter. The grid emulator 

set will be added later to simulate an infinite bus for the grid side faults and 

disconnections.  

The wind data is given to the software in three modes,  

 Manuel wind speed entered to the interface of software by operator  

 A programmed waveform with a base wind speed and a randomly tolerating 

noise added to this base wind speed  

 An excel file containing the real measured wind data imported to the software  

The speed reference sent to the PMSG is either entered by operator or calculated by 

the MPPT program in LabVIEW and sent via Modbus protocol to PMSG’s drive. 

As seen in the Figure 3.2, the induction motor, PMSG and torque transducer set are 

coupled on an adjustable workbench. The height of the tables can be adjusted 

independently to facilitate replacing each element of the set with any other type of 

machines or torque sensor encoders.  

The grid emulator part of the set has not been installed yet. Thus the output of the AC-

DC-AC drive set is connected directly to the grid via a LCL filter. The grid emulator 

set will be added later to simulate an infinite bus for the grid side faults and 

disconnections. 

3.2.1. Communication System 

The wind data given to the software is used to calculate the shaft torque of the 

emulated wind turbine. The speed reference sent to the PMSG is calculated based on 

the mechanical model of the drive terrain, which is explained in the appendix 2. In the 

LabVIEW interface program both speed and torque reference values are sent via 

Modbus protocol to IM and PMSG side drive. Applying references has been achieved 

via ModBus as seen in Figure 3.3. 
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Figure 3.3. Modbus Communication Architecture for HIL Setup 

 

In the ModBus communication protocol, one device is selected as Master and the 

others are set Slave devices. The communication can be started or ended by only the 

master device. In the HIL setup, the torque and speed references are sent to the IM 

and PMSG drives at 100Mbps. However, the update rates of the AC drives are 4ms. 

Even if the ModBus can generate its 32-bit data to the slaves, the response of the drives 

are limited. Thus, for the sake of operation, the messaging has been updated from the 

master to the slave with a rate of 5ms. The IM torque reference and the PMSG speed 

reference are sent consequently from through TCP-IP connection. In the LabVIEW, 

as seen in Figure 3.4, an interface of the ModBus has been established. The interface 

requires the IP addresses of the slave nodes and the “writing mode”. The IP address of 

the IM drive is set to 192.168.1.100 and the PMSG drive is set to 192.168.1.120. 

Writing mode is described as sending data from the master to the slave. Either multiple 

write or single write can be applied. Since the delay of the setup is too high, there is 

no need to do a multiple write. Thus, single write has been implemented. For the IM, 

torque reference Pr 4.08 (ModBus register 407 of the PMSG drive) is written and for 

the PM speed reference Pr 1.21 (ModBus register 120 of the IM drive) has been 
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utilized. As seen in Figure 3.5, an Ethernet switch is used to establish the connection 

of two drives through one LAN cable with the computer. The TCP-IP connection 

block diagram is described with details in appendix 1. 

 

 

Figure 3.4. LABVIEW TCP-IP Connection VI 

 

3.2.2. Measurement Instruments from the HIL System 

In the hardware there are some mechanical and electrical variables to be measured. 

The IM and PMSG voltage and current values and the shaft speed and shaft torque are 

measured during the emulation and shown in the interface program. 

3.2.2.1. Torque and Shaft Speed Sensors 

The shaft torque and speed is measured via a rotary encoder named as “Magtrol SA 

TMB 312/411”. This encoder has rated torque value of 200 Nm and rated speed of 

4000 RPM. The motor-generator set in the HIL setup can achieve maximum 142,5 

Nm torque and 1000 rpm speed at the shaft. Thus, it can be said that the limits of the 

encoder are appropriate for our measurements. The rotary encoder at the setup is 

connected to Magtrol 6400 torque transducer display. This component supplies us 

required two outputs (torque and speed) with BNC connectors Analog output). The 

rated torque of 200 Nm corresponds to 10 V DC (10V at 200 Nm and -10V at -
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200Nm). The torque and shaft speed signal is transferred to display set from the 

encoder. Transducer display supplies shaft speed in rpm by a BNC connector. The 

measured speed in rpm is converted to a digital pulse signal, which the frequency of 

the square-wave pulse is the shaft speed in RPM. In other words, for a shaft rotating 

at a speed of 300 rpm, the transducer provides a 300 Hz square waveform output (0 V 

for low and 5 V for high) at the BNC connector. The torque and speed is converted 

from analog to digital and taken inside the LabVIEW platform by using “DAQ 

Assistant Express VI module with a user defined sampling rate (50 Ks/s). The shaft 

torque is measured by “Amplitude and Levels Express VI” due to taking an analog 

input voltage from the transducer as seen in Figure 3.6. Since the speed is given to the 

LabVIEW in frequency reference, “Timing and Transition VI” module has been 

utilized to measure the frequency of the digitalized input signal.  The input signal is 

received by NI 9225 Compact-DAQ component (NI DAQ ). Measurement modules 

in LABVIEW can be seen in Figure 3.6.  

 

 

Figure 3.5. LABVIEW DAQ VI for Magtrol Device Signal Input 
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Figure 3.6. NI 9225 DAQ Module 

 

3.2.2.2. The Data Acquisition Unit (DAQ) 

DAQ’ is an abbreviation used by NI to represent its portable analog and digital signal 

conditioning data acquisition platform). NI 9225 DAQ used here consists of three 

analog input channels, and can accept up to 300V-RMS input from all 3 channels 

simultaneously and 50k samples per second sampling rate. The PMSG and IM voltage 

and currents from LEM devices and torque and shaft speed signals from torque 

transducer are measured using this module.  

 

 

Figure 3.7. Magtrol 6400 Torque Display Device 
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3.2.2.3. Voltage and Current Sensors 

The measurements of the voltage and the current is vital to follow MPPT operation in 

the HIL setup. The measured voltage and current is utilized to calculate the net output 

power of the generator. Following the output power, the HIL setup is aimed to operate 

at the maximum point for the specified wind speed. 

As if known, the voltages at the phase outputs of the generator is in a configuration of 

PWM sinus waveform. This is due to control of the generator by the AC/DC converter 

in the power electronics section. In addition, the generator used in the HIL setup does 

not provide any star point at its terminal box. That is, it is internally ‘wye’ connected 

and there is no neutral point for the measurement. Thus, the measurements should be 

achieved from the phase-to-phase voltages at the generator terminals.  

However, the phase-to-phase voltages can be reached to 380 V-RMS for the speeds 

close to the rated one. The available DAQ module in the setup is NI9225, which can 

accept analog voltages until 300 V-RMS. Due to these reasons, it is noticed that both 

the voltage should be lowered and filtered for a precise measurement. In addition, it 

should be noted that the PWM switching scheme is a high frequency (6 kHz) operation 

and it can disrupt the operation of the DAQ modules while the system runs (this 

condition has been tried out in the setup and it is seen that DAQ modules measure 

wrong values!). Thus, the need of isolation of the generator from the DAQ modules is 

observed. 

To lower voltage and filter the PWM generator output and provide isolation, an 

electronic card which consists of LEM voltage sensors and RC filter has been designed 

as seen in Figure 3.9.  
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Figure 3.8. Voltage Measurement via LEM Sensors  

 

For the voltage sensor, LV 25P has been used due to fast response (40 μs), good 

accuracy (<2% for T=250C) and low thermal drift (0.1 mA change at the output 

current between T=250C and 700C). The current LEM used in the set LV25P provides 

a current proportional to the input current of the primary side circuit. The conversion 

ratio for the LV25P is 1:2.5. In other words, a current of 2.5 multiple of the primary 

side circuit flows through the secondary circuit. Since it involves a primary and 

secondary circuit, it provides us a galvanic isolation. The voltage measurement at the 

secondary side has been achieved by placing a resistor, which is 274 c in Figure 3.11.  

 

 

Figure 3.9. Current Measurement via LEM Sensors 
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The measured voltage is then, filtered via a RC filter of which the cut-off frequency 

is set to 2 kHz to eliminate PWM switching frequency. Then, the voltage measurement 

has been passed to the LabVIEW using NI 9225 analog input module. This module 

has a 50k sample rate, which is enough to observe AC voltages at 50 Hz. 

The voltage and current waveforms are graphed in the LABVIEW and the RMS 

values, power factor, active and reactive powers are calculated in the program by using 

basic circuit equations as seen in Figure 3.12. 

 

 

Figure 3.10. Voltage and Current Measurement LABVIEW DAQ VI 

 

A HIOKI power analyzer instrument is also used to verify the LEM and DAQ 

measurement system. The shown data on the interface can be compared by the values 

on the HIOKI system during the system operation.  

3.2.3. LABVIEW Interface Program 

In the controller section a user interface has been developed in LabVIEW program to 

run and monitor  the WTE. As shown in Figure 3.13, the program has three main parts.  
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Figure 3.11. User Interface Program Developed in LABVIEW 

 

Run/Stop and Mode selection part  

In this part, the operator can run motor and generator by the assigned buttons. In 

addition, the wind speed input mode can be chosen from this part. The wind speed can 

be entered manually or as a function of a random noise added to a constant wind speed 

or as an excel file from a real wind data input to the program. For all three wind speed 

inputs the torque reference is calculated based on the turbine characteristics of the 

turbine and sent to the IM drive. 
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Figure 3.12. Wind Data Input Modes 

 

The shaft speed reference is sent to the PMSG drive by program. This reference value 

chosen by operator to be entered manually by user or calculated from an MPPT 

algorithm. (The MPPT has been developed in two methods within two NI file.) 

Turbine Characteristics Input part  

The power coefficients of the turbine is entered in this part. As it is shown in Figure 

3.13, all mechanical constants, dimensions and moments of inertias for both sides for 

any desired wind turbine can be entered to the program.   

Nevertheless, there is a choice for the beta criteria of the turbine. The pitch angle of 

turbine can be either set manually by the operator or calculated automatically by the 

controller program to prevent system fall outs in high wind speeds.  

Monitoring part 

In the third part of interface screen, the measured and calculated variables are being 

displayed as real-time variables. In Figure 3.13, the Magtrol and HIOKI measurements 
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are displayed. By tagging between windows, the DAQ measurements and power-shaft 

speed graphs are displayed.  

In the Figure 3.10, it is shown that by tagging between monitoring windows the data 

gathered from DAQ  instrument can be shown as voltage, current, power, power factor 

and phase angle values or  waveforms in the program to be monitored during the tests.  

3.3. Wind Turbine Emulator Calibration 

In this section the measurement instruments of the installed WTE is calibrated. In the 

wind turbine emulator set installed in the laboratory the voltage, current, power factor, 

shaft speed and shaft torque values are measured by measurement instruments. 

The voltage and current waveforms supplied to induction motor and PMSG are 

observed through two instruments, HIOKI power analyzer and NI-DAQ cards.  

HIOKI 3193-10 power tester Figure 3.15 is a power meter and power measurement 

instruments for measuring single to three-phase lines with a high degree of precision 

and accuracy. The 3193-10 is a 6-channel power meter for testing any type of circuit 

ranging from single-phase lines to three-phase four-wire lines. Based on the voltage, 

current, and active power measurements, the power meter calculates and displays 

reactive power, apparent power, power factor, phase angle, and efficiency.  

In our set, the device is set to measure the line to line voltage, the phase current and 

the power factor of the connected load. The measured data is sent to the computer via 

a GPIB serial communication and displayed in the developed interface in LabVIEW 

program. 
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Figure 3.13. HIOKI Power Analyzer 

The second measurement module is NI data acquisition module. The cards installed 

on the module are able to measure the voltage in the range of 300 volts and the current 

up to 20 Amps. To increase the measurement range of the module a LEM current and 

voltage transducer is designed by Cengiz Gokmen. As seen in Figure 3.16. 

 

 

Figure 3.14. The Schematic Diagram of Voltage and Current Measurement via LEM Sensors 

 

LV 25P is used as a voltage to current sensor. This transducer has a 40usecs response 

time and 1:2.5 conversion ratio. In order to convert the transduced current to a voltage 

level a 274 ohms resistor is placed at the secondary side of the transducer. The current 

measurement is done by LA55P Hall Effect transducer. A conversion ratio of 1000:1 

is achieved by this LEM, which means that for a 1A current a 1mA current is achieved 

at the secondary side of the LEM. The measured voltage is sent to NI-9215 DAQ 

device through an analog connection. 
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Figure 3.15. NI DAQ Data Acquisition Device 

 

 

Figure 3.16. NI DAQ Input VI for Voltage and Currents Measurements 

 

The transmitted voltage levels to the NI-DAQ is converted to the real values in 

LabVIEW program as seen in Figure 3.16. The scaling ratio is found by testing and 

comparing with the data on HIOKI and set in DAQ assistant VI’s. 

 Scaling ratio for voltage: 69.5 

 Scaling ratio for current: 25 
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Figure 3.17. Voltage and Current Measurements in LABVIEW 

 

Finally the torque and shaft rotating speed is measured by Magtrol SA TMB 312/411 

torque transducer device. This device has the ability to measure the shaft speed up to 

4000rpm and the torque up to 200Nm.  

The encoder placed in the device produces a digital pulse related to the shaft speed. 

For example a 200 rpm is converted to a 200Hz square-wave pulse and sent to the 

display device. This signal is also sent to NI 9225 DAQ module. In the LabVIEW 

program the frequency of the input signal is measured and displayed as the rotating 

speed of the shaft as seen in Figure 3.20. 

In addition the measured torque is converted to a -10V to 10V voltage level equal to 

0 to 200Nm torque. The measured signal is sent to LabVIEW through NI 9225 DAQ.  
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Figure 3.18. NI DAQ Input VI for Torque and Shaft Speed Measurements 

 

In order to scale the input signal of the Magtrol to torque values the scaling process is 

done as seen in Figure 3.21. 

 

Figure 3.19. Torque Scaling in LABVIEW 

 

3.3.1. Testing and Verification of Measurements: 

In order to test the measurement devices and correct the faults in the devices a 3-phase 

resistive Y-connected load is connected to an AC adjustable supply (Figure 3.22), 

which is a tap-changer transformer connected to the 220v grid. The line to neutral 
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voltage is adjusted on 247 volts. The resistive load is measured by Fluke ohm meter 

device as 190 ohms. Then the supplied voltage, current and power factor is monitored 

in the computer. 

 

 

Figure 3.20. Three Phase Delta Connected Resistive Load 

 

Table 3.1. Calibration Verification Measurements 

R 

Ω 

Vph 

HIOKI 

VL 

HIOKI 

Vph 

DAQ 

VL 

DAQ 

IL 

HIOKI 

IL 

DAQ 

PF 

HIOKI 

   PF 

DAQ 

190 246.7 427.3 244.5 423.85 1.3 1.28 0.99   0.985 

 

The V-I equation can be written to testify the measured values: 

 

𝑉𝑙𝑖𝑛𝑒 𝑡𝑜 𝑙𝑖𝑛𝑒 =  √3 𝑉𝑙𝑖𝑛𝑒 𝑡𝑜 𝑛𝑒𝑢𝑡𝑟𝑎𝑙 

 

423.85 ≅   √3 × 244.5     
 

𝑉 = 𝑅𝐼            244.5 ≅ 190 × 1.29 
 

 

 

(3.1) 

  

The error percentage for voltage is 0.01 and for current is 0.016. It is seen from the 

measured data that the voltage measurement match with each other sufficiently. 

However, the current measured from NI-DAQ instrument compared with the 
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HIOKI’s data has a unacceptable error value. This is because the data acquired from 

DAQ module is scaled in the interface program in LabVIEW by adding an offset value 

and multiplying a current range value. In order to calibrate the NI-DAQ measurement 

the offset value is modified and the test is done again with the same applied voltage 

and resistor value. The results are listed in the Table 3.2. 

 

Table 3.2. Measurements After Calibration 

R 

Ω 

Vph 

HIOKI 

VL 

HIOKI 

Vph 

DAQ 

VL 

DAQ 

IL 

HIOKI 

IL 

DAQ 

PF 

HIOKI 

   PF 

DAQ 

190 246.85 427.5 244.6 423.9 1.3 1.295 0.99   0.987 

 

The current scaling coefficient is set to 24.5 after calibration. The error percentage of 

the current measurement reduces to 0.004. 

At the next step to ensure the voltage and current measurements in the applications 

with transient oscillations the PMSG is driven by AC inverter and the shaft of the 

generator is connected to an induction motor driven by another drive as a load (Figure 

3.23). 
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Figure 3.21. Wind Turbine Emulator Block Diagram 

 

The PMSG is driven with a speed reference and the lines frequency is measurred by 

HIOKI power tester and also the frequency data is read from the register in the AC 

inverter which shows the frequency of the supplied voltages. The shaft speed is 

measurred by Magtrol transducer. In addition, the voltage and current of the PMSG is 

measurred with HIOKI and read from drive registers. 

All data is enterred in Table 3.3. From Table 3.3, the speed and frequency 

measurement accuracy can be evaluated. The measurred frequency in Labview is used 

to estimate the rotating shaft speed from equation 120f/p=speed as seen in the Table 

3.3. The biggest error for speed measurement is 0.02. This can be due to the PI controls 

in the drive. As it is known a PI controller has a steady state error which can be reduced 

by proportional and integral coefficients. However, in our case the adjustment of PI 

coefficients did not reduce the steady state error. 
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To observe the truthfulness of the emulated system firstly the simulation curve of shaft 

torque versus shaft speed variations are compared with the experimental results. As 

seen in Figure 3.23, there is a level of error between simulation values and measured 

values. This error is caused by the IM drive. The torque reference sent to the drive has 

been transformed to the current ratio of the rated current and supplied the IM by that 

current. Therefore, the achieved torque from the shaft of IM is different from the 

reference torque sent to drive.  

 

V = 9.6 m/s (Measured)

V = 8.4 m/s (Measured)

V = 7.2 m/s (Measured)

 

Figure 3.22. Torque-Shaft Speed Curve before Calibration 

 

To eliminate that error a PI controller has been developed in the controller such that 

the reference value is compared with the measured torque value by Magtrol torque 

transducer and by using a PI controller the desired torque reference has been achieved 

in the IM output, as seen in Figure 3.24. 
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PI controller+
+

-

Measured Shaft Torque Torque Reference

 

Figure 3.23. PI Controller Block Diagram for Shaft Torque 

 

V = 9.6 m/s (Measured)

V = 8.4 m/s (Measured)

V = 7.2 m/s (Measured)

 

Figure 3.24. Torque-Shaft Speed Curve before Calibration 

 

In the Figure 3.25, it is shown that for wind speed between 7.2 up to 9.6 both 

simulation and experimental measurements are in match with each other. Therefore, 

the wind turbine has been emulated proximately with complete matching. 

In order to check the torque meaurement a series reference torque is sent to IM drive 

and the measurred values from Magtrok display and the Labview program are 

compared assuming that the Magtraol tranducer is calibrated by the factory. Table 3.4  

shows the torque measurement value and the reference value sent to the drive. 
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Table 3.4. Torque Calibration Measurements 

Reference Torque sent to IM 

(Nm) 

Displayed Torque 

in Magtrol  

Measure Value in 

LABVIEW 

43.7 43.5~44.9 43.9 

80.2 79.5~81.9 80.5 

120 119.4~122.1 120.7 

 

It is seen that the torque displayed in Magtrol Display device is oscillating around the 

referrence values. This is beacause of the PI controllers used in the control system. 

However the Labview program measurres a average value for the input signal in the 

time period of one cycle of the process of the whole program. Thus the value 

measurred in Labview is stable and accurately equal to the reference value by a error 

percentage of 0.005. 

 

3.4. Implementing MPPT control algorithms on WTE 

To reach the maximum power product for any wind speed a shaft speed reference 

should be given to the generator such that the extracted power becomes maximum for 

an available wind speed. In this project, we have developed two algorithms to obtain 

MPPT system.  

 

3.4.1. Hill Climb Method  

In this method, the energy produced by the generated has been monitoring while the 

speed reference is being changed in steps and the controller decides to either increase 

or reduce the generator speed. The below block diagram shown the procedure of 

obtaining the maximum power product point in hill climb method.  
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Figure 3.25 Hill Climbing MPPT Method 

 

The initial condition is a starting shaft speed and a D(w) for the first iteration. For the 

next iterations these values are updated through the process. The size of steps for speed 

reference is chosen variable to start the process with a high steps to increase the time 

of reaching the hill and to tolerate at the hill area with small steps to find the hill point 

proximately.  

3.4.2. Hill Climb method MPPT control implementations 

To achieve the highest available energy harvesting the hill climb MPPT has been 

implemented in LabVIEW by monitoring the shaft torque and speed measured by 

Magtrol transducer and choosing a decision to increase or decrease the speed reference 
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sent to PMSG drive. It is assumed that the wind speed has characteristics with no 

fluctuations between assumed periods. As seen in Figure 3.26, at the beginning 10 m/s 

wind speed has been entered to system and the controller has found the maximum 

point after some iterations at 3440 watts at 380 RPM. Then the wind speed has been 

increased to 12 m/s. In this moment, the controller has started to find a new maximum 

power product point and has reached 593 RPM shaft speed with 6650 watts produced 

power.  

The initial condition for the MPPT loop according to Figure 3.25 block diagram has 

been set to 50 RPM shaft speed and by measuring the power difference between 

iterations a decision has been made by the MPPT controller for the next iteration. The 

duration of each iteration has been kept around 2 seconds to compensate the high 

transient period of mechanical parts. It has been experimented that after each shaft 

speed variation it takes about 2 seconds for mechanic variables shaft speed and torque 

to reach a stable level. It can take even higher time in a real turbine with a higher 

moment of inertia. 

 

 

Figure 3.26. Hill Climb Method MPPT algorithm Experimental Results  

It is observed that the hill climb method has responded the applied wind speed 

fluctuations in finding an optimum point. But the applied wind variation is far from 

the real conditions in the nature. According to real wind speed reports, wind speed 
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fluctuate much more. On the other hand the high mechanical transient period of the 

motor and generator or even higher transient period of a real turbine because of the 

high moment of inertia does not allow us to change the shaft speed in small periods. 

Thus, with a highly fluctuating wind speeds hill climb MPPT method could not result 

in optimum points.  

 

3.4.3. Optimum Tip Speed Ratio  

The previous MPPT method has the ability of finding the hill point without any 

information about the power characteristics of the turbine part. However, in a 

condition with a highly tolerating wind speed and a high moment of inertia of turbine 

blades the hill climb method cannot be applicable because of slow mechanical 

transients in the turbine between the iterations comparing with the wind speed 

changes.  Thus for a better response the optimum tip speed ratio method can be applied 

to the control system.  In this method, the optimum tip speed ratio, to have the 

maximum power constant coefficient is found from the 𝐶𝑝(λ, β) curve. Then the speed 

reference for the present wind speed is calculated from Equation 3.2.  

 

𝜔𝑜𝑝𝑡 =
λ𝑜𝑝𝑡 𝑣

𝑅
 (3.2) 

 

The drawback of this method is that, to apply this method for a wind turbine the wind 

turbine characteristics should be available or a pre-running test should be done to 

achieve the optimum tip speed ratio of the installed wind turbine. In the both methods 

the high moment of inertia of the turbine should be taken in the considerations.  The 

shaft speed of the generator cannot tolerate fast because of the effect of inertia of the 

turbine.  

3.4.4. Optimum Tip Speed Ratio MPPT method implementations 



 

 

 

85 

 

In the developed controller for Optimum Tip Speed Ratio method, firstly an optimum 

tip speed ratio has been calculated for a given wind turbine characteristics and then in 

any wind speed the generator shaft speed reference is being calculated. The same 

experiment as previous method has been done to compare the results. For the assumed 

wind turbine characteristics, the controller has calculated the optimum tip speed ratio 

at 8.101. For this experiment, at the start, the wind speed has been set to 5 m/s and by 

starting the MPPT controller the shaft speed has been set to 193 RPM producing 463 

watts power. By increasing the wind speed to 8 m/s, the controller has increased the 

shaft speed to 309 RPM concluding in 1888 watts power production. For the next steps 

by having 10m /s and consequently 9 m /s as the previous experiment, the shaft speed 

and produced power are recorded as 3695 watts power product at 386 RPM and 2750 

watts at 348 RPM shaft speed. 
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Figure 3.28 Optimum Tip Speed Ratio MPPT Implementation Experimental Results 
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3.5. Pitch Angle Control Implementations on WTE 

The pitch angle of the blades of the wind turbines are able to be adjusted in order to 

limit the input power of the turbine. The adjustment is done through a comparator. 

The comparator observes the input power of the turbine and when the turbine power 

becomes higher than the rating power of the system the controller increases the pitch 

angle of the blades. The mechanical limitations for the rate of change of the blades are 

given as 5 degrees per second in the literature. 

For the developed controller a rated torque limit has been set at 0.9 per unit of the 

rated torque. The controller is monitoring the torque reference sent to IM drive and 

whenever this torque value exceeds the limit value, the controller increases the pitch 

angle to reduce the produced power at high wind speeds. In Figure 3.30, an experiment 

has been done to test the pitch angle controller performance.  

  

 

Figure 3.29. Pitch Angle Control against Wind Speed Variations 
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It is seen in Figure 3.29 that with increasing the wind speed to 18 m/s, the pitch angle 

has been increased by the controller to 25 degrees. Then the wind speed has been 

dropped to 14 m/s. In this moment, the controller has reduced the pitch angle until the 

value that the torque reference drops below assigned maximum value. Maximum pitch 

angle change rate is assumed 5 degrees per second. 

 

3.6. Comments 

The wind turbine emulator set installed in the METU-Wind electromechanical 

laboratory. The installed hardware in the loop utilizes data acquisition modules to 

acquire WTE system mechanical and electrical variables and adopt control algorithms 

to the system. The measurement instruments are calibrated by referring the measured 

variables to traceable reference devices. The measured data is evaluated and the 

measurement errors are calculated. Then the measurement devices are adjusted to 

eliminate or reduce the calibration errors as much as possible. At the end of the 

calibration process the errors found in the measurements are taken in Table 3.5. 

 

Table 3.5. Calibration Error Comparison 

Type of Measurement Error % 

Voltage Measurement Error 1 

Current Measurement Error 0.4 

Shaft Speed Measurement Error 2 

Torque Measurement Error 0.5 

 

Based on the results, the measured values have the sufficient accuracy and can be used 

in the further experiments. The only problem is the oscillation and the steady state 

error due to the PI controller in the system which is inevitable. 
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In addition, the hill climb and optimal tip speed ratio MPPT methods are developed in 

the WTE controller. The hill climb MPPT method is able to fine the maximum power 

production point with a perturbation and observation algorithm, where the turbine 

characteristics is not given to the system.  However, with a real turbine moment of 

inertia and a real wind speed characteristics the hill climb method cannot be applicable 

because of large mechanical time constant of the turbine. On the other hand, the 

optimum tip speed ratio requires a power-shaft speed characteristic of the under 

control turbine. With a given turbine characteristics the controller is able to calculate 

the optimum tip speed ratio of the turbine in order to drive the turbine shaft in the 

equivalent optimum shaft speed.  

Finally, the pitch angle controller is developed in the WTE. The pitch angle controller 

is restricted with a 10 degrees per second change ratio to replicate the mechanical 

behavior of a real wind turbine blades. 
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CHAPTER 4  

 

4. DYNAMIC BEHAVIOR SIMULATION OF A REAL WIND TURBINE 

 

In this chapter, the mechanical behavior of a real wind turbine due to turbine blades 

moment of inertia will be replicated on a wind turbine emulator such that the 

acceleration and deceleration of the emulator be same as the real turbine. 

 

 

Figure 4.1. a) Mechanical Model of a Wind Turbine b) Mechanical Model of a WTE 

 

In a real wind turbine, the inertia of blades of the turbine has a huge value and plays a 

critical role in shaft speed acceleration and deceleration periods of the turbine rotor. 
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The mechanical equation for shaft torques of a wind turbine can be expressed 

according to Figure 4.1 as: 

 

(𝐽′
𝑔 +

𝐽𝑡

𝐺𝑏
2)

𝑑𝜔′
𝐺

𝑑𝑡
=

𝑇𝑡

𝐺𝑏
− 𝑇′

𝑔 
(4.1) 

 

Where 𝐽′
𝑔 is the inertia constants of the generator of a real wind turbine on the high 

speed side and the, 𝐽𝑡 is the inertia constant of the real wind turbine at the low speed 

side, which can be transferred to the high speed side by 
𝐽𝑡

𝐺𝑏
2. 𝐺𝑏 is the gearbox ratio. 

𝜔′
𝐺  is the shaft speed of the generator of a real wind turbine. 𝑇𝑡 is the torque of a real 

wind turbine on the low speed side. 𝑇′
𝑔 is the generator torque of a real wind turbine.  

To simplify the equation the gearbox is assumed to be an ideal gearbox with zero 

inertia and loss. 

 

By transferring the low speed side variables to the high speed side of the gearbox (gen 

side) Equation 4.1 can be re-written as: 

 

(𝐽𝑒𝑞)
𝑑𝜔′

𝐺

𝑑𝑡
= 𝑇′

𝑡 − 𝑇′
𝑔 

(4.2) 

 

Where: 

 

𝐽𝑒𝑞 = 𝐽′
𝑔 +

𝐽𝑡

𝐺𝑏
2 

(4.3) 

 

And, 
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𝑇′
𝑡 =

𝑇𝑡

𝐺𝑏
  (4.4) 

 

From Equation 4.2 the change of turbines’ shaft speed can be calculated as: 

 

𝜔′
𝐺 =

1

𝐽𝑒𝑞
∫(𝑇′

𝑡 − 𝑇′
𝑔) 𝑑𝑡 + 𝜔′

𝐺0
  (4.5) 

 

Where 𝜔′
𝐺0

 is the initial shaft speed at t=0. It can be interfered from eq.5 that by 

increasing or decreasing one of the turbine torque (wind speed) or generator torque 

(load) the shaft speed can be adjusted. 

By rewriting Equation 4.2, (𝐽𝑒𝑞)
𝑑𝜔′

𝐺

𝑑𝑡
= 𝑇′

𝑡 − 𝑇′
𝑔, it can be seen that if 𝑇′

𝑡 = 𝑇′
𝑔 

then 
𝑑𝜔′

𝐺

𝑑𝑡
= 0 and the shaft speed will not change. However, when there is an 

unbalance on the left side of the eq.2, the shaft speed will change with the rate of  
𝑑𝜔′

𝐺

𝑑𝑡
. 

For example, if the turbine side torque be bigger than the generator torque the shaft 

speed will accelerate on the torque curve of Figure 4.2 and if the generator torque be 

bigger than the turbine torque, the shaft speed will decelerate with the rate of  
𝑑𝜔′

𝐺

𝑑𝑡
. 

 

4.1. Torque-Wind Speed Characteristics of a wind turbine 

The extracted wind power on a turbine can be calculated from: 

 

𝑃𝑡 = 0.5 𝜌 𝐶𝑝(λ, β)𝐴 𝑣3 (4.6) 
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Or for the torque eq.6 can be rewritten as:  

 

 

𝑇𝑡 =
0.5 𝜌 𝐶𝑝(λ, β)𝐴 𝑣3

𝜔𝑡
 

(4.7) 

 

Where 𝑃𝑡 is the power produced in the turbine (w), 𝜌 is air density constant (1.225 

kg/m3), 𝐴 is the area covered by the turbine blades, 𝑣 is the wind speed (m/sec) 

and𝐶𝑝(λ, β) the power constant of the turbine which can be calculated from equation 

2 [10].  

 

𝐶𝑝(λ, β) = 𝐶1 (
𝐶2

λ𝑖
− 𝐶3β − 𝐶4) 𝑒

−𝐶5
λ𝑖 + 𝐶6λ   

(4.8) 

 

With 𝐶1 to 𝐶6 as turbine’s power coefficients and λ as tip speed ratio defined by: 

 

λ =
𝜔 𝑅

𝑣
 

(4.9) 

 

Where 𝜔 is the rotating speed of the shaft (rad/sec) and 𝑅 is the turbine blades radius 

(m), and: 

 

1

λ𝑖
=

1

λ + 0.008β
−

0.035

β
3

+ 1
 

(4.10) 

 

Having ß as the blades pitch angle.  

 



 

 

 

95 

 

4.2. Per Unit Values 

In the Matlab simulation model, to simplify the calculation and the comparison the 

output torque and input shaft speed values of the wind turbine are calculated in per 

unit values. Per unit values are calculated with respect to rated value as given in 

Equations 4.11, 4.12 and 4.13. Here we want the emulator to replicate the same 

behavior of the simulation. Thus per unit values are chosen to be used in the 

calculation because in that case there will no need to do the scaling calculations in 

comparison. Therefore, to simplify the equations all values in WTE are changed to per 

unit as following: 

 

𝑃𝑜𝑢𝑡𝑝.𝑢.
′ =

𝑃𝑜𝑢𝑡
′

𝑃𝑜𝑢𝑡𝑟𝑎𝑡𝑒𝑑
′  

(4.11) 

  

𝑇𝑔𝑝.𝑢.

′ =
𝑇𝑔

′

𝑇𝑔𝑟𝑎𝑡𝑒𝑑

′  
(4.12) 

  

𝜔𝑔𝑝.𝑢.
′ =

𝜔𝑔
′

𝜔𝑔𝑟𝑎𝑡𝑒𝑑
′   

(4.13) 

 

4.3. Wind Turbine Model  

The wind turbine model which will be emulated in the laboratory should be chosen 

according to the power capacity of our emulator set. In the set we have a 10.8KW 

PMSG and an 11KW induction motor. Table 4.1 shows the wind turbine 

characteristics which have been chosen from the models in the literature to be 

modeled. 
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Table 4.1. Wind Turbine Specifications[6] 

C1 

C2 

C3 

C4 

C5 

C6 

0.5176 

116 

5 

0.4 

21 

0.0068 

Radius 

Rated Power 

Rated Wind Speed 

Rated Shaft Speed 

Turbine Inertia 

CPmax 

2.25 m 

8.4 kW 

12 m/s 

65 RPM 

128 kg.m2 

0.48 

 

And the power equation for different wind speeds results the power-shaft speed graph 

in Figure 4.2. 

 

 

Figure 4.2. Torque-Shaft Characteristics curve of the Reference Turbine 

 

From Equation 4.7, the torque-shaft speed characteristic of a wind turbine for different 

wind speeds is shown in Figure 4.2. 
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4.3.1. Scaling Law 

To replicate the behavior of a real wind turbine the scaling laws of a 1.5 MW PMSG 

scaled down to an 11KW PMSG is as follows: 

The power scaling coefficient Kp is: 

 

𝐾𝑝 =
𝑃𝑜𝑢𝑡

′

𝑃𝑜𝑢𝑡
=

1.5𝑀

11𝐾
= 136.4  

(4.23) 

 

The shaft speed scaling coefficient Kw: 

 

𝐾𝜔 =
𝜔𝑔𝑟𝑎𝑡𝑒𝑑

′

𝜔𝑔𝑟𝑎𝑡𝑒𝑑

=
7.8540 

78.5398
= 0.1  

(4.24) 

 

The torque scaling coefficient Kw: 

𝐾𝑇 =
𝑇𝑔

′

𝑇𝑔
=

190985

140
= 1364   

(4.25) 

 

Or we can say:  

 

𝑇𝑔
′ = 𝐾𝑇 . 𝑇𝑔 (4.26) 

 

For the output power: 

 

𝑃𝑜𝑢𝑡
′ = 𝐾𝑇 . 𝑇𝑔. 𝐾𝜔 . 𝜔𝑔𝑟𝑎𝑡𝑒𝑑

 (4.27) 
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4.4. Simulation of a Real Wind Turbine for Wind Speed Change 

In order to show the mentioned effect of torque unbalances on the shaft speed, the 

wind turbine is simulated in Matlab-Simulink program. Firstly a constant 8.4 m/s wind 

speed is given to the wind turbine and at t=5s the wind speed is increased to 9.6m/s. 

The generator torque, 𝑇′
𝑔, is kept constant to observe the shaft speed variation. The 

results are as Figure 4.3. 

 

 

Figure 4.3. Simulation Results for Real Wind Turbine 

 

It’s seen that at t<5 while turbine torque and load torque are equal, the system is 

working with a constant shaft speed at point A on Figure 4.4. With the increase in 
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wind speed at t=5, the turbine torque increases to point B and the turbine starts to 

accelerate due to higher turbine torque in comparison with load torque. Acceleration 

continues until the time that turbine torque become equal to load torque at point C. 

The torque-shaft speed acceleration on the simulation matches with the torque-shaft 

speed characteristic of wind turbine shown in Figure 4.4. As seen the final speed at 

wind speed of 9.6 m/s reaches 0.67p.u. 

 

 

Figure 4.4. Turbine Torque Variation on the Turbine Characteristics Curve 

 

4.5. Mechanical Model of the Wind Turbine Emulator  

For a wind turbine emulator the mechanical equation of coupling shaft can be written 

as: 

 

(𝐽𝑚 + 𝐽𝑔)
𝑑𝜔𝐺

𝑑𝑡
= 𝑇𝑚 − 𝑇𝑔 

(4.14) 
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Where 𝐽𝑚 and 𝐽𝑔 are the inertia constants of the IM and PMSG of the WTE. 𝜔𝐺 is the 

shaft speed. 𝑇𝑚 is the torque of the IM. 𝑇𝑔 is the torque of the generator.  

In a wind turbine emulator instead of the turbine blades the induction motor with a 

smaller moment of inertia is placed. Thus, the moment of inertia of a real turbine 

should be scaled down and also the shaft speed of the emulator may not be the same 

as the turbine.  Therefore the emulator mechanical equations should be modified so 

that the emulator shaft accelerates and responds in the same way as the real turbine. 

 

4.6. Replicating the Mechanical Behavior of a Real Wind Turbine on the WTE  

The emulator is a 10.8 kW system. Wind turbine may exist is smaller or larger power 

ratings. This section examines how a smaller or larger wind turbine may be scaled so 

that the mechanical behavior can be emulated n the existing environment. Electrical 

scaling of the generator and converters is not considered in this section. This matter 

will be the subject of other studies.  

In order to scale down the inertia of a real turbine such that the emulator displays, the 

same mechanical behavior as the real wind turbine, speed, torque and inertia values 

can be converted to per unit values as described in section 4.2. 

The shaft speed for both systems should change equally. Thus: 

 

𝑑𝜔′
𝐺𝑝𝑢

𝑑𝑡
=

𝑑𝜔𝐺𝑝𝑢

𝑑𝑡
  

(4.15) 

 

Then: 

𝐽𝑒𝑞
′

𝐽𝑒𝑞
=

𝑇′
𝑡𝑝𝑢

− 𝑇′
𝑔𝑝𝑢

𝑇𝑡𝑝𝑢
− 𝑇𝑔𝑝𝑢

 
(4.16) 
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In this equation only 𝐽𝑒𝑞 is the equivalent inertia of the emulator which would give the 

same response as the real turbine in simulation. It should be calculated for every step 

of simulation while torque values change with the change of shaft speed. Therefore, 

𝐽𝑒𝑞 will be a variable dependent to shafts speed and wind speed. For example, for step 

n+1, as seen in Equation 4.17,  𝐽𝑒𝑞 is calculated using the torque values of the previous 

step. 

𝐽𝑒𝑞(𝑛 + 1) = 𝐽𝑒𝑞
′(

𝑇𝑡𝑝𝑢
(𝑛)  − 𝑇𝑔𝑝𝑢

(𝑛) 

𝑇′
𝑡𝑝𝑢

(𝑛)  − 𝑇′
𝑔𝑝𝑢

(𝑛) 
) 

(4.17) 

 

Now this new inertia is used in equation 7  to calculate the reference torque for the 

emulator in (n+1)th step. The same simulation in section 4.4 done on the real wind 

turbine is done for the WTE using the approach described above. The results are 

shown in Figure 4.5. 
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Figure 4.5. Simulation Results of Scaled Turbine 

 

It can be inferred from results in Figure 4.5 and Figure 4.3 that both systems are 

showing the same mechanical behavior for a wind speed change by the presence of a 

constant load torque. The wind speed is increased from 8.4 to 9.6 m/s. The turbine 

torque as changes from 0.34 p.u. to 6.7 p.u. (as shown on Figure 4.5) at t=5secs. Then 

by acceleration the shaft speed the torque decreases to 0.34p.u.  

By considering the final value of shaft speed at 0.615 p.u. an the initial value at 0.509, 

the time constant for the 63% of the exponential growth of the shaft speed becomes 

3.43 seconds. It can be seen in the results that after 5 time constant the shaft speed 

reaches 0.615 p.u. 
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4.7. Implementing Mechanical Behavior of a Real Turbine on the Emulator  

As discussed above, in a real wind turbine, when the wind speed changes or the load 

torque changes the shaft speed accelerates or decelerates depending on the inertia of 

the turbine. However, in a WTE, the inertia of the IM is lower than the inertia of a real 

wind turbine. Also the shaft speed may not be the same. Thus, the emulator shaft speed 

acceleration and deceleration should be modeled in such a way the replicates the 

behavior of a real wind turbine. In the sections above a solution is proposed to this 

problem. 

In this section it is aimed to emulate the real wind turbine on the emulator to find out 

whether the torque, speed, energy produces can be related to the real machine as 

desired. The issue here is to determine what shaft speed reference value should be 

applied to the emulator turbine shaft. Also on needs to find out how to control the 

output of the emulator generator so that it behaves in the same manner as the real 

turbine.  

4.8.  Determination of the Emulator Shaft Torque Reference 

The reference turbine model given in section 4.3 is developed in LabVIEW program 

and will be used to calculate the turbine torque based on the given wind speed and 

shaft speed.  As done in Matlab simulation Equations 4.7, 4.8, 4.9 and 4.10 are used 

to evaluate the corresponding output torque of the turbine for the present wind and 

shaft speed. The calculation is done in discontinuous steps because of the restrictions 

of a hardware in the loop control.  

4.8.1. Determination of the Load Torque Reference 

For a real wind turbine with a real inertia constant Jt the torque-shaft speed mechanical 

equation can be written as: 

𝐽𝑡
′

𝑑𝜔𝑔′

𝑑𝑡
= 𝑇𝑡′ − 𝑇𝑔′ 

(4.18) 
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For output power on the generator side of the Equation 4.15 can be written as: 

 

𝑃𝑜𝑢𝑡′ = ′. 𝑇𝑔′. 𝜔𝑔′  (4.19) 

 

Where ƞ is the efficiency of the generator on a real wind turbine. Same equations for 

WTE can be written: 

 𝐽𝑡
𝑑𝜔𝐺

𝑑𝑡
= 𝑇𝑡 − 𝑇𝑔  (4.20) 

 

And, 

𝑃𝑜𝑢𝑡 = . 𝑇𝑔. 𝜔𝑔  (4.21) 

 

Thus to replicate the output power of a real wind turbine on a WTE, the load torque 

reference is calculated in such a way that the per unit output power of the WTE be 

equal to the per unit output power of the real wind turbine. In equations 19 and 21, the 

per unit value of the shaft speed for both systems can be equal because it is calculated 

by the program and sent to the PMSG as reference referring to the mechanical 

behavior of a real wind turbine (𝑃𝑜𝑢𝑡𝑝.𝑢.
= 𝑃𝑜𝑢𝑡𝑝.𝑢.

′ 𝑎𝑛𝑑 𝜔𝐺𝑝.𝑢.
= 𝜔𝐺𝑝.𝑢.

′ ). 

However, as seen in Figure 4.6 and 4.7, the efficiency of the systems are not equal and 

it would cause different output powers for the same load torque references. To 

compensate this difference in the load torque of the WTE is calculated from: 

 

𝑇𝑔 =
′. 𝑇𝑔′


 

(4.22) 

 

To compare both systems, the rated values on real wind turbine and WTE are given in 

Table 4.2. 
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Table 4.2. The Characteristics of Real Wind Turbine and WTE 

Variable Real Wind Turbine WTE 

Rated Power 

Rated Speed 

Rated Torque 

Pole Pairs 

Output Frequency 

Efficiency 

1.5 MW 

7.8540 Rad/sec 

190985 Nm 

48 

60 

0.95(1) 

11 kW 

78.5298 Rad/sec 

140 Nm 

4 

50 

0.905(2) 

 

(1) A 1.5MW PMSG is designed in [29] and the efficiency of a direct drive 

permanent magnet synchronous machine is plotted as seen in Figure 4.6. 

(2) For the emulator generator the following data is available from the technical 

catalogue of LSRPM160L Unidrive PMSG the efficiency curve is given as 

Figure 4.7. 

  

Figure 4.6. Efficiency of a PMSG for Different Wind Speeds 
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Figure 4.7. Efficiency of LSRPMM1160LR Unidrive PMSG 

 

4.8.2. Testing the accuracy of the scaling algorithm on the WTE 

In the WTE the IM is controlled with a torque reference command and the PMSG is 

controlled with a speed reference command. Therefore, there are only two variables 

to control: 𝑇𝑡 and 𝜔𝐺. Flowchart of the existing emulator control system is given in 

Figure 4.10. As seen in Figure 4.10, the turbine torque is calculated from Equation 4.7 

based on the wind speed is entered to the system interface. In addition, the shaft speed 

is calculated by a MPPT algorithm or may be added manually to the system. In the 

emulator controller, the process is in discontinuous steps. Equation 4.17 can be 

rewritten as: 

 

𝐽𝑒𝑞
∆𝜔𝐺

∆𝑡
= 𝑇𝑡(𝑛) − 𝑇𝑔(𝑛)  (4.28) 

 

Where 𝑇𝑡(𝑛) is the turbine torque at the step n and is calculated according to the wind 

speed and shaft speed at step n. 𝑇𝑔(𝑛) is the generator torque at step n and can be 

calculated from Equation 4.5 based on the shaft speed to replicate the same output 

power of the real system. Therefore, if we assume a ∆𝑡 = 1𝑠𝑒𝑐 the only unknown 

value is ∆𝜔𝐺. Actually we have two scenarios for the mechanical behavior of the 
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system. First, when the wind speed changes and load or generator torque is constant. 

Second, while the load torque or generator torque is changed to change the shaft speed.  

Constant Load Case 

A change in wind speed causes an unbalance in turbine torque and generator torque. 

In this situation as seen in Figure 4.8, the turbine accelerates on the turbine torque-

shaft speed curve until the turbine torque become equal to generator torque. 

 

  

Figure 4.8. Turbine Power-Shaft Speed curve for Case A 

 

For the situation suppose that the turbine is working at point A of Figure 4.8. Then the 

wind speed changes from 8.4m.s (point A) to 9.6 m/s (point B), the load torque 

remains constant. However, turbine torque is increased due to the increased wind 

speed. Therefore, the shaft speed starts to accelerate until Point C where turbine torque 

and generator torque become equal. In the WTE the shaft speed change is applied for 

each one step of 1 sec. The new turbine torque is calculated form the turbine torque-
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shaft speed characteristics for the new wind speed for each step. Then ∆𝜔𝐺 is 

calculated from Equation 4.28 for ∆𝑡 = 1 seconds. This loop continues in iterations 

until the turbine torque changes from point B to C and ∆𝜔𝐺 becomes smaller than 

0.012 p.u. This is the stop criteria for the algorithm. The drive system shaft speed 

accuracy is 1 RPM which corresponds to 0.012 p.u. Thus this value can be the 

minimum value for ∆𝜔𝐺. The torque reference of IM is calculated according to the 

torque-shaft speed characteristic of the modeled wind turbine for each step of the 

iteration based on the wind speed and the shaft speed at each loop and sent to IM drive. 

The shaft speed reference sent to PMSG is changed in every step of trajectory.  

Constant Wind Speed Case 

In this case, firstly suppose that the turbine is working at point A as seen in Figure 4.9. 

Then the load torque is changed either to change the shaft speed of the system or to 

change the transmitted power to the load or caused by a fault in the system the wind 

speed and turbine torque is assumed constant at the moment that load torque is 

changed. Suppose that the system is working at point A as seen in Figure 4.9. Then 

the load torque is decreased. The system starts to accelerate because the turbine torque 

is bigger than the load torque until the point B where both torques become equal. For 

this case, the shaft speed changes according to Equation 4.28 and the turbine torque 

moves on the turbine torque-shaft speed curve as seen in Figure 4.9.  
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Figure 4.9. Turbine Output Power-Shaft Speed Curve for Case B 

 

In the WTE the difference between turbine torque and the load torque constructs 

(𝐽𝑒𝑞)
∆𝜔𝐺

∆𝑡
. From ∆𝑡 = 1 for each step of iteration ∆𝜔𝐺 is calculated from Equation 

4.28. The new shaft speed is calculated from Equation 4.27 at each step and the new 

turbine torque is calculated based on the new shaft speed. This continues until the 

turbine torque become equal to the load torque. 

The flowchart of the implementations on WTE is given in Figure 4.10 for one loop. 
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Figure 4.10. The Flowchart of the Behavior Implementations on WTE 
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4.9. Test results on WTE 

In order to verify if the developed algorithm on WTE replicates the behavior of a real 

wind turbine, the same tests which has been done on real wind turbine in Matlab 

program is done on WTE bench. The developed  simulation environment is detailed 

in chapter 5.  

Firstly, the wind speed of 8.4m/s is entered to the system with the initial shaft speed 

of 0.51p.u. Then at time t=5sec the wind speed is increased to 9.6m/s. It is seen that at 

t=5sec the turbine torque is increased from 0.34p.u. to 0.67p.u. However, the load 

torque is kept constant at 0.34p.u. thus, the shaft speed started to accelerate and 

reaches to 0.615p.u. after 11 seconds. At t=16sec the turbine torque reaches point C at 

Figure 4.8, where it becomes equal to load torque again.  
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Figure 4.11. WTE Turbine Torque variations (experimental results) 

  

Figure 4.12. WTE Shaft Speed (experimental results) 

  

Figure 4.13. WTE Load Torque (experimental results) 

  

Figure 4.14. WTE Wind Speed (experimental results) 
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In Table 4.3 the three systems are compared for their final value and time constant 

variables. The step size is kept 1 seconds, therefore the torque and shaft speed is 

calculated for every 1 seconds. The shaft speed accuracy on WTE is 0.01 p.u. 

Therefore there is a 0.05% fault in WTE final shaft speed.   

 

Table 4.3. Comparison of Simulation and Experimental Results 

 Real WT 

WTE 

Simulation 

WTE 

Experimental 

Initial Shaft Speed 

Final Shaft Speed 

0.509 

0.615 

0.509 

0.615 

0.51 

0.61 

Time Constant for 63% of Exponential 

Growth 
3.43 3.43 4 

Shaft speed value after 1 time constant 0.5761 0.5761 0.58 

Shaft speed value after 5 time constant 0.615 0.615 0.61 

 

It is worth mentioning that the simulation results are in complete match for the real 

wind turbine and scaled down wind turbine cases because in the simulations only the 

mechanical behavior of the systems are addressed. The electrical scaling of a real 

generator on the WTE is the subject of further studies.  

 

4.10. Comments  

In this chapter a scaling approach is addressed so that an emulator can replicate the 

dynamic behavior of a real wind turbine despite the fact that its shaft speed and power 

rating is much smaller. This is achieved by employing the emulator controller to 

produce torque and speed references in accordance with the scaling approach 

proposed. The proposed approach is verified via simulation and by experiments on the 

emulator. The mechanical behavior of a 1.5 MW wind turbine for wind speed change 

is simulated in Matlab. Then an 11 kW wind turbine is simulated by scaling down the 
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inertia of the 1.5 MW turbine to the 11 kW ratings. The results are observed to match.  

Then the developed scaling algorithm is implemented on experimental WTE set on 

LabVIEW and an interface is programmed for the set. The same wind speed change 

test is done on the developed program. The comparison of the results on WTE by 

simulation results verifies the presented algorithm. Both simulation and WTE tests 

show equal shaft speed and torque change for the applied wind speed change. Thus it 

can be said that both systems have equal mechanical time constant. 
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CHAPTER 5  

 

5. DEVELOPING SIMULATION AND EXPERIMENTAL ENVIRONMENTS 

FOR A MICROGRID WITH CAPABILITY OF ISLANDING MODE OF 

OPERATION 

Microgrids are small electrical networks capable of working in utility grid connected 

mode through a transition line or islanded mode operation feeding local loads through 

renewable sources or storage systems. Within a microgrid, there may be conventional 

generator plants as well as renewable energy sources like wind turbine, photovoltaic 

modules and battery storage systems. In addition, local loads are connected to the 

system and the microgrid should be able to maintain system quality and reliability 

during islanded mode of operation in case of main grid fault or disconnection. The 

microgrid concept is proposed to utilization of distributed generators with high 

flexibility and efficiency. A microgrid is composed of a group of interconnected loads 

and distributed energy resources with clearly defined electrical boundaries acting as a 

single controllable entity with respect to the main grid. The microgrid may operate in 

grid connected or islanded mode. The ability of connecting various kinds of distributed 

energy resources such as renewable energy conversion systems or storage systems 

improves the flexibility and efficiency of the whole grid [30].  

Generally, a microgrid is capable of operating in grid connected mode. Whenever a 

preplanned or unplanned event occurs in the main grid, causes the microgrid to operate 

in islanded mode. Operating in islanding mode increases the reliability of the energy 

supplies by disconnecting from the main grid in the network fault cases. If the 

microgrid has to operate in islanding mode, it should be able to maintain or recover 

the voltage and the frequency of the islanded system to meet the desired power quality 

criteria.  

When microgrid goes to islanding mode, its last situation should be considered: if the 

energy consumption of the microgrid loads was higher than the energy generation of 
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the distributed generators in the microgrid then after detecting the islanding mode, the 

controller has to increase the generation level to compensate the lost power; In this 

mode the microgrid frequency will be decreased due to negative power flow direction 

on the main grid coupling point. In the contrary, while the microgrid was injecting the 

extra energy to the main grid before the islanding event, it should decrease the energy 

generation in the microgrid to recover the frequency rise.ng energy and afterwards it 

has gone to islanding mode, it should decrease the generation level so the grid 

frequency will rise [31][32].  Therefore the system should be controlled by any 

generation capability (stored energy or generator) or by switching off some of the less 

important loads.  

 

Main Grid

Local Loads Local 

Generators

Renewable 

Energy 

Sources

Energy 

Storage

 

Figure 5.1. Proposed Microgrid Block Diagram 

 

The purpose of the chapter 5 and 6 is first to establish a model for a microgrid and 

verify it on the hardware in the loop system so that it can be used to study 
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the conditions that must be satisfied to take a wind turbine into islanding operation 

while the local loads are supplied satisfying the specified power quality conditions. 

For this purpose, the islanding mode transition of the developed microgrid is 

investigated for various generation and load consumption scenarios. Then the results 

will be analyzed based on the grid power quality codes to evaluate the system 

performance. The proposed microgrid is based on the system characteristics of the 

wind turbine emulator installed in the Electro-Machinery Laboratory of METU Wind 

center.  

 

5.1. Installed Experimental System Description 

The proposed microgrid is composed of a wind turbine, a synchronous generator and 

a local load connected to the main grid through a power switch. The local loads are 

provided both in resistive and inductive modules for different experimental scenarios.  

In this research, the conditions under which the described microgrid system can be 

operated to maintain rid quality standards will be investigated. The developed 

microgrid system composed of a grid simulator, a WTE, a SG and local loads in the 

laboratory are connected to the main grid. Various scenarios for the operation of the 

islanded microgrid will be simulated in Matlab Simulink program before adapting 

them on the experimental test environment. For this purpose a simulation model is 

developed as explained in section 5.3. After the system performance and security is 

proofed in the simulations the experimental tests will be done based on the simulation 

results on the installed microgrid in the laboratory.  

The output power of the wind turbine is adjusted based on the given wind speed to the 

control program. . The synchronous generator is responsible of maintaining a voltage 

waveform reference for the controller of the WECs inverters. The synchronous 

generator is driven by a DC motor. The output power of the SG is controlled by 

controlling the DC motor torque. The structure and the control description of the SG 
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module is given in section 5.3. In addition the resistive and inductive loads are used 

in the laboratory as local loads. 

5.1.1. Grid Simulator 

The microgrid system described in this section is installed in electromechanical 

laboratory. It is used to evaluate the simulation results. For this purpose a NHR 

Research Grid simulator (seen in Figure 5.2) is used to emulate the behavior of a main 

grid (infinite bar). 

 

 

Figure 5.2. NHR Research Grid Simulator 

The grid simulator is a 12 kW four-quadrant (bi-directional) AC/DC source with 

selectable voltage amplitude and frequency outputs. When used in the regenerative 

(sink) mode, it sends returned power back to the main grid. The NHR research grid 

simulator is used as a grid simulator for testing grid-tied products for compliance to 

industry standards. In our application the grid simulator is used to disconnect the 

microgrid from the main grid instead of conventional contact switches.  

5.1.2. Wind Turbine Emulator 

The WTE system is as described in chapter 4. The wind speed is given manually to 

the user interface program and the MPPT algorithm as described in chapter 2 is 

controlling the generator rotating speed of the WTE. The developed scaling algorithm 

https://nhresearch.com/power-electronics-application-test-solutions/pv-dg-grid-tied-inverters/
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is used on WTE to scale down the 1.5 MW real wind turbine given in [7] to 10.8 kW 

rating power of the WTE.  

5.1.3. Synchronous Generator 

The proposed SG is a 3.5kVA 4pole wounded rotor synchronous generator coupled to 

a 4.8kW DC motor. The DC motor is used as a prime mover to replicate the internal 

combustion engine which drives the generator in practice. The output of SG is 

connected to the common 3 phase bus of the micro grid. The block diagram of the 

designed system is shown in Figure 5.3.  

 

Synchrnous Machine

Torque/Speed
 Transducer

DC Motor

3-phase
 output

Microgrid

Controller

DC Buck 

Converter

Rotating Shaft Speed

Output Voltage Measurement

Synchronous Gen Field Excitation DC Motor Field Excitation 

 

Figure 5.3. Local Synchronous Generator Block Diagram 

 

To stabilize the output frequency and the voltage of the synchronous generator, the 

output power of the DC motor is controlled to fix the rotating shaft speed of the AC 

generator and the output frequency at a given reference. In addition, the output voltage 

amplitude is controlled by the field excitation control of the AC synchronous 
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generator. The control block diagrams of the DC motor and AC generator are 

described in the following: 

a) DC motor control model description 

The converter employed for this purpose is a buck converter controlled by a TI28335 

Microprocessor based controller. Its block diagram is given below. 

Q1

Q2

D1

230 VDC
D2

PWM Module

PI Speed 
Controller

230 VDC

DC Motor

M
icro

p
ro
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r
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Speed 
transducer

Speed measurement

High Level 

PWM sent 

to Q1

Low Level 

PWM sent 

to Q2

 

Figure 5.4. DC Motor Control Block Diagram 

 

The DC motor field control converter receives feedback signal from the DC motor 

speed via an encoder type speed transducer. The microprocessor also receives a speed 

reference from central controller. The central controller measures the frequency of the 

voltage on the common bus and calculates a speed reference for the DC motor based 

on the pole numbers of the AC synchronous generator. The processor then produces a 

reference signal to control the output of the power stage through a PI controller and a 

PWM unit. The power stage is fed from a power supply rated at 230 V DC. The buck 

converter is a FP30R06W1E3 power module composed of two IGBT’s with 600 V 

and 39 A ratings. The DC applied to the Buck Converter is obtained, it is then 
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converted to a high frequency AC, using two switching transistors, driven by a pulse 

width modulated (PWM) square wave. This results is a high frequency AC wave, 

which can then be re-converted to DC through inner inductance of the DC motor field 

winding. Thus, the inductance of the field winding is used as a current smoothing 

inductor for the output of the converter. The PWM signal is two complementary 0-5 

volt signals produced by the DSP microprocessor. The switching frequency is set to 

2300 KHZ. The output voltage of the converter is adjusted between 230 V DC and 

zero based on the PWM duty cycle. When the system is under control the reference 

speed signal for the DC machine field control will be produced by the central 

controller of the microgrid via LabVIEW through serial communication. 

b) AC synchronous model description 

To control the output voltage of the AC generator, a similar buck converter is used to 

control the field excitation of the generator as shown in Figure 5.5. 
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Figure 5.5. Synchronous Generator Block Diagram 
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A buck converter supplies the DC voltage of the field winding of the synchronous 

generator. The output voltage of the generator is measured by a LV25P voltage 

transducer. The LV25P transducer converts the input current with a ratio of 1:2.5. The 

voltage measurement at the secondary side of the LEM is achieved by placing a 548-

ohm resistor. The measured voltage signal is sent to the microprocessor via its ADC 

module. In the control loop, the voltage measurement is given to DSP as the feedback 

value and the reference value is sent to the DSP by the central controller in LABVIEW 

through serial communication. A PI controller is used to adjust the output voltage of 

the SG. The DSP produces two complementary PWM signal with a 7 microseconds 

dead band to prevent short circuiting the switches and with 2300KHZ frequency for 

the gates of the buck converter as shown in Figure 5.5.  

 

5.2.  Developing Simulation Environment for the Installed Microgrid  

As seen in Figure 5.1, the developed microgrid is composed of a variable speed 10.8 

kW wind turbine emulator with a direct driven PMSG and a back-to-back converter, 

a 3 kW synchronous generator directly connected to the microgrid and a variable local 

load. The main grid is a 380V 12 kW grid simulator connected to the local equipment. 

The specifications of the system units are explained in the following: 
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Figure 5.6. Simulation Model of the Microgrid 

 

5.2.1. Main Grid 

The microgrid is connected to the main grid through a 12kW grid simulator. The 

simulator is capable of generating 3-phase voltage waveform with given voltage 

amplitude and frequency and a breaker switch. The main grid is assumed to be an 

infinite bus connected to the grid simulator through a bus. In the simulation model, a 

380V 50 Hz three phase voltage source is used to model the grid simulator connected 

to the microgrid through a breaker switch.  
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Figure 5.7. Main Grid Simulation Model 

 

 

Figure 5.8. Three Phase Breaker Model  
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5.2.2. Wind Energy Conversion System 

A wind turbine with 1.5 MW power rating [7] is used to be scaled down to 10.8 kW 

rating power of the WTE using the developed scaling algorithm detailed in chapter 4. 

The turbine is connected to a direct driven PMSG. The wind turbine model is 

described in chapter 2. The PMSG model is chosen based on the PMSG on the 

emulator system. The PMSG specifications are given in Table 5.1: 

Table 5.1. WECS Specifications 

Rated Generator Power 10.8 kW 

Rated Shaft Speed 

Rated Torque 

Pole Pairs 

Rated Frequency 

750 rpm 

145 Nm 

4 

50 Hz 

 

 

 

Figure 5.9. Wind Turbine Model 
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To simulate the WTE, a simulation model of a WECS is developed in Simulink. The 

simulation block diagram of the WECS is given in Figure 5.9. This model is verified 

by comparing its results with experimental results. 

The simulation model is composed of a wind turbine model, a synchronous generator 

and two back-to-back converters: a machine side AC-DC converter and a grid side 

DC-AC converter. 

The wind turbine model is described in chapter 3. A turbine pitch controller is added 

to the model to limit the output power of the turbine. While the microgrid generation 

is higher than the local loads consumption the grid frequency starts to rise. The pitch 

angle controller reduces the output power of the turbine by increasing the pitch angle 

of the blades. A PI controller is used to maintain the grid frequency on the given 50Hz 

reference. In addition a rate controller is used to adapt the mechanical limits of a real 

turbine pitch adjustment system (5 degree/sec).  

 

 

Figure 5.10. Wind Turbine Pitch Controller Block Diagram 

 

In addition to the pitch angle controller, a crowbar resistance is placed parallel to the 

DC-link capacitor of the WECS. The crowbar resistance monitors the DC-link voltage 

and once the DC voltage passes the trigger level or the rotating shaft speed of the 

turbine exceeds the nominal value the power coming from the machine side inverter 

is deployed through this resistance. 
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The generator side converter is working based on shaft speed reference signal coming 

from MPPT. The reference shaft speed is calculated in the MPPT algorithm based on 

the available wind speed as described in chapter 3. Next, as shown in Figure 5.10, a 

torque reference is generated based on the rotating shaft speed and the reference shaft 

speed. Then based on the mathematical model of the PMSG the PWM signals are 

generated and sent to a universal bridge converter. The Universal Bridge block 

implements a universal three-phase power converter that consists of up to six power 

switches connected in a bridge configuration. The type of power switch and converter 

configuration are selectable from the dialog box. The Universal Bridge block allows 

simulation of converters using either naturally commutated or line-commutated power 

electronic devices (diodes or thyristors) and forced-commutated devices (GTO, IGBT, 

MOSFET). The Universal Bridge block is the basic block for building two-level 

voltage-sourced converters (VSC). The device numbering is different if the power 

electronic devices are naturally commutated or forced-commutated. The control 

algorithm of the power converter is described in the following: 

 

𝑣𝑑𝑠 = −𝑅𝑠𝑖𝑑𝑠 − 𝐿𝑑

𝑑 𝑖𝑑𝑠

𝑑𝑡
+ 𝜔𝐿𝑞𝑖𝑞𝑠 (5.1) 

  

𝑣𝑞𝑠 = −𝑅𝑠𝑖𝑞𝑠 − 𝐿𝑞

𝑑 𝑖𝑞𝑠

𝑑𝑡
+ 𝜔𝐿𝑑𝑖𝑑𝑠 + 𝜔𝜑𝑓 (5.2) 

 

Where 𝑣𝑑𝑠and 𝑣𝑞𝑠 are the stator d-axis and q-axis voltages. In addition, 𝑖𝑑𝑠 and 𝑖𝑞𝑠 are 

the stator d-axis and q-axis stator currents. 𝑅𝑠 is the stator resistance, 𝜔 is the electrical 

rotating angular speed and  𝜑𝑓 is the magnetizing flux linkage. The ABC three phase 

voltages are transformed to dq rotating reference frame based on park transform 

equations as shown in Figure 5.11. 
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Figure 5.11. dq Transformation Block Diagram 

 

A PMSG electromagnetic torque can be expressed as:  

𝑇𝑒𝑚 =
3

2
𝑃[(𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑠 𝑖𝑞𝑠 + 𝑖𝑞𝑠 𝜑𝑓] (5.3) 

 

In surface mounted magnet machines 𝐿𝑑 = 𝐿𝑞 = 𝐿𝑠. Therefore, torque equation 

becomes: 

𝑇𝑒𝑚 =
3

2
𝑃𝑖𝑞𝑠 𝜑𝑓 (5.4) 

 

As shown in Equation 5.4, for a given shaft speed reference, the torque reference is 

adjusted by 𝑖𝑞𝑠. Therefore, torque and 𝑖𝑞𝑠 are in a linear relation and this property is 

used in converter design as seen in Figure 5.11.  
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Figure 5.12. Gen Side Converter Control Block Diagram  

 

 At the grid side converter, the controller produces PWM signals based on the DC-

link voltage. In a WECS because of wind speed fluctuations, the DC-link voltage 

changes with power variation on the PMSG. Therefore, the grid side converter is 

responsible to regulate the DC voltage on the capacitor by adjusting the power 

transmission to the grid. Nevertheless, the grid side converter controls the active and 

reactive power production of the system in order to compensate the grid voltage and 

frequency drops [34]. 

In the DC-link capacitor the voltage and current can be expressed as: 

𝑖𝐷𝐶 = 𝐶
𝑑𝑣𝐷𝐶

𝑑𝑡
 (5.5) 

 

And the capacitor power is: 

𝑃𝑐 = 𝑣𝐷𝐶  𝑖𝐷𝐶 = 𝐶 𝑣𝐷𝐶
𝑑𝑣𝐷𝐶

𝑑𝑡
 (5.6) 
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The DC voltage of the DC-link is directly related to the generator side power and grid 

side power. In steady state 𝑃𝑐 = 0. But for transient fluctuations the capacitor power 

is changed by: 

𝑃𝑐 = 𝑃𝐺 − 𝑃𝑔𝑟𝑖𝑑 (5.7) 

 

The inverter voltages are derivated from: 

𝑣𝑑𝑔 = 𝑣𝑖𝑑 − 𝑅𝑔𝑖𝑑𝑠 − 𝐿𝑔

𝑑 𝑖𝑑𝑠

𝑑𝑡
+ 𝜔𝐿𝑔𝑖𝑞𝑠 (5.8) 

𝑣𝑞𝑔 = 𝑣𝑖𝑞 − 𝑅𝑔𝑖𝑞𝑠 − 𝐿𝑔

𝑑 𝑖𝑞𝑠

𝑑𝑡
− 𝜔𝐿𝑔𝑖𝑑𝑠 (5.9) 

 

Where L are R are the grid inductance and resistance, 𝑣𝑖𝑑 and 𝑣𝑖𝑞 are inverter voltage 

components and 𝑣𝑑𝑔 and 𝑣𝑞𝑔 are the grid voltage components. If the reference frame 

is oriented on the utility grid voltage then 𝑣𝑞𝑔 = 0. The active power is expressed by:  

𝑃 =
3

2
 𝑣𝑑𝑔𝑖𝑑𝑠 (5.10) 

 

The active power transmitted to the grid side is directly related with the DC-link 

voltage. Thus the reference for the active power is calculated from the measured DC-

link voltage and the reference voltage using a PI controller. In addition, for the reactive 

power: 

𝑄 =
3

2
 𝑣𝑑𝑔𝑖𝑞𝑠 (5.11) 

 

Based on Equation 5.11, a reactive power reference is given to the control block 

diagram and a iqs Reference value is derived. Then the calculated reference value is 
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used in Equation 5.8 and 5.9 is voltage reference derivations. The machine side 

converter of the wind turbine system is driven based on the pulses generated in the 

control block diagram given in Figure 5.13. 
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Figure 5.13. Grid Side Converter Control Block Diagram 

 

5.2.3. Local Conventional Generator Set  

To simulate the described synchronous generator control system the Simulink model 

given in Figure 5.14 is developed. The conventional synchronous generator is a 

synchronous generator driven by a mechanic power input to prevent missing the 

voltage references of the grid-side converters of the wind turbine and the storage unit 

while the system is going to the islanded mode. To maintain the output frequency and 

voltage of the generator at its reference values the mechanical input is given through 

a diesel engine governor controller and an excitation controller to stabilize the terminal 

voltages at the nominal voltage of the grid side, as seen in Figure 5.14. 
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Figure 5.14. Simulation Model of the Synchronous Generator 

 

The 1 p.u. rotating speed reference equivalent to 50Hz output frequency of the 

generator is given to the diesel engine governor and the measured generator speed is 

compared with the reference speed to adjust the output mechanical power of the 

engine. The governor also limits the input mechanical power of the generator up to 

1.1 p.u. mechanical power. In addition the excitation module works based on the 1 

p.u. voltage reference equivalent to 380 V to adjust the output voltage of the generator 

at the given reference. 

In the following, the working principle of the synchronous generator model is 

addressed.  

The output terminal voltage of a synchronous machine is directly in relation with the 

exciting current as seen in Figure 5.15.  
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Figure 5.15. Open Circuit Characteristics of a Synchronous Machine 

 

Thus, to control the terminal voltage of the generator a closed loop excitation module 

is used. A reference voltage is given to the controller and based on the output terminal 

voltage; the exciting winding is supplied from a DC source in the simulation. The 

output frequency of the synchronous generator is directly in relation with the input 

mechanical power of the generator. 

(𝐽𝑔𝑒𝑛)
𝑑𝜔𝑔

𝑑𝑡
= 𝑇𝑔𝑖𝑛

− 𝑇𝑔𝑜𝑢𝑡
 (5.12) 

 

Where Jgen is the inertia of the generator and Tg in and Tg out are the input and output 

torques of the generator. A diesel governor controls the input power of the generator 

based on the reference rotating speed and the feedback of the shaft speed of the 

generator to stabilize the rotating shaft speed at the given reference value. 
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5.3. Comments 

A typical microgrid includes PV panels, wind turbines, batteries, super-capacitors, 

electrochemical storage and micro turbines. Since most of the micro sources are DC, 

voltage source inverters are commonly used. Whether the microgrid is operating in 

grid connected or islanded mode, the basic requirement that there is a balance between 

generation and demand applies. When generation exceeds demand, the surplus must 

be absorbed somewhere. If demand exceeds generation, then the excess demand must 

be met from somewhere, or else loads will not be met, and failure will occur. 

The challenge is to ensure an optimum balance among the various generating 

resources, so that the load is shared optimally, and network losses are reduced or kept 

at a minimum. In an idealized smart grid based microgrid, all generation and load 

points are interconnected by a communications network and controlled by a central 

network controller, which will ensure that an optimized balance between generation 

and demand is maintained. 

Existing grid networks which are dominated by synchronous rotating machines (SM) 

allow renewable energy sources (RES) to run at the maximum output that the resource 

is capable of at any instant and balance the network by varying the output of the 

synchronous generator. Small variations in balance are taken up by system inertia, and 

droop control techniques are commonly used to maintain the load sharing balance 

between generators. A microgrid which consists entirely of inverter based non 

synchronous generation sources poses a challenge as: 

 There is no mechanical inertia to absorb or release energy. 

 Frequency is not controlled by synchronous machines but by electronics and 

is not normally load dependent. 

Voltage can vary at different points in the network depending on the load distribution 

at any time and is therefore not a good choice of control. 



 

 

 

135 

 

In a grid connected microgrid, frequency and voltage references are obtained from the 

main grid, and both the voltage and frequency are controlled by the utility during 

parallel operation. In an islanded microgrid, frequency and voltage references must be 

generated within the microgrid, and in an inverter-based microgrid these values are 

provided either by a single inverter, operating as a virtual synchronous machine, or by 

all inverters operating in synchronism.  

In our study case, the voltage and frequency references are obtained from a 

synchronous generator driven by a DC motor. In the local synchronous generator set 

the frequency of the microgrid is controlled by adjusting the output mechanical power 

of the DC motor and the voltage of the microgrid is controlled by adjusting the field 

excitation of the synchronous generator, as described in details in section 5.1. The 

inverter based WECS is connected to the SG through a common bus system. The 

microgrid is connected to the main grid through a grid simulator. In addition the 

microgrid is supplying local loads and based on the power generation and 

consumption in the microgrid, the power is injected or absorbed from the main grid. 

In the next chapter, the developed simulation and experimental environments are used 

to testify the dynamic behavior of the microgrid in the islanding mode transition period 

with the presence of different load-generation scenarios. 
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CHAPTER 6  

 

6. ISLANDING MODE OPERATION OF A MICROGRID 

In this chapter the behavior of a microgrid system during transition between grid-

connected mode and islanded mode of operation is investigated. During the grid-

connected mode the microgrid sources will be controlled to provide constant real and 

reactive power injection. During the islanded mode the sources will be controlled to 

provide constant and nominal voltage and frequency operation. Transition from one 

mode to other will introduce severe transients in the system[35]. Two kinds of 

transition schemes based on the controlled parameter controller are discussed in this 

chapter; a) Using pitch angle controller to reduce or increase the power generation of 

the turbine and b) Using DC-braking resistor to dissipate extra produced power 

injected by the turbine to the generator in the WECS. In the following the control 

strategy for the two methods are addressed and simulated in the Matlab simulation 

environment.  

In the simulation model the wind speed is given to the wind turbine model manually. 

In the pitch angle control method, when the pitch angle controller is enabled, a PI 

controller adjusts the pitch angle of the turbine based on the reference frequency and 

the measured microgrid frequency. When the pitch angle controller is disabled the 

pitch angle is kept on zero independent of the microgrid frequency oscillations.  

Alternatively, the DC-brake control method is able to dissipate the extra power 

produced by the wind turbine while the power generation in the microgrid surpasses 

the load requirements. A nominal DC-link voltage is given to a comparator in the main 

controller. The controller compares the instantaneous DC-link voltage with the 

reference DC-link voltage and based on the oscillation on the DC voltage a PWM 

signal is generated to switch in-out the braking resistor. There is a trigger for turning 

on the DC-link controller which is set to 640 volts for our system with 600 volts 

nominal DC-link voltage.  
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On the synchronous generator model the reference mechanical power is given to the 

governor model. In addition, the governor measures the rotating shaft speed of the 

generator and compares it to the nominal shaft speed of the synchronous generator. 

The rotating shaft speed of the generator is directly related to the mechanical power 

on the coupling shaft and the output power of the generator. Therefore, based on the 

deviation of the microgrid frequency from the nominal frequency of the microgrid the 

governor adjusts the mechanical power input of the synchronous generator. The 

WECS is a 10.8 kW wind turbine coupled with a PMSG as explained in previous 

section. The synchronous generator is a 4 kW 1500 RPM synchronous machine. In 

the simulation the voltages, currents and the power values are transformed to per unit 

values based on the nominal voltage, current and power of the WECS. The control 

algorithm and the block diagrams are discussed in the previous section. The simulation 

time step is set to 5e-6 seconds discontinuous steps to maintain the simulation 

accuracy. The simulation results for adapted scenarios are given in the following 

sections.  

The Ordinary Differential Equation (ODE) solvers in Matlab Simulink environment 

is used with the time step of 5e-6 seconds to simulate the behavior of the system. The 

simulation program solves the developed system in approximately 15 minutes for a 

simulation time duration of 30 seconds.   

6.1. Power Quality issues 

Before 2000’s the distributed generators were allowed to disconnect from the main 

grid while there was a fault in the main grid. However, by the penetration of the 

renewable energy resources and the increase in the percentage of the generated 

electricity by distributed generators, the grid codes were revised to tolerate the grid 

faults. The main grid may observe voltage and frequency faults during operation. The 

microgrid may overcome these faults by disconnecting from the main grid and 

continue its operation by maintaining the voltage and frequency variables in the 

acceptable ranges. In some smart grid operations the microgrid takes part in grid faults 
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by contributing in active or reactive power injection to the grid by staying connected 

to the black-outed grid for a short period of time. This may be adjusted by the grid 

codes provided to the distributed generators by grid operator.  

 

Figure 6.1. Voltage Ride Through Requirements of Distributed Generators  

 

Grid codes describe the required performance of a power system connected to the 

main grid. As shown in Figure 6.1, if the voltage value fluctuations remain in the upper 

boundary of the line, the system stays connected to the system and contributes in 

enhancing the system stability.   

In the frequency regulation of the WECS’s of the TEİAŞ standards it is requested that 

the power plants should be able to operate at complete available power if the frequency 

is lower than 47.5 Hz. If the frequency reaches 50.3 Hz or higher, the WECS should 

decrease its power generation. Beyond the frequency of 51.5 Hz, wind station should 

be disconnected not to damage components connected to the grid. Figure 6.2. explains 

the frequency vs. output power regulations of the WECS based on TEİAŞ standards.  
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Figure 6.2. TEİAŞ Regulations for Frequency-WECS Outut Power 

 

In addition to voltage ride through and frequency requlations, the European Network 

of Transmission System Operators for Electricity (ENTSO-e) has published a grid 

frequency tolerance criteria for generation system to fullfill in 2015. Based on this 

regulation, as seen in Figure 6.3, the generator must operate at frequency values 

between 47.5 and 52 Hz. While the frequemcy is between 47 and 47.5, the generator 

should continue its operation for at least 20 seconds. For the frequencies abow 52 Hz, 

the generator is allowed to trip due to self protective issues. [33] 
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Figure 6.3. Main Frequency Threshold and Operating Limits Based on ENTS-O Standards 

 

In the following sections the islanding mode transition of the described microgrid is 

investigated in simulation and experimental environments. The voltage and frequency 

oscillations are plotted to testify the grid codes compatibility of the islanding event to 

address that if the islanding scenario meets the grid codes requirements. This is 

important to prevent damaging the electrical equipment connected to the microgrid 

due to oscillations on the microgrid caused by the islanding event.   

 

6.2. Islanding Mode Transition using DC-braking Resistance 

In this section the microgrid environment described in chapter 5 is both simulated in 

Matlab environment and also tested on the experimental HIL environment to 

determine the accuracy of the simulation software.  For this purpose two different 

scenarios are considered. The parameters of the scenarios are as following: 
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 Scenario 1. PW=0.4 p.u., PSG=0.1 p.u., Pload=0.1p.u., PF=1 

Scenario 2. PW=0.4 p.u., PSG=0.1 p.u., Pload=0.4 p.u., PF=0.85 lagging. 

In these scenarios the generation in the microgrid is higher than the load consumption 

before islanding event. When the islanding mode of operation occurs the extra 

generation in the islanded microgrid should be reduced either by being dissipated on 

a resistor or being stored in a battery storage unit. The Battery storage unit does not 

exist in the laboratory. Thus, a braking resistance is used to dissipate the extra power 

in the microgrid. However, using a battery unit can help the system to store the energy 

for the further generation-consumption unbalances.  

In the DC-braking resistance control method a controller observes the DC-link voltage 

on the WECS. While the generation is higher than the consumption the DC-link 

voltage increases. Then the controller starts to dissipate the energy through the braking 

resistance. To control the input power of the WECS generator, to meet the load 

requirements in the microgrid, DC-link braking resistance is controlled by a PI 

controller. This controller measures the DC-link voltage of the WECS. Whenever the 

output power of the WECS is higher than the consumption of the microgrid, the DC-

link voltage increases. To reduce the DC-link voltage and the output power generation 

of the WECS generator, the excessive generator power is deployed through the 

braking resistor. In this case the braking resistance controller dissipates the extra input 

power of the turbine on the braking resistance to prevent rising up of the DC-link 

voltage and keep the DC-link voltage at the rated value. In this method in simulation 

and experimental environments the pitch angle of the turbine is kept at zero. 

A 19 Ω braking resistance, recommended by the AC drives manufacturer, is used as 

the braking resistance.  
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Figure 6.4. DC-link Voltage Resistor Controller Block Diagram 

 

6.3. Simulation Results for Islanding Mode Transition with DC-brake Control 

In order to estimate the response of the DC-link braking system two different scenarios 

are applied to the simulation environment described in chapter 5. Then the same 

scenarios are implemented on the experimental WTE set. In the next sections the 

results for the simulation and experimental implementations of the two scenarios are 

compared to verify the compatibility of the results in both environments. The 

proportional and integral coefficients for the PI controller of the DC-braking 

resistance, shown in Figure 6.4, are set manually as 12 and 4.8 respectively. In manual 

PI tuning procedure the coefficients are changed for different simulation and the 

results are observed. Then the optimized P and I coefficient is set based on the 

similarity of the simulation and the experimental results. In addition the crowbar 

switch is assumed to be an ideal IGBT in the simulation environment. The DC-braking 

resistance controller starts to dissipate energy when the DC-link voltage reaches 640 

volts.  

Scenario 1. PW=0.4 p.u., PSG=0.1 p.u., Pload=0.1p.u., PF=1 

The first scenario is applied to the simulation model with a 0.4 p.u. power generation 

of the WECS, 0.1 p.u. local generators power generation and 0.1 p.u. resistive local 

load consumption. It is worth mentioning that per unit values are based on the nominal 

power and voltage of the WECS which is 10.8 kW and 380 volts. For inductive-
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resistive loads the base power is assumed as 10.8 kVA. The main switch used in the 

simulation is an ideal switch with zero switching delay. However, in the real systems 

the switches has delay of 80 msec approximately. This may cause a difference between 

simulation and experimental results which will be investigated in the further studies.  

For this purpose, in the start of the simulation the microgrid is started up in grid-

connected mode. Then, the output power of the WECS is set to 0.4 p.u. by adjusting 

the input wind speed of the turbine. Next, the output power of the synchronous 

generator is set to 0.1 p.u. by adjusting the input mechanical power of the synchronous 

generator on the local generator set. The loads are set to 0.1 p.u. with power factor of 

1 (pure resistive). When the simulation has reached the steady state in grid-connected 

mode (it takes approximately 15 seconds) the microgrid is disconnected from the main 

grid by opening the main switch of the microgrid. In the islanding mode transition 

period, the microgrid voltage and frequency experiences transients which are plotted 

in Figure 6.5. The islanding mode transition event is detailed as followings: 

 Before t=15 s, the microgrid is producing a total power of 0.5 p.u. and 

consuming a 0.1 p.u. active power in grid-connected mode. Thus the extra 

generated power is injected to the main grid.  

 At t=15 s, the microgrid is disconnected from the main grid. Thus the 

microgrid frequency rises up to 50.7 Hz in 0.75 seconds.  

 When the DC-link voltage reaches 640 volts, the braking resistor starts to 

dissipate the extra power through braking resistor. Then the frequency starts 

to reduce to and reaches the steady state in 7.5 seconds.  

 The microgrid voltage reaches a peak value of 1.06 p.u. and becomes stable in 

0.4 seconds. 

 The settling time is calculated based on the 10 percent of the nominal value of 

the voltage and the frequency. While the frequency or voltage reaches in the 

10 percent margin of the nominal value it is assumed that the variable has 

reached its steady state. This consideration is taken using the curser on the 

Matlab graphical results.  
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In this scenario the microgrid frequency has not passed the upper frequency limits of 

TEİAŞ and ENTSO regulations which are 51.5 and 52 Hz respectively. In addition, 

the voltage oscillations has remained in the high voltage ride through (HVRT) margins 

of the TEİAŞ regulations. Therefore, the generators are allowed to continue operating 

based on the regulations detailed in section 5.1. 

 

 

Figure 6.5. Simulation Results of Microgrid Voltage, Frequency and DC-link Voltage for Scenario 1 

 

In the previous scenarios a resistive load is used as the local loads. However on a real 

system the local loads are generally with a power factor less than 1, inductive or 

capacitive.  

To evaluate the system behavior with a local load similar to the real system, a scenario 

with below characteristics is applied to the system: 

Scenario 2. PW=0.4 p.u., PSG=0.1 p.u., Pload=0.4 p.u., PF=0.85 lagging. 

The simulation environment is established as described in simulation scenario 1. A 

0.4 p.u. power generation of the WECS and 0.1 p.u. power generation of local 

generator and a 0.4 p.u. resistive-inductive load with power factor of 0.85 is applied. 
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Thus the extra generated power is injected to the main grid while the system is 

operating in the grid-connected mode. 

 

 

Figure 6.6. Simulation Results of Microgrid Frequency, Voltage and DC-link Voltage for Scenario 2 

 

The islanding mode transition period is briefed as followings: 

 Before t=15 s, the microgrid is producing a total power of 0.5 p.u. and 

consuming a 0.4 p.u. power with PF=0.85. 

 At t=15 s the microgrid is disconnected from the main grid. Thus the 

microgrid frequency observes a 50.8 Hz peak and reaches the steady state 

(10% of the nominal frequency) in 8.5 seconds. 

 The microgrid voltage observes a peak value of 1.07 and returns to the steady 

state after islanding event in 0.5 seconds.  

 The DC-link voltage reaches 640 volts in 300 msec, when the braking resistor 

starts to dissipate the extra power through braking resistor. Then the power 

generation of the WECS is dropped by braking resistance. 
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The microgrid frequency and voltage oscillations has passed the TEİAŞ and ENTSO 

regulations detailed in section 5.1. Therefore, the microgrid is allowed to continue 

operation. 

In the following section the simulated scenarios are applied on the experimental HIL 

to evaluate the accuracy of the simulation environment. 

 

6.4. Experimental Results for Islanding Mode Transition with DC-brake Control 

In this section the both scenarios simulated in the simulation environment are 

implemented on the experimental microgrid. The system structure and working 

principles of the microgrid is described in details in chapter 5. The DC-braking 

resistance similar to the simulation environment is used to control the power 

generation-consumption balance during the islanding mode transition. To control the 

output power of the WECS, DC-link braking resistance is switched using a controller 

inside the generator side AC-DC-AC converter of the WTE. This controller measures 

the DC-link voltage of the WECS. Whenever the output power of the WECS is higher 

than the consumption of the microgrid, the DC-link voltage increases. To reduce the 

DC-link voltage and the output power generation of the WECS generator, the 

excessive generator power is deployed through the braking resistor. In the proposed 

approach the brake controller monitors the DC-link voltage and gives a switching 

signal to the braking resistance switch which is an IGBT placed inside the converter. 

The braking resistance is chosen as a 19Ω resistive load block based on the 

recommendation of the converter manufacturer. The proportional and integral 

coefficients of the PI controller are set to 23 and 4 respectively in the AC driver 

controller by the manufacture and is not adjustable. Whenever the DC-link exceeds 

the given upper and lower limits of the nominal DC-link voltage (640 volts), the DC-

brake resistance controller starts to dissipate the extra energy through the braking 

resistance. The time step for the experiments is set to 1e-3 seconds on LABVIEW 

control program.  
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The below scenario is experimented to evaluate the performance of the DC-link 

braking control method on the islanding mode transition.   

Scenario1. PW=0.4 p.u., PSG=0.1 p.u., Pload=0.1 p.u., PF=1. 

At the beginning of the experiment the microgrid is connected to the system through 

grid simulator. The wind turbine output power is set to 0.4 p.u. manually. The local 

generator output power is adjusted to 0.1 p.u. by adjusting the input current of the DC 

motor. The local generator set and the control strategy of the DC motor and 

synchronous generator in the local generator set is detailed in chapter 5. While the 

WTE and the local generators are generating 0.4 p.u. and 0.1 p.u. powers respectively, 

a 0.1 p.u. resistive load is also connected to the microgrid. The output power of the 

synchronous generator is kept at 0.1 p.u. during the simulation. The extra generated 

power is injected to the main grid while the microgrid is operating in grid-connected 

mode. The experimental results are shown in Figure 6.8. 

 The microgrid voltage and frequency and generators output power deviations 

are shown in Figure 6.8.  

 At t=15 s the microgrid is disconnected from the main grid. Due to extra power 

generation in the microgrid in comparison with load consumption, the 

frequency and the DC-link voltage increases during the islanding mode 

transition.  

 The DC-link voltage increases up to 640 volts until the DC-link controller 

starts to dissipate the extra generated power on the DC-braking resistance.  

 The frequency of the microgrid rises up to 51.3 Hz in 0.8 seconds after that the 

microgrid is pushed to islanding mode.  

 It is shown that the frequency experiences a 51.3 Hz overshoot and a 49.6 

undershoot value. The microgrid frequency starts to rise up to 51.3 Hz in 0.8 

seconds after the islanding event due to the high total power generation of the 

system. However, the frequency is stabilized in 8 seconds when the power 

generation of the WECS is decreased by the pitch angle controller.   



 

 

 

149 

 

 The microgrid voltage has reached a peak value of 1.08 p.u. and reaches the 

steady state in in 0.45 seconds. 

 The DC-link voltage reaches the steady state in 10 seconds after islanding 

mode transition with the final value of 600 volts. 

 

 

Figure 6.7. Microgrid Frequency, Voltage and DC-link Voltage for Experimental Results of  

Scenario 1 

 

In this experiment the microgrid frequency remains within the frequency regulation 

limits of TEİAŞ and ENTSO standards which are 51.5 and 52 Hz respectively. In 

addition, the voltage oscillations has remained in the high voltage ride through 

(HVRT) margins of the TEİAŞ regulations detailed in section 5.1.  Therefore, the 

microgrid is allowed to operate based on the regulations. 

In the previous experimental scenario, the simulation scenario on a resistive load was 

replicated on the HIL set. The comparison of the experimental and simulation results 

are given in section 6.4. For the next scenario of the experiments, the scenario 2 which 

has been simulated in Matlab has been applied on the installed microgrid as 

followings:  
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Scenario 2. PW=0.4 p.u., PSG=0.1 p.u., Pload=0.4 p.u., PF=0.85 lagging. 

In this scenario, an inductive-resistive load is connected to the microgrid. The 

experiment is done similar to the scenario 1 in the previous experiment. For this 

purpose the output power of the WECS and the local generator is adjusted to 0.4 and 

0.1 p.u. respectively. A 0.4 p.u. inductive-resistive load with the power factor of 0.85 

is connected to the microgrid. The while the system is working in steady state in the 

grid-connected mode the microgrid is disconnected from the main grid using grid 

simulator. The microgrid observes a transition period at the islanding event. The 

frequency, voltage and the DC-link voltage oscillation of the system at the islanding 

mode transition is plotted in Figure 6.9. 

 

Figure 6.8. Microgrid Frequency and Voltage and DC-link Voltage for Experimental Results of 

Scenario 2 

 

As seen in Figure 6.9; 

 The frequency starts to rise up to 50.7 Hz after the microgrid is disconnected 

from the grid simulator and reaches the steady state in 10 seconds after 

islanding event. 

 The microgrid voltage observes a 1.09 p.u. peak and stabilizes after 1.4 

seconds. 
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 The DC-link voltage reaches 650 v and reaches steady state of the 600 v in 11 

seconds. 

 The microgrid voltage has reached a peak value of 1.09 p.u. and has a steady 

state settling time of 0.7 seconds. 

In the scenario 2 of the experiments the microgrid frequency and voltage does not 

exceed the regulation limits of TEİAŞ and ENTSO, 51.5 and 52 Hz respectively. 

Therefore, the microgrid is allowed to operate based on the grid regulations detailed 

in section 5.1. 

 

6.5. Comparison of Simulation and Experimental Results for DC-brake Control 

The simulation and experimental results are compared in Tables 6.1 and 6.2 to 

evaluate the correctness of the results. 

 

 

Table 6.1. Comparison of Experimental and Simulation Results in the DC-link Braking Resistance 

Method for Scenario 1  

PW=0.4 p.u., PSG=0.1 p.u., Pload=0.1p.u., 

PF=1   

Type of variable Simulation Experimental 

Frequency Peak (Hz) 50.7 51.3  

Frequency Dipping point (Hz) 49.8 49.6 

Frequency Settling Down Period (s) 7.5 8 

Voltage Peak (p.u.) 1.06 1.12  

Voltage Dipping Point (p.u.) 

 
0.95 0.96 

Voltage Settling Down Period (s) 0.4 0.45 
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Table 6.2. Comparison of Experimental and Simulation Results in the DC-link Braking Resistance 

Method for Scenario 2 

PW=0.4 p.u., PSG=0.1 p.u., Pload=0.4 p.u., 

PF=0.85 lagging.   

Type of variable Simulation Experimental 

Frequency Peak (Hz) 50.8 50.7  

Frequency Dipping point (Hz) 49.7 49.6 

Frequency Settling Down Period (s) 8.5 9 

Voltage Peak (p.u.) 1.07 1.09  

Voltage Dipping Point (p.u.) 

 
0.97 0.94 

Voltage Settling Down Period (s) 0.5 0.7 

 

The comparison results shows that the frequency observes a 50.7 and 51.3 Hz peak 

point, the frequency oscillation settles down in respectively 7.5 and 8 seconds and 

frequency dip points are 49.8 and 49.6 for simulation and experimental results 

respectively in scenario1. In scenario 2, the frequency observes a 50.8 and 50.7 Hz 

peak points, 8.5 and 9 seconds settling times and 49.7 and 49.6 Hz frequency dip 

values respectively on the simulation and experimental results. The highest amount of 

the error is 5% for frequency peak in scenario 1 between experimental and simulation 

results. On the other side the voltage oscillations are 1.06 and 1.12 p.u. peak values 

for simulation and experimental results in scenario 1 and 1.07 and 1.09 p.u. 

respectively for simulation and experimental results for scenario 2. Thus, the 

compared variables show that experimental results are in agreement with the 

simulation results with acceptable error levels. Therefore, the developed simulation 

environment replicates the dynamic behavior of the experimental set with accuracy. 

In the next section a set of experimental results for the islanding mode transition is 

given to address the steadiness of the experimental microgrid after an islanding event.  
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6.6.  Experimental Results for Islanding Mode Transition Using DC-braking 

Resistance Method for Some Scenarios 

In the previous sections the accuracy of the simulation and experimental results have 

been addressed. It was shown that the developed simulation environment is capable 

of replicating the electrical behavior of the installed experimental microgrid in the 

islanding events. In this section a couple of the experimental scenarios are applied on 

the WTE to testify the stability of the system in reaching the steady state after the 

islanding event. The test conditions are prepared similar to the previous experiments.  

 In the following a set of experiments is done to evaluate the response of the braking 

system on the islanded microgrid:  

1. Scenario 1: PW=1 p.u., PSG=0.1 p.u., Pload=0.45 p.u., PF=1. 

2. Scenario 2: PW=1 p.u., PSG=0.1 p.u., Pload=0.4 p.u., PF=1. 

3. Scenario 3: PW=1 p.u., PSG=0.1 p.u., Pload=0.35 p.u., PF=1. 

4. Scenario 4: PW=1 p.u., PSG=0.1 p.u., Pload=0.2 p.u., PF=1. 

 

 

Figure 6.9. Microgrid Frequency Oscillations for Experimental Scenarios 
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The microgrid frequency oscillations in different scenarios are plotted in Figure 6.10. 

It is shown that in all scenarios the microgrid is able to reach a steady state from the 

aspect of the electrical variables after an islanding event occurs. In addition is can be 

concluded from the results that the frequency and voltage peak and settling time is in 

direct relation with the difference of the power production in the generators of the 

microgrid and the consumption of the loads within the microgrid. For the experimental 

results comparison the Table 6.3 is presented. 

 

Table 6.3. Experimental Results Comparison for Different Load Settings  

 

Load 

Value 

(p.u.) 

ΔP 

(p.u.) 

Frequency 

Peak 

(Hz) 

Frequency 

Dip (Hz) 

Frequency 

Settling 

Down 

Period (s) 

Voltage 

Peak 

(p.u.) 

Voltage 

Settling 

Time (s) 

Scenario 1 0.45 0.65  51.5 49.8 6.5 1.15 0.5 

Scenario 2 0.4 0.7  51.7 49.7 8 1.18 0.75 

Scenario 3 0.35 0.75  52.2 49.7 8.5 1.22 1.1 

Scenario 4 0.2 0.9 52.8 48.2 9.5 1.35 1.2 

 

Experimental results show that the DC-link braking control system recovers the 

system frequency stability within less than ten seconds after the islanding event. 

However, based on the ENTSO regulations, the system is allowed to trip off the 

microgrid in scenarios 3 and 4 where the frequency peak reaches up to 52.2 and 52.8 

respectively to prevent damaging the generators. However, the frequency peak values 

have exceeded the TEİAŞ grid regulation limits detailed in section 5.1. Based on the 

TEİAŞ grid standars in the scenarios 2, 3 and 4 the microgrid should trip off to prevent 

damage to the electrical eqiupments connected to the microgrid. In addition, scenarios 

3and 4 has exceeded the HVRT regulation margins and the microgrid should 

disconnect the loads to prevent damages due to over voltages. 

These scenarios can be optimized to remain in the grid codes limitations using a 

battery storage system. The improvement of the islnding mode transition is the subject 

of the further studies.  
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In the following section the pitch angle controller of the turbine blades is used instead 

of the DC-braking resistance method to control the system transients in the islanding 

mode transition period.  

 

6.7. Islanding Mode Transition using Pitch Angle Controller 

In the previous sections the islanding mode transition is controlled using DC-braking 

resistance. However, another method is using the pitch angle controller of the wind 

turbines. The pitch angle adjustment of the wind turbines is used to control the output 

power of the WECS[36]. As seen in Figure 5.7, the pitch angle controller is a PI 

controller that compares the frequency of the microgrid with a reference frequency 

(50 Hz) given to the controller. The output of the PI controller is the pitch angle of the 

wind turbine model. Increasing the pitch angle decreases the power generation of the 

wind turbine. Whenever the microgrid frequency is rises over 50Hz, the pitch angle 

controller reduces the power generation of the WECS by increasing the pitch angle of 

the blades[37]. In the real wind turbines there is mechanical limitations for the rate of 

change of the pitch angle. Thus in the simulation and the experiments this operation 

is done by assuming the wind turbine blades’ mechanical constricts based on the 

reference model which is 5 degrees per second[38]. The proportional and integral 

coefficients of the PI controller is set to 8.5 and 4 respectively in both simulation and 

experimental environments. This PI coefficients are adjusted manually for the 

simulation environment then applied to the experimental set. In this method the DC-

braking resistance is disconnected from the converter. 

 

6.8.  Simulation Results for Islanding Mode Transition Wind Turbine Pitch 

angle adjustment  

To evaluate the response of the pitch angle controller, a set of scenarios similar to the 

DC-braking method in the simulation and experimental environments are done on the 
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developed systems. Then a comparison of the results for both environments is done to 

address the accuracy of the results.  

In the first scenario the system power generation and load consumption is set as 

following: 

Scenario 1: PW=0.4 p.u., PSG=0.1 p.u., Pload=0.1 p.u., PF=1. 

At the beginning of the simulation the microgrid is connected to the system and the 

wind turbine and the synchronous generator are generating 1 p.u. and 0.1 p.u. active 

power respectively. A 0.1 p.u. resistive load is also connected to the microgrid. The 

simulation environment is prepared as described in section 6.2. It is worth mentioning 

that similar to the previous simulations, per unit values are based on the nominal power 

and voltage of the WECS. The output power of the synchronous generator is kept at 

0.1 p.u. during the simulation. The extra generated power is injected to the main grid 

at the start of the simulation while the microgrid is operating in the grid connected 

mode. The simulation results are shown in Figure 6.11. 

 At t=15 s the microgrid is disconnected from the main grid. Due to extra power 

generation in the microgrid in comparison with load consumption, the 

frequency increases during the islanding mode transition.  

 The pitch angle controller starts to increase the pitch angle to reduce the 

produced power. The microgrid voltage and frequency and generators output 

power deviations are shown in Figure 6.11.   

 It is shown that the frequency experiences a 51 Hz overshoot and a 49.8 

undershoot value. At the islanding mode transition moment the microgrid 

frequency starts to rise up to 51 Hz in 1 seconds after the islanding event due 

to the high total power generation of the system. However, the frequency is 

stabilized at 50Hz in 4.5 seconds when the power generation of the WECS is 

decreased by the pitch angle controller.   

 The microgrid voltage has reached a peak value of 1.035 p.u. and returns to 

steady state in 0.15 seconds. 
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 The pitch angle reaches the steady state in 5 seconds after islanding mode 

transition with the final angle value of 9.5 degrees. 

 

  

Figure 6.10. Scenario 1 Simulation Results of the Microgrid Voltage, Frequency Output Powers for 

Pitch Angle Control 

  

Figure 6.11. Scenario 3 Wind Turbine Pitch Angle Variation 

 

The wind turbine pitch angle variation is given in Figure 6.12. At this simulation, the 

power generation of the synchronous generator and the wind turbine was higher than 

the consumption of the local loads at the islanding moment. Thus, the microgrid 

stability is kept by reducing the power generation of the microgrid with controlling 

the pitch angle of the wind turbine. Based on the ENTSO and TEİAŞ regulations 

detailed in section 5.1, the microgrid frequency and voltage has been kept in the 

allowable continuous operation range. 
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For the next scenario, the system behavior with a local load similar to the real system 

is evaluated. For this purpose, a scenario with below characteristics is applied to the 

system: 

Scenario 2. PW=0.4 p.u., PSG=0.1 p.u., Pload=0.4p.u., PF=0.85 lagging. 

The system is having a 0.4 p.u. power generation of the WECS and 0.1 p.u. power 

generation of synchronous generator and a 0.4 p.u. resistive and inductive local load 

with power factor of 0.8 before islanding mode transition. Thus the extra generated 

power is injected to the main grid while the microgrid is operating in the grid-

connected mode. 

The microgrid frequency and voltage oscillation of the microgrid after islanding event 

is plotted in Figure 6.13. 

 

Figure 6.12. Microgrid Frequency and Voltage Oscillations 
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 Before t=15 s, the microgrid is producing a total power of 0.5 p.u. and 

consuming a 0.4 p.u. power with PF=0.8. 

 At t=15 s the microgrid is disconnected from the main grid. Thus the 

microgrid frequency observes a 50.7 Hz peak and reaches the steady state in 

7.5 seconds. 

 The voltage of the microgrid observes a peak of 1.028 p.u. and becomes stable 

is 0.6 seconds after islanding event. 

 The microgrid frequency and voltage has not exceeded the ENTSO and TEİAŞ 

regulation limits. Therefore, the generators are allowed to continue operation 

based on ENTSO regulations detailed in section 5.1. 

In the following section the simulated scenarios are applied on the experimental HIL 

to evaluate the accuracy of the simulation environment. 

 

6.9. Experimental Results for Islanding Mode Transition with Pitch Angle 

Adjustment  

In this section the both scenarios simulated in the simulation environment in section 

6.7 are implemented on the experimental microgrid. The structure and working 

principles of the experimental microgrid is described in details in chapter 5. The PI 

controller used in the pitch angle of the turbine is similar to the controller in the 

simulation environment. Therefore proportional and integral coefficients used in the 

previous section which are 8.5 and 4 respectively are set in the experimental set. The 

time step for the experiments is set to 1e-3 seconds on LABVIEW control program.  

 This section replicates the two scenarios simulated in the previous section to evaluate 

the accuracy of the simulation results. 

The first scenario is implemented on the microgrid as following: 

Scenario 1. PW=0.4 p.u., PSG=0.1 p.u., Pload=0.1 p.u., PF=1. 
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To replicate the simulation results the same initial conditions are created. At t=0 the 

grid simulator is active as a main grid. The wind turbine and the synchronous generator 

are generating 1 p.u. and 0.1 p.u. active power respectively. A 0.1 p.u. resistive load 

is also connected to the microgrid. It is worth mentioning that similar to the previous 

simulations, per unit values are based on the nominal power and voltage of the WECS. 

The output power of the synchronous generator is kept at 0.1 p.u. during the 

experiment by supplying the DC-motor with a constant filed current (described in 

section 5.2). The extra generated power is injected to the main grid at the start of the 

experiment. The experiment results are shown in Figure 6.14. 

 At t=15 s the grid simulator is deactivated from the main grid.  

 The frequency of the microgrid rises up to 51 Hz in 1 seconds after that the 

microgrid is pushed to islanding mode.  

 The pitch angle controller starts to increase the pitch angle to reduce the 

produced power. The microgrid voltage and frequency and generators output 

power deviations are shown in Figure 6.14.   

 It is shown that the frequency experiences a 51.4 Hz overshoot and a 49.7 

undershoot value. However, the frequency is stabilized at 50Hz in 5 seconds 

when the power generation of the WECS is decreased by the pitch angle 

controller.   

 The pitch angle reaches 10 degrees, the steady state, in 6 seconds after 

islanding mode transition with the final angle value of 9.5 degrees. 

 The voltage observes a 1.08 p.u. peak after islanding event and stabilizes in 

0.4 seconds. 
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Figure 6.13. Experimental Results of Microgrid Frequency and Voltage for Pitch Angle Adjustment 

of Scenario 1 

 

Figure 6.14. Wind Turbine Pitch Angle Adjustment for Scenario 1 

 

The wind turbine pitch angle variation is given in Figure 6.15. At this experiment, the 

power generation of the synchronous generator and the wind turbine was higher than 

the consumption of the local loads at the islanding moment. Thus, the microgrid 

stability is kept by reducing the power generation of the microgrid with controlling 

the pitch angle of the wind turbine. Based on the ENTSO and TEİAŞ regulations 

detailed in section 5.1, the microgrid frequency and voltage has been kept in the 

allowable continuous operation range. 
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In the following the scenario 2 with the following specifications with an inductive-

resistive load is adopted to the experimental system. The frequency and the voltage 

oscillation of the system after the islanding mode transition is plotted in Figure 6.16. 

Scenario 2. PW=0.4 p.u., PSG=0.1 p.u., Pload=0.4 p.u., PF=0.85 lagging. 

The experiments conditions are prepared similar to the previous experiments. The 

output power of the WTE and the local generator are adjusted to 0.4 p.u. and 0.1 p.u. 

respectively. A 0.4 p.u. inductive-resistive load is connected to the microgrid with the 

power factor values of 0.85. While the system is working in the steady state in grid-

connected mode of operation and the extra generated power is being injected to the 

main grid trough the grid simulator, the microgrid is pushed to the islanding mode 

using the grid simulator switch. The extra power generation in the microgrid results 

in some oscillations in the system frequency and voltage which are plotted in Figure 

6.16. 

 

 

 

Figure 6.15. Microgrid Frequency and Voltage Oscillations for Scenario 2 
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As seen in Figure 6.16; 

 The frequency starts to rise up to 50.8 Hz after the microgrid is disconnected 

from the grid simulator.  

 The frequency reaches the steady state in 7 seconds after islanding event. 

 The microgrid voltage observes a 1.06 p.u. peak and stabilizes after 0.4 

seconds. 

It is shown in the Figure 6.16 that the system frequency and voltage remains in the 

ENTSO and TEİAŞ grid codes limitation margins detailed in section 5.1. Thus the 

system is allowed to continue operation with the presence oscillations.  

The following section compares the simulation and experimental results for the two 

scenarios applied on the both environments to verify the correctness of the results. 

 

6.10. Comparison of Simulation and Experimental Results for Pitch Angle 

Adjustment 

To verify the accuracy of the simulation results these results are compared with the 

experimental results in the similar scenarios.  

In Table 6.4. the comparative results for the transients in the microgrid during the 

islanding event is given. 
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Table 6.4. Comparison of Simulation and Experimental Results for Scenario 1 of Pitch angle 

Adjustment Control 

Type of variable Simulation Experimental 

Frequency Peak (Hz) 51 51.3  

Frequency Dipping point (Hz) 49.8 49.6 

Frequency Settling Down Period (s) 4.5 5 

Voltage Peak (p.u.) 1.04 1.07  

Voltage Dipping Point (p.u.) 

 
0.97 Negligibly Small 

Voltage Settling Down Period (s) 0.1 0.15 

 

Table 6.5. Comparison of Simulation and Experimental Results for Scenario 2 of Pitch angle 

Adjustment Control  

Type of variable Simulation Experimental 

Frequency Peak (Hz) 50.7 50.8  

Frequency Dipping point (Hz) 49.7 49.6 

Frequency Settling Down Period (s) 7.5 7 

Voltage Peak (p.u.) 1.05 1.06  

Voltage Dipping Point (p.u.) 

 
0.98 0.99 

Voltage Settling Down Period (s) 0.45 0.4 

 

It is seen in the comparison table of scenario 1 that the frequency observes a 51 and 

51.3 Hz peak point, the frequency oscillation settles down in respectively 10 and 9.5 

seconds and frequency dip points are 49.8 and 49.6 for simulation and experimental 

results respectively. In the scenario 2, the frequency peak values are 50.7 and 50.8, 

the frequency dip values are 49.7 and 49.6 and the settling time for the frequency 

oscillations are 7.5 and 7 seconds for simulation and experimental results respectively. 

The highest amount of the error is 7% for frequency settling time. On the other side 
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for the voltage oscillations the highest error ratio is 2.8% for scenario 1. Thus, based 

on the compared variables the simulation results are in the acceptable correctness. 

  

6.11. Comparison of Islanding Mode Transition Using DC-braking Resistance 

and Pitch Angle Control 

To facilitate the islanding mode transition of the microgrid when the power generation 

in the microgrid is higher than the loads consumption two strategies are used as 

explained in the previous sections; using DC-braking resistance and pitch angel 

adjustment. The two proposed methods have some advantages and disadvantages. The 

Pitch control is cheap and easy to implement. Most WECS’s has pitch adjustment 

facility on their blades. However, for the braking resistance method, a resistive block 

should be connected to the DC-link capacitor of the power converters of the WECS. 

Therefore, implementing the DC-braking resistance method is more expensive in 

comparison with the pitch adjustment method.  

From the aspect of the microgrid variables oscillation in the islanding transition 

period, a comparison is done for the similar case applied for the two control strategies. 

The comparison table is given below.  

It can be estimated from the Table 6.6 that the system oscillation decreases in pitch 

control method. In spite of the fact that in the both methods the input wind power is 

decrease either on the turbine side or the DC-link, if a storage unit be used instead of 

the DC-braking resistance, the available wind power will be stored in the storage unit 

and it can be used further while the load consumption becomes higher than the 

generation in the islanded microgrid.  
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Table 6.6. Comparison of the Islanding Mode Transition for DC-braking Resistance Method and 

Pitch Control Method in Scenario 1 

Type of Control DC-braking Resistance Pitch angle control 

Pw (p.u.) 0.4 0.4 

PSG (p.u.) 0.1 0.1 

Pload (p.u.) 0.4 0.4 

Voltage Peak (p.u.) 1.12 1.07 

Voltage Dip (p.u.) 0.96 0.98 

Frequency Peak (Hz) 51.3 51.3 

Frequency Dip (Hz) 49.6 49.6 

Settling Down (sec) 8 5 

 

Table 6.7. Comparison of the Islanding Mode Transition for DC-Braking Resistance Method and 

Pitch Control Method in Scenario 2 

Type of Control DC-braking Resistance Pitch angle control 

Pw (p.u.) 0.4 0.4 

PSG (p.u.) 0.1 0.1 

Pload (p.u.) 0.4 0.4 

Voltage Peak (p.u.) 1.09 1.06 

Voltage Dip (p.u.) 0.94 0.99 

Frequency Peak (Hz) 50.7 50.7 

Frequency Dip (Hz) 49.6 49.6 

Settling Down (sec) 9 7 

 

6.12. Investigating the Effect of Load Rating and Power Factor on Microgrid 

Oscillations at the Islanding Mode Transition Using DC-braking Resistance 

Method 

In the previous sections two control methods for islanding mode transitions are 

investigated in both simulation and experimental environments. The comparison of 
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the simulation and the experimental results show that the developed simulation 

environment is able to replicate the dynamic behavior of the experimental system. In 

this section the effect of the difference between load consumption and the power 

generation in the microgrid and the power factor pf the loads before islanding event is 

addressed using the simulation environment. In the simulation in this section only the 

DC-braking resistance of the WECS described in the section 6.1 is used to control the 

islanding event transition. Thus the pitch angle of the WECS is kept at zero. The 

purpose of the various power factor experiments is to find out how the load variation 

effects the frequency dip and overshoot as well as voltage dip and overshoot. In these 

tests the load is decreased down to 0.2 p.u. starting from 0.45 p.u. at unity power 

factor. 

The simulation scenarios are as following: 

 Scenario 1. PW=1 p.u., PSG=0.1 p.u., Pload=0.45 p.u. 

Scenario 2. PW=1 p.u., PSG=0.1 p.u., Pload=0.4 p.u. 

Scenario 3. PW=1 p.u., PSG=0.1 p.u., Pload=0.3 p.u. 

Scenario 4. PW=1 p.u., PSG=0.1 p.u., Pload=0.2 p.u. 

These scenarios are simulated for the loads with PF=1, PF=0.8 lead and lag. The 

frequency oscillation results are plotted in Figures 6.17-6.19. The initial simulation 

conditions are set in the Matlab with similar approach detailed in section 6.2.  
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Figure 6.16. Frequency Oscillations for Load with PF=0.8 Lag (resistive-inductive load) 

 

 

 

 

 

Figure 6.17. Frequency Oscillations for Load with PF=0.8 Lead (resistive-capacitive load) 
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Figure 6.18. Frequency Oscillations for Load with PF=1 (resistive load) 

 

 

Figure 6.19. Frequency Oscillation peak points for Various Loads   
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Figure 6.20. Frequency Oscillation Settling Time for Various Loads 

 

 

 

Figure 6.21. Voltage Oscillation peak points for Various Loads 
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To compare the effect of the load type on the frequency and voltage oscillations of the 

microgrid, the peak values of the frequency and voltage at the islanding mode 

transition period is plotted in the Figure 6.20-22. The results show that similar to the 

Table 6.3, while the difference between power generation and the consumption in the 

microgrid increases the voltage and frequency oscillation observes higher peak values. 

In addition the power factor of the load affects the frequency oscillations. While the 

resistive load with unity power factor show the least frequency peak at the transition 

period, the lagging power factor for resistive-inductive loads show the highest value 

of frequency rise. In general all types of power factor loads display similar trends with 

regard to frequency peak. As the difference between the load power and the turbine 

power difference increases the peak frequency deviation during transition to islanding 

mode increases as well as the settling time. It is also noticeable that the settling time 

of the lower power factor loads is considerably higher than unity power factor case. 

In addition, the voltage rise increases while the difference between the load power and 

the generation power increases. For the lower power factors while the power factor 

differs from the unity value the voltage overshoots increase. The microgrid 

oscillations has been reviewed based on the grid power quality regulations detailed in 

section 5.1. And the Table 6.8 is given to summarize the islanding event scenarios that 

has remained in the regulation margins. While the green labeled cases are the 

successful islanding events, the red labeled scenarios are the cases that the grid 

frequency or voltage has exceeded the grid codes limitations. The frequency peak 

value for the TEİAŞ grid regulation is 51.5 Hz. The voltage regulation standard used 

in the Table 6.8 is HVRT standard which has been detailed in section 5.1. The V or F 

sign shows that microgrid voltage or frequency has overpassed the regulation limits 

respectively. 
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Table 6.8. Islanding Mode Transition Comparison Based on the Grid Codes 

Load (p.u.) 0.1 0.2 0.3 0.35 0.4 0.45 0.5 0.8 1 

Pw=1 PF=1  V/F V/F F      

Pw=1 PF=0.8 Lag  V/F V/F F F     

Pw=1 PF=0.8 Lead  V/F V/F F      

Pw=0.4 PF=1          

Pw=0.4 PF=0.8 Lag          

 

 

 

6.13. Islanding Mode Transition with Load Shedding Control 

In the previous scenarios, the power generation was larger than the power 

consumption in the microgrid. Therefore, the extra power harvesting by the distributed 

generators of the microgrid was dissipated in the braking resistor or reducing the 

turbine power output by adjusting the pitch angle of the blades.  

However, in conditions that load consumption is higher than the power generation of 

the DG’s in the microgrid, the islanding mode transition leads in voltage and 

frequency droops at the islanding event. In a sudden change in the system demand-

generation balance, system constraints and operational limits may be exceeded beyond 

the tolerance limits[39].  

A common type of load shedding is frequency load shedding. An event causing 

imbalance in the active power supply may lead to frequency changes. If voltage and 

frequency deviate outside the permissible range, the system becomes unstable. Thus, 

the system controllers attempt to restore the normal voltage and frequency values 

Voltage and Frequency has not exceeded the grid regulations. 

Voltage or Frequency has exceeded the grid regulations. 
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within the permissible range. If the disturbance is so large that the controllers cannot 

restore normal function, load shedding is the last resort to avoid the breakdown of the 

power system. Load shedding is a commonly applied method in states of 

emergency/extreme emergency where the system is headed for a collapse. Given the 

appropriate conditions, the load shedding process should be started as soon as 

possible[40]. For this purpose, different techniques including circuit-breakers 

interlocking have been developed over the years. These techniques shed a predefined 

amount of load blocks in order to reach a balanced power state according to the 

available generation capacity, thereby providing faster and optimum responses during 

a sudden loss of power[41]. 

In this section, the application of load shedding when the loads demand is higher than 

the output power of the distributed generators in the islanded microgrid is investigated. 

Various power generation-consumption scenarios are applied to the microgrid to 

address the effect of the islanding mode transition in the stability of the microgrid. In 

the developed system the controller monitors the power generation and consumption 

of each unit in the microgrid before islanding event. At the islanding mode event, the 

controller decides to disconnect the unnecessary loads from the microgrid through the 

interlocked switches simultaneously after 40 milliseconds of the islanding event. The 

delay time for the commercial interlocking switches used in the real systems differs 

from 30 msec to 80 msec. The loads disconnection combination is based on a 

predefined priority. The loads are divided in 0.1 p.u. sections and with a necessity 

priority. The loads necessity is set to the simulation software and can be changed based 

on the simulation assumptions. Based on the microgrid generation-consumption 

unbalance on the islanding event moment, the controller calculates the amount of loads 

that should be disconnected to balance the power generation and consumption in the 

microgrid after islanding event. Then controller disconnects the calculated amount of 

loads rounded to 0.1 p.u. Next, the synchronous generator is able to adjust its 

generation by 0.1-0.2 p.u. to restore the nominal frequency and voltage of the 

microgrid after that load shedding is applied. In the load necessity it is assumed that 
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the resistive loads with PF=1 is domestic loads with lower importance and the 

inductive/capacitive loads are industrial loads with higher importance. Thus, the 

resistive loads are disconnected from the microgrid in the islanding mode event if 

necessary. The load shedding controller disconnects a set of resistive loads in the 

microgrid through interlocking switches after 40 milliseconds of the islanding event 

to compensate the error in the switch characteristics of an ideal switch used in the 

simulations and a real switch. The system identifies the islanding event based on the 

status of the main switch on the grid connection point. However, in the literature there 

is islanding detection approaches which can be the subject of the further studies. In 

addition, the pitch angle of the WECS is kept at zero degrees during the simulations. 

 

Load 

Shedding 

Controller

Industrial 

Loads

Domestic 

Loads

Interlocking 

Switches

Power 

Measurements

 

Figure 6.22. Load Shedding Control Block Diagram 

 

A set of scenarios are applied to the microgrid to address the response of the load 

shedding control strategy on the stability of the system.  
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1. Scenario 1: PW=0.5 p.u., PSG=0.1 p.u., Pload=1 p.u., PF=1. 

2. Scenario 2: PW=0.5 p.u., PSG=0.1 p.u., Pload=0.8 p.u., PF=1. 

3. Scenario 3: PW=0.5 p.u., PSG=0.1 p.u., Pload=0.6 p.u., PF=1. 

 

Figure 6.23. Microgrid Frequency Oscillation for Various Loads in Load Shedding Mode   

 

The per unit values for the scenarios are calculated based on 10.8 kVA, which is the 

nominal output power of the WTE. As shown in Figure 6.24, the frequency of the 

microgrid drops at the islanding mode event due to the high demand in the microgrid 

loads. It is shown in the Figure 6.25 that while the difference between power 

generation and the loads demand increases the frequency observes larger dip points 

and longer transient state periods.  

The controller has disconnected the loads for the three scenarios as following: 

 Scenario 1: 0.4 p.u. 

 Scenario 2: 0.2 p.u. 

 Scenario 2: 0 p.u. 

After disconnecting the extra loads from the microgrid the local generator controller 

has adjusted the generation by 0.1 p.u. ~ 0.2 p.u.  
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The same power generation-consumption combination scenarios are simulated for 

inductive-resistive and capacitive-resistive loads with power factor of 0.8. The 

comparative results for frequency and voltage oscillations in various scenarios are 

plotted in Figures 6.25-6.27. 

 

 

Figure 6.24. Frequency Oscillation peak points for Various Loads in Load Shedding Mode (Pw=0.5)  
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Figure 6.25. Voltage Oscillation Dip Points for Various Loads in Load Shedding Mode (Pw=0.5)  

 

 

Figure 6.26. Frequency Oscillations Settling Time for Various Loads in Load Shedding Mode 

(Pw=0.5)   

 

For a second evaluation of the load shedding control system, a set of scenarios are 

simulated as following:  
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1. Scenario 1: PW=0.25 p.u., PSG=0.1 p.u., Pload=1 p.u. 

2. Scenario 2: PW=0.25 p.u., PSG=0.1 p.u., Pload=0.8 p.u. 

3. Scenario 3: PW=0.25 p.u., PSG=0.1 p.u., Pload=0.6 p.u. 

In these scenario cases, the power generation of the WECS is dropped to 0.25 p.u. 

while the loads are set to 1, 0.8 and 0.6 p.u. respectively. These scenarios are repeated 

for the load combinations with unity, 0.8 lagging and 0.8 leading power factor values. 

The frequency dip points, frequency settling time and the voltage dip points for these 

scenarios are graphed in Figures 6.28-6.30. 

 

Figure 6.27. Frequency Oscillation peak points for Various Loads in Load Shedding Mode (Pw=0.25) 

 

Figure 6.28. Voltage Oscillation Dip Points for Various Loads in Load Shedding Mode (Pw=0.25) 
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Figure 6.29. Frequency Oscillations Settling Time for Various Loads in Load Shedding Mode 

(Pw=0.25) 

 

Based on the comparative graphs shown in Figures 5.38-5.44, the microgrid frequency 

and voltage stability decreases while the power unbalance increases. Similarly as the 

power factor of the load differs from unity the frequency deviation and voltage 

magnitude drop increases.  In addition, the power factor of the loads affect the 

microgrid transients. While the resistive load with unity power factor observe the least 

frequency drop after the transition event, the lagging power factor for resistive-

inductive loads observe the highest value of frequency drop.   

 

6.14. Comments 

In this chapter, the dynamic behavior of a microgrid in the islanding mode transition 

period is investigated while the power generation in the microgrid is higher than the 

power consumption. A laboratory scale microgrid is installed consisting a WTE, a SG, 

a grid simulator and local loads. The developed microgrid is able to work in grid 

connected mode and islanding mode of operation. The power generation by WECS 

and SG is controlled by giving input values in the controller. Different resistive and 
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inductive or capacitive loads are connected to the microgrid. The islanding mode 

transition is provided using controlled semiconductor switches in the grid simulator. 

The voltage and frequency oscillations in the microgrid after disconnection from the 

main grid is plotted using measurement instruments. Then a simulation model is 

developed based on the laboratory scale microgrid to evaluate the correctness of the 

experimental results. The Islanding mode transition event is applied to the system 

while the microgrid was working on grid connected mode for different combination 

of WECS power generation and loads. The voltage and frequency oscillation 

behaviors are investigated in the simulations. It is shown in the results that the 

simulations are in-match with experimental results with a negligible error. Finally, the 

effect of the power factor of the loads is addressed. For resistive, resistive-inductive 

and resistive capacitive loads, a set of power generation-consumption scenarios are 

applied.   
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CHAPTER 7  

 

7. CONCLUSION 

In this study, a hardware-in-the-loop wind turbine emulator is developed in the 

Electromechanical Laboratory of Electrical and Electronics Engineering Department 

of Middle East Technical University to study, investigate and optimize the various 

aspects of the wind energy conversion systems. The WTE installed in the laboratory 

consists of a permanent magnet synchronous generator driven by an induction 

machine which imitates the mechanical characteristics of a wind turbine shaft. A back-

to-back converter is utilized to connect the permanent magnet synchronous generator 

to the main grid or grid simulator.  

The measurement instruments used in the installed WTE are calibrated using at least 

two source of data acquisition system to unsure the correctness and the reliability of 

the experiments.  

A scaling down algorithm is developed to replicate the mechanical behavior of the 

large wind energy conversion systems on the laboratory scale WTE. The proposed 

scaling method is evaluated by being simulated and adopted to the hardware-in-the-

loop system. The turbine mechanical model is simulated in Matlab Simulink and the 

behavior of the system is evaluated using the simulation and experimental 

environments. 

The developed test platform facilitates testing novel power electronic devices or 

electrical machines. In addition, the developed WTE ensures developing control 

algorithms for wind energy penetration to the electrical grids within a safe and low 

cost environment. A user interface is developed to monitoring and supervisory control 

of the system. The controller is designed to imitate the characteristics of the simulated 

WECS.  
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The developed control software is able to replicate the MPPT methods on the WTE. 

Two MPPT methods comprised of hill climb and optimum tip speed ratio is applied 

to the WTE controller. These approaches are able to maintain the WTE in the 

maximum power production point for any given wind speed. The develop MPPT 

algorithm is evaluated by applying different wind speeds to the WTE through the 

developed user interface program. 

Finally, the islanding mode transition of a grid-connected microgrid with the presence 

of a wind energy conversion system is investigated. For this purpose, a laboratory 

scale microgrid consist of a WECS, a SG, a grid simulator and local load blocks with 

different power ratings and power factors is installed. A simulation model is developed 

based on the installed laboratory scale microgrid. Then, the islanding mode transition 

of the microgrid is investigated in simulation and experimental environment. The 

comparison of the simulation and experimental results show that the simulation model 

and the experimental hardware-in-the-loop system show similar responses for the 

islanding events in various power generation-consumption scenarios. The accuracy of 

the simulations are evaluated by applying the similar case scenarios to both simulation 

and experimental environments. 

The islanding mode transition is applied to the microgrid with three control strategies; 

using DC-link braking resistance, using pitch angle controller of the wind turbine and 

load shedding strategy. For the different load demand-power generation scenarios the 

ability of the microgrid to maintain the system voltage and frequency stability within 

the grid power quality regulation limits is investigated in both simulation and 

experimental environments. The results display the effect of the load power rating and 

power factor on the islanding event transients. The developed controller is able to 

reacquire the system stability from the aspects of nominal voltage and frequency, 

while the difference between power generation and loads consumption affects the 

deviation levels of the microgrid voltage and frequency. While the difference between 

the power generation and the load consumption in the microgrid increases the 

frequency and voltage oscillation peak values increase as well as the settling time.. At 
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the islanding mode transition period, the inductive-resistive and capacitive-resistive 

loads with power factor of less than unity shows higher level of instability in 

comparison with the pure resistive loads.  

As plotted in chapter 6, the studies indicates that the frequency deviation of the 

microgrid exceeds the grid regulation limits when the power generation of the 

microgrid is higher than the loads consumption with the value of 0.6 p.u. or higher. 

While the voltage oscillation of the microgrid overpasses the voltage ride through 

regulation limits when the power generation of the microgrid is higher than the loads 

consumption with the value of 0.7 p.u. It shows that the frequency of the microgrid 

shows a higher level of the oscillation in comparison with the voltage of the microgrid. 

It is due to the fact that contrary to the voltage deviations, which is related to the 

electrical behavior of the system. On the other hand, the frequency of the microgrid is 

related to the mechanical rotating inertia of the local generators.  

In this study the dynamic electrical behavior of a large scale WECS is not investigated. 

A detailed study will be done to develop an electrical scaling down algorithm to 

replicate the dynamic electrical behavior of generators in any given power ratings to 

the power rating of the WTE installed in the laboratory. 

The switch models used in the simulations are chosen based on the present switch 

models in the Simulink library. However, the characteristics of a real switch is 

different from the aspect of the switching delay and loss. To develop a more realistic 

simulation model it is planned to investigate the electrical characteristics of the 

commercial switches and apply the specifics of the real switches to the simulations.  

The DC-link resistance braking method used in the islanding event is not a preferable 

method in microgrids. Instead of dissipating the extra power generation on a resistive 

load, a battery storage unit can be utilized to store the energy for the further scenarios. 

We are planning to investigate the effect of replacing the DC-braking resistance with 

a battery storage unit in the further studies.  
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The islanding event is detected in the load shedding method based on the status on the 

main switch of the microgrid. However, in a realistic condition, an islanding event 

detection method may be more beneficial to use. In the literature the islanding event 

detection is the subject of different studies. Further research is needed to develop an 

islanding event detection algorithm for the developed laboratory scale microgrid.   

Although the microgrid controller is able to recover the system voltage and frequency 

stability after islanding event, in some scenarios the microgrid transient oscillations of 

the voltage and frequency has exceeded the grid power quality regulation limitations. 

To reduce the transient oscillations further investigation will be done on the other 

methods such as employing pitch angle control and braking resistance control 

simultaneously. 
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