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ABSTRACT 

As a result of wind speed intermittency, wind turbine output power can be highly 

variable. The large variability in output power can adversely impact local loads that are 

sensitive to pulsating power.  To mitigate large swings in power, the wind turbine output 

power can be smoothed by using a small energy buffer. A power conditioner is proposed 

to smooth the wind power output by utilizing the energy of an ultracapacitor.  The 

conditioner is based on a single phase voltage source inverter (VSI) connected between 

the grid interconnection point and the ultracapacitor. The shunt VSI injects or absorbs 

active power from the line to smooth the wind power output by utilizing the short term 

storage capabilities of the ultracapacitor. The ultracapacitor is connected to the DC link 

through a DC-DC converter. The bidirectional DC-DC converter acts in buck mode 

during discharge and in boost mode during charging to maintain the voltage of the DC 

link relatively constant to provide good controllability of the VSI.  The control strategies 

for the conditioner are presented in this thesis.  The simulation results show that the 

power quality conditioner is efficient in smoothing the wind power. To understand how 

effectively the power conditioner smoothes the wind turbine output in real time 

operational conditions, a hardware prototype for verification is developed in addition to 

software simulation. The bidirectional DC-DC converter and VSI are constructed and 

tested in the laboratory and then field tested. The control of the bidirectional DC-DC 

converter is implemented using the microchip PIC24FJ128GA010 microcontroller. The 

gate signals for the IGBTs in the VSI are obtained from the TI TMDSDOCK28335 

digital signal controller. The conditioner design and control are validated on a Skystream 

3.7 wind turbine installed at Missouri University of Science & Technology. 
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1. INTRODUCTION 

1.1 MOTIVATION 

Due to the price volatility and carbon impact of fossil fuels, wind power 

generation is rapidly growing as an alternative energy source in many parts of the world. 

Due to the intermittency of wind speed, wind turbine output power can be highly 

variable. Power fluctuations from the wind turbine may cause severe power quality 

problems when connected to a weak grid, such as a residential network or microgrid.  

The large variability in wind turbine output power can adversely impact local loads that 

are sensitive to pulsating power, posing a challenge to the use of wind power extensively. 

The rapid growth of the wind power and its immense potential as a future energy source 

encourages us to find a way to smooth the intermittent wind power. Energy storage 

technologies can be used to improve the quality of the wind power [1], [2].  

 

 

1.2 PROPOSED APPROACH 

In this thesis, the power quality conditioner with the ultracapacitor is proposed to 

smooth the variable wind turbine output power.  The short term storage capabilities of the 

ultracapacitor can be effectively used to smooth the variable wind power to minimize 

rapid power excursions that may damage sensitive local loads. This thesis presents a 

power conditioner that has the purpose of smoothing the wind turbine output power. The 

power conditioner mainly consists of power converters to shape the injected current at the 

point of common coupling [3]. Power electronic controllers have large applications in 

power systems. The conditioner is based on a single phase shunt connected VSI 

connected between the grid interconnection point and the DC link. The shunt VSI injects 

or absorbs active power from the line to smooth the intermittent wind power by charging 

or discharging the ultracapacitor [4]. The ultracapacitor is connected to the DC link 

through a DC-DC converter. Traditionally, the VSI DC link voltage is maintained 

relatively constant by the shunt inverter control [5]-[7]. In this application, a bidirectional 

DC-DC converter is used to maintain the DC link voltage relatively constant [8].  The 

bidirectional DC-DC converter acts in buck mode during discharge of the DC link and in 
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boost mode during charging the DC link to maintain the voltage of the DC link relatively 

constant to provide good controllability of the VSI. The conditioner works modifying the 

power flow at the grid interconnection point. 

Control of the injected active power via the shunt inverter is presented in this 

thesis. The VSI controller calculates the compensating active power, which is then 

synthesized by using the pulse width modulation (PWM) switching sequence. The 

reference signal to the shunt inverter controller is obtained from a low pass filter, which 

has a large time constant. The smoothing performance of the conditioner depends on the 

time constant of the low pass filter. The fluctuating wind power is passed through the low 

pass filter to get the smoothed reference value.  The conditioner ensures the smooth 

power is available at the grid interconnection point. The simulation results are presented 

to show the efficiency of the conditioner in smoothing the variable wind turbine output 

power.  

The bidirectional DC-DC converter is constructed and tested in the laboratory. 

The gate signals for the converter are obtained from the microchip PIC128FJ128GA010 

microcontroller. The single phase VSI is also constructed and tested in the laboratory. 

The gate signals for the IGBTs in the VSI are obtained from the TI TMDSDOCK28335 

digital signal controller. The measurement board, signal shaping board and gate driver 

boards are constructed and tested in the laboratory. The inverter is connected to the 

output line through the filter to reduce the noise. The power conditioner design and 

control is further validated on the Skystream3.7 wind turbine installed at the Missouri 

University of Science and Technology.  

 

1.3 CONTRIBUTIONS OF THE THESIS 

The main contributions of this thesis are: 

 development of the power quality conditioner design with an 

ultracapacitor for smoothing the pulsating wind power, 

 development of the bidirectional DC-DC converter and the shunt 

inverter topologies used in the conditioner,  

 development of the control schemes for the bidirectional DC-DC 

converter and the shunt inverter,  
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 presenting the simulation results to show the conditioner is efficient in 

smoothing the wind power, 

 construction and implementation of the power quality conditioner to 

smooth the wind turbine output power, 

 implementation of the control strategies of the conditioner by the 

microcontroller and digital signal controller, and 

 validation of the hardware results.  

 

 

1.4 OUTLINE OF THESIS 

The thesis is composed of seven sections. Section 1 provides a general 

introduction and limitations for the use of wind energy extensively. The conditioner is 

proposed to smooth the output power of the wind turbine. 

Section 2 describes the installed wind turbine output power and target power to be 

achieved. The simulink model of the wind turbine is described and its results are 

presented. The ultracapacitor model is described in this section. 

Section 3 presents the topology of the power quality conditioner to smooth the 

variable power of the wind turbine. The equivalent circuit of the conditioner and the 

overview of the power quality conditioner hardware architecture are described in this 

section. 

Section 4 describes the topology of the bi-directional DC-DC converter and its 

control to maintain the voltage of the DC link at reference value. The hardware 

implementation and testing of the bi-directional DC-DC converter is described in this 

section. This section describes the PIC microcontroller operation in the control of the 

DC-DC converter. The measurement circuits and gate driver circuits are described in this 

section. The simulation and hardware results of the DC-DC converter with ultracapacitor 

are presented in this section. 

Section 5 describes the topology of the shunt connected voltage source inverter 

and its control. The hardware construction and testing of the shunt inverter is described in 

this section. The measurement circuits, signal conditioning circuit and the gate driver 
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circuits are described in this section. The simulation and hardware results of the converter 

are presented in this section. This section describes the filter at the output of the inverter. 

Section 6 presents the system validation after connecting the conditioner to the 

wind turbine. The results are presented in this section to show that conditioner is efficient 

in smoothing variable wind turbine power. 

Section 7 presents the conclusions and the main contributions of this thesis. 

Suggestions for future research work are also presented. 
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2. WIND TURBINE AND ULTRACAPACITOR 

2.1 INSTALLED WIND TURBINE 

The Skystream3.7 wind turbine shown in Figure 2.1 is installed at the Missouri 

University of Science and Technology. The actual (measured) output power of the 

Skystream3.7 wind turbine is shown in Figure 2.2. The wind turbine is connected to the 

campus grid. The line to line voltage and line current are measured using the LEM 

voltage and current sensors at the output of the wind turbine. These measured analog 

values are fed to a National Instruments data acquisition module, NI USB-6009, which 

sends the data to a computer through a USB port. The blue curve represents the actual 

output power of the wind turbine and the red curve represents the smoothed target power 

to be obtained after the conditioner is connected to the wind turbine. 

 

 

 

 

Figure 2.1. Wind Turbine Installed at the Missouri University of Science and Technology 
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Figure 2.2. The Actual Output Power of Installed Wind Turbine (blue) and the Target 

Smoothed Power (red) 

 

 

 

 

The Skystream3.7 wind turbine output lines are connected to the campus grid as 

shown in the Figure 2.3. The neutral and ground terminals of the wind turbine are tied 

together and connected to the neutral of the grid. The two lines from the wind turbine are 

connected across one leg of the grid as shown in the Figure 2.3. The power quality 

conditioner is connected in shunt between the output of the wind turbine and the grid 

interconnection point. 
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Figure 2.3. Skystream3.7 Wind Turbine Connections to the Grid 

 

 

 

 

2.2 SIMULINK MODEL OF THE WIND TURBINE 

The electric model of the variable wind power is designed in MATLAB 

SIMULINK. This model generates a constant voltage and a randomly variable current, 

similar to the characteristics of the wind turbine output power. To obtain this model, the 

variable current is injected in series with the constant voltage source. The power 

generated by this model is similar to the actual power of the installed wind turbine. This 

model acts as a variable wind turbine output power source for the simulation, to which 

the conditioner is connected and its performance is evaluated. 

 

 

2.3 SIMULATION RESULTS  

The variable output power of the wind turbine model developed is shown in 

Figure 2.4. This model was developed to mimic the actual wind turbine active power 

output shown in Figure 2.2. 
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Figure 2.4. Modeled Active Power Output of the Wind Turbine 

 

 

 

 

2.4 ULTRACAPACITOR ELECTRIC CIRCUIT MODEL 

Ultracapacitors are double layered, which increases the storage capability by 

increasing the surface through a porous electrolyte. Ultracapacitors are mainly used in 

high peak power situations to improve the reliability of electric power systems. 

Ultracapacitors are electrochemical double layer capacitors that have unique 

characteristics when compared to other energy storage devices. The high performance 

characteristics of Maxwell Technologies Ultracapacitors allow developing hybrid power 

system solutions that cost less and perform better. Ultracapacitors have high energy 

density and large time constants as well.  In the charging mode, the terminal voltage of 

the ultracapacitor increases, whereas in the discharging mode the terminal voltage of the 

ultracapacitor is decreased.  The simple ultracapacitor model shown in Figure 2.5 

contains only one RC branch, which is composed of an equivalent series resistor (ESR) 

and a capacitor (C) [9]. The ESR represents the ohmic losses in the ultracapacitor. This 

ultracapacitor model is used in the converter simulation.  
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Figure 2.5. Electric Model of the Ultracapacitor 

 

 

 

 

The amount of energy drawn or released by the ultracapacitor is directly 

proportional to the capacitance value and change in the value of terminal voltage and is 

given by 

 

     
 

 
    

    
                                          (1) 

 

where   Vi is the initial voltage before charging or discharging starts, and Vf is the final 

voltage after charging or discharging ends. 

The state of charge of the module is directly proportional to the voltage and the 

capacitance of the module 

 

      
 

 
                                                         (2) 

 

 

The benefits of using ultracapacitor technology are quite extensive. 

Ultracapacitors have low losses while charging and discharging. Ultracapacitors have a 

very low ESR, allowing them to deliver and absorb very high current and to be charged 

very quickly, making them well suited for energy buffer applications. Ultracapacitors are 
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highly efficient components, even at very high currents. The characteristics of the 

ultracapacitor allow it to be charged and discharged at the same rates, something most 

batteries cannot tolerate. Ultracapacitors have a wide voltage window. The energy 

storage mechanism of an ultracapacitor is a highly reversible process. The process moves 

charge and ions only. It does not make or break chemical bonds like batteries; therefore it 

is capable of millions of cycles with minimal change in performance. The lifetime of the 

module depends on the capacitance and ESR. It is therefore capable of many years of 

continuous duty with minimal change in performance. Ultracapacitors makes system 

integration relatively easy compared to batteries. With all the above features, 

ultracapacitors are ideally suited for pulse power applications.   
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3. POWER QUALITY CONDITIONER 

3.1 POWER CONDITIONER TOPOLOGY 

As shown in Figure 3.1, the power quality conditioner consists of a shunt inverter 

and a bidirectional DC-DC converter. The VSI acts as a shunt active filter compensating 

the active power of the wind turbine.  The VSI is connected to the line through an RL 

filter which reduces the unwanted harmonics. The shape of the output current of the 

conditioner depends on the inductor value of the filter. The value of the resistor and the 

inductor determines the damping in the circuit. On the other side, the VSI is connected to 

the DC link capacitor. The DC-DC converter with the ultracapacitor is used to reduce the 

size of the DC link capacitor and to maintain the voltage of the DC link relatively 

constant as the ultracapacitor discharges and charges. The bidirectional DC-DC converter 

charges the ultracapacitor in buck mode by reducing the voltage of the DC link. In the 

other direction, it acts in boost mode, discharging the ultracapacitor to increase the 

voltage of the DC link. The power conditioner injects or absorbs active power from the 

line through the filter to smooth the variable wind turbine output power. The DC link acts 

as the voltage source for the VSI. 
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Figure 3.1. Topology of the Power Quality Conditioner 

 

 

 

 

 

 

3.2 EQUIVALENT CIRCUIT OF THE CONDITIONER 

The wind turbine generator produces a constant voltage and variable current 

output.  Figure 3.2 shows the equivalent circuit of the power conditioner when integrated 

to the wind turbine, where Vs is the voltage of the wind turbine generator, is is the wind 

turbine current, iinv is the compensating current supplied by the VSI that can be injected 
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or drawn from the line, and iL is the smoothed current. The current flow in the system is 

expressed as 

 

                                                               (3) 

 

The relationship between the grid power, wind power and the power from 

ultracapacitor is given by 

 

                                                                  (4) 

 

where Pwind is the active power of the wind turbine, Pucap is the active power supplied by 

the ultracapacitor, and Pgrid is the active power at the grid interconnection point. 
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Figure 3.2. Equivalent Circuit of the Conditioner 
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3.3 CONSTRUCTION OF THE POWER QUALITY CONDITIONER 

The power quality conditioner hardware architecture is shown in Figure 3.3.  The 

conditioner is connected at the output of the wind turbine to smooth the pulsating power. 

It has a single phase VSI, which is capable of injecting or drawing active power from the 

line. The line current and voltage are measured using the current and voltage sensors on 

the measurement board. The output of the measurement board is passed through a signal 

shaping board before passing to a digital signal controller. The sinusoidal PWM signals 

from the digital signal controller are given to the gate driver circuit. These gate drivers 

provide the switching signals to the IGBTs. The other side of the inverter is connected to 

the DC link. The voltage of the DC link is maintained at a near constant value with the 

bidirectional DC-DC converter and the ultracapacitor. The voltage of the DC link and the 

ultracapacitor are measured using the LEM voltage sensors on the measurement board. 

The output signals of the measurement board are sent to the PIC microcontroller. The 

gate signals from the microcontroller are given to the gate driver circuit. The gate driver 

circuit board will drive the MOSFETs. The construction of the DC-DC converter and the 

inverter are discussed in detail in the later sections. The DC-DC converter and the shunt 

inverter are integrated in the construction of the power conditioner. 
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Figure 3.3. Power Quality Conditioner Architecture 
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4. BIDIRECTIONAL DC-DC CONVERTER 

4.1 DC-DC CONVERTER TOPOLOGY 

The topology of the bidirectional DC-DC converter is shown in Figure 4.1. The 

bidirectional DC-DC converter acts a buck converter in one direction and as a boost 

converter in the other direction [10]-[13]. Power MOSFETS are used as the switching 

devices in the circuit. The operation of the converter is controlled by the DC link voltage 

and the voltage of the ultracapacitor. The main purpose of the bidirectional DC-DC 

converter is to maintain the voltage of the DC link relatively constant at a reference 

value. 

The DC-DC converter operating modes can be divided into four modes as 

follows: 

 Mode 1: The DC-DC converter acts in buck mode, when the 

voltage of the DC link is above the reference value. In this mode, the DC-DC 

converter allows the power flow to charge the ultracapacitor. 

 Mode 2: The DC-DC converter acts in boost mode, when the 

voltage of the DC link falls below the reference value. In this mode, the 

ultracapacitor energy is discharged to increase the voltage of the DC link. 

 Mode 3: When the ultracapacitor is fully charged, the DC-DC 

converter shuts down to avoid damaging the ultracapacitor and the equipment. 

 Mode 4: When the ultracapacitor is fully discharged, the 

conditioner shuts down until charging of the ultracapacitor may resume. 

 

The DC link capacitor is used as an intermediate element between the DC-DC 

converter and the inverter. The DC link model is: 

 

 
  

  
                                                              (5) 

 

where C is the DC link capacitance,                 is the current from the DC-DC 

converter, and          is the inverter current at the source side. 
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Figure 4.1. Bidirectional DC-DC Converter 

 

 

 

 

 

4.2 CONTROL OF THE DC-DC CONVERTER 

The main objective of the DC-DC controller is to maintain the voltage of the DC 

link relatively constant at the reference value. The control strategy of the converter is 

shown in Figure 4.2.  
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Figure 4.2.  Flowchart Showing the Control Strategy of the Bidirectional DC-DC 

Converter 

 

 

 

 

The DC link voltage is the input for the converter controller. The reference 

voltage of the DC link is set at 208V.  The DC link voltage is subtracted from the 

reference voltage to obtain the error signal. The generated error signal is passed through a 

dead band to avoid the unnecessary continuous transfer of the energy in the converter. 

Then the signal is passed through a PI controller before it is given to the comparator. 
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Whenever the voltage of the DC link rises above the reference value, the gating signal s1 

is given to the MOSFET Q1 and Q2 is turned off. In this case, the DC-DC converter acts 

in buck mode reducing the DC link voltage. Whenever, the DC link voltage falls below 

the reference value, and then gating signal S2 is given to MOSFET Q2 and Q1 is turned 

off. In this case, the DC-DC converter acts in boost mode, increasing the DC link voltage. 

Anti-parallel diodes conduct when the respective switching device is not conducting. 

Finally, gating signals are selected for MOSFETs between the comparator output and 

zero, depending on the voltage of the DC link. 

The switching sequence of the MOSFETS in the DC-DC converter is as follows. 

 If               , then Q1 operates with duty cycle obtained from 

the comparator and Q2 is turned off. 

 If               , then Q2 operates with duty cycle obtained from 

the comparator and Q1 is turned off. 

The controller for the bidirectional DC-DC converter designed in the MATLAB is 

shown in Figure 4.3. The gating signals thus obtained are given to the MOSFETs in the 

converter circuit. 
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Figure 4.3. DC-DC Converter Controller 
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4.3 SIMULATION RESULTS 

   The simulation results of the bidirectional DC-DC converter when connected in 

the power conditioner circuit are presented. The voltage of the ultracapacitor and the DC 

link are shown in Figure 4.4.  Note that the ultracapacitor does not discharge significantly 

over the 100 sec time interval. The DC-DC converter effectively maintains the voltage of 

the DC link relatively constant at a reference value. 
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Figure 4.4. Voltage of the Ultracapacitor and the DC Link 

 

   

 

 

4.4 CONSTRUCTION OF THE DC-DC CONVERTER 

After the simulation results, the bidirectional DC-DC converter and the single 

phase VSI are constructed. These converters are integrated in the construction of the 

power quality conditioner. The main objective of the bidirectional DC-DC converter is to 

maintain the voltage of the DC link relatively constant at a fixed reference value. The 

bidirectional DC-DC converter acts a buck converter in one direction and as a boost 

converter in the other direction. Power MOSFETS, IXFK80N50P are used as the 

switching devices in the DC-DC converter circuit. The flowchart showing the 

construction of the DC-DC converter is shown in the Figure 4.5.   
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Figure 4.5. Flowchart Showing the Construction of the DC-DC Converter 

  

 

 

  

The Microchip PIC24FJ128GA010 microcontroller along with the Explorer16 

development board is used in implementing the control scheme and to obtain  the gate 

signals for the MOSFETs in the  bidirectional DC-DC converter. LEM LV 25-P voltage 

sensors are used for measuring the voltages of the DC link and the ultracapacitor. The 

ACNW3190 5.0 Amp High Output Current Gate Drive optocoupler is used to drive the 

MOSFETs. The high power MOSFETs are used as switching devices in the circuit and 
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are mounted on a heat sink. A TP-75C DC power supply is used to supply power to the 

LEM sensors and gate drivers. The voltage measurement circuits and the gate driver 

circuits are built on the vector board and are soldered permanently. The high current  

inductor used in the circuit is manfactured by West Coast Magnetics. Two Maxwell 

ultracapacitor modules of nominal capacitance 165F and rated voltage 48.6V are 

conneced in series and they are connected to one side of the DC-DC converter. 

4.4.1 PIC Microcontroller The Microchip microcontroller PIC24FJ128GA010 

along with the Explorer16 development board is used to implement the control of the 

DC-DC converter and to obtain gate signals for the MOSFETs in the DC-DC converter. 

MPLAB ICD3 in-circuit debugger is used to program and verify the target device. The 

program for implementing the control logic is written in C language. The microcontroller 

operates and sends the gate signals to the MOSFET drivers depending on the control 

logic. The inbuilt potentiometer on the development board, which produces variable 

voltage from 0V to 3.3V, is used to test the microcontroller operation after programming 

the device. After testing, the microcontroller is connected in the circuit to obtain the 

closed loop control and the respective MOSFET gate signals.  The PIC24FJ128GA010 

microcontroller is a 16 bit flash general pupose microcontroller. It has a 10 bit 16 channel 

ADC module and five 16 bit PWM output compare modules. It has also many 

pheripheral features such as UART and parallel master slave port etc., It is a 100 pin 

device with PIM structure, so it can easily fit into the Explorer 16 development board. 

The voltages of the DC link and ultracapacitor are measured using the LEM 25-P voltage 

sensors and the analog values are fed to the ADC module in the microcontroller through a 

isolation amplifier ISO124P. When the ADC module is enabled the conversion starts and 

the converted digital values are stored in a ADC Buffer. Thus obtained, digital values are 

used to perform the control logic. The refrence value for the controller is set in the 

program. After calculating the error from the voltage of the DC link and the reference 

value, the error signal is passed through a PI control scheme. Depending on this error 

signal, the output compare modules in the microcontroller are enabled and they operate to 

give the desired gate signals. The operation of the microcontroller is presented in the 

flowchart as shown in the Figure 4.6. 
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Figure 4.6. Flowchart Showing the Operation of the Microcontroller 

 

 

 

The control logic of the DC-DC converter is described in section 4.2. The main 

objective of the DC-DC controller is to maintain the voltage of the DC link relatively 

constant at the reference value. The control strategy of the converter is shown in the 

Figure 4.2. Whenever the voltage of the DC link raises above the reference value, gating 

signal obtained from the output compare module 4 is given to the MOSFET Q1 and Q2 is 

turned off. In this case, the DC-DC converter acts in buck mode reducing the DC link 

voltage. Whenever, the DC link voltage falls below the reference value then, gating 

signal obtained from the output compare module 5 is given to MOSFET Q2 and Q1 is 

turned off. In this case, the DC-DC converter acts in boost mode, increasing the DC link 

voltage.  
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4.4.2 Voltage Measuring Circuit The voltages of the DC link and the 

ultracapacitor are measured using voltage sensors, LEM LV 25-P. The voltage measuring 

circuit is shown in Figure 4.7. For measuring DC link voltage, the measurement circuit is 

designed such that it measures the voltage in the range of 0V-400V and produces the 

measured output voltage in the range of 0V-3.3V. In this case R1 is chosen as 40kΩ and 

R2 is chosen as 132Ω. Similiary, the ultracapacitor voltage measurement circuit is 

designed such that it measures the voltage in the range of 0V-120V and produces the 

measured voltage in the range of 0V-3.3V.  In this case R1 is chosen as 12kΩ and R2 is 

chosen as 132Ω. These measured analog values are fed to the ADC module of the 

microcontroller through the isolation amplifier. The power to the LEM voltage sensors 

are supplied from a TP-75C DC power supply. The voltage measurement circuits are 

soldered on the vector board. The resistors selection calculation is shown below.  

 Primary nominal RMS current=10mA 

 Secondary nominal RMS current=25mA 

Ultracapacitor Voltage measurement resistors selection is shown below 

 Output Range = 0V-3.3V 

 R2 = 3.3V/25mA = 132Ω 

 Input Range = 0V-120V 

 R1 = 120/10mA = 12kΩ 

DC link Voltage measurement resistors selection is shown below 

 Output Range = 0V-3.3V 

 R2 = 3.3V/25mA = 132Ω  

 Input Range = 0V-400V 

 R1 = 400/10mA = 40kΩ  
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Figure 4.7. Voltage Measuring Circuit 

 

 

 

 

The measured signal from the voltage sensor is passed through an isolation 

amplifier ISO124P in order to provide isolation. Table 4.1 presents the test results of the 

ultracapacitor voltage measuring circuit. Table 4.2 presents the test results of the DC link 

voltage measuring circuit. 

 

 

 

Table 4.1.  Ultracapacitor Voltage Measurements 

Ultracapacitor 

Voltage 

LEM Voltage 

Sensor o/p 

Voltage after 

Isolation Amplifier 

110V 3.02V 3.015V 

30V 0.835V 0.833V 
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Table 4.2.  DC Link Voltage Measurements 

DC link Voltage LEM Voltage 

Sensor o/p 

Voltage after 

Isolation Amplifier 

390V 3.223V 3.221V 

30V 0.247V 0.245V 

 

 

4.4.3 Gate Driver Circuit The gate driver circuit is built using Avago 

technologies, ACNW3190 5.0 Amp High Output Current Gate Drive optocoupler is 

shown in the Figure 4.8. The 15V isolated voltage is required for the driver as supply 

voltage, which is supplied by a TRACO power DC-DC converter IC, TMA 1515D. The 

input to the driver should be 5V signal, so a buffer is used to amplify the gate signals 

obtained from the microcontroller from 3.3V to 5V. The gate driver has a 5A maximum 

peak output current. Two gate drivers are used for driving the two MOSFETS. The gate 

driver circuits are soldered on the vector board. 

 

 

 

Figure 4.8. Gate Driver Circuit 
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4.5 HARDWARE RESULTS 

The experimental setup of the bidirectional DC-DC converter and the different 

components used in the construction of the DC-DC converter are shown in Figure 4.9. 
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Figure 4.9. Experimental Setup of the Bidirectional DC-DC Converter 
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The gate signals that are obtained from the microcontroller in buck and boost 

modes are shown in the Figure 4.10. In buck mode, the MOSFET Q1 operates with the 

obtained gate signals from output compare module 4 and Q2 does not operate.  In boost 

mode, the MOSFET Q2 operates with the obtained gate signals from output compare 

module 5 and Q1 does not operate. These gate signals are passed through the gate driver 

circuits in order to drive the MOSFETs. The signals from the gate drivers in buck and 

boost modes are shown in the Figure 4.11. 

 

 

 

    
Figure 4.10. Gate Signals in Buck Mode and Boost Mode 

 

 

 

 

   
Figure 4.11.  Gate Signals from Driver in Buck Mode and in Boost Mode 
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The results of the bidirectional DC-DC converter are presented in Figure 4.12 and 

Figure 4.13.  The voltage of the DC is maintained at 120V as shown in Figure 4.12. The 

voltage of the ultracapacitor is shown in the Figure 4.13. These results show that DC-DC 

converter is good at maintaining the voltage of the DC link at a constant reference value.  

The conditioner is initially tested by connecting it between the output line and the neutral 

of the wind turbine. In this case, the voltage of the DC link is maintained at 120V and the 

results are shown for this case. When, the conditioner is tested by connecting between the 

two output lines of the wind turbine, the DC link voltage is maintained at 208V 

 

 

 

Figure 4.12. Voltage of the DC Link 

 

 

 

Figure 4.13. Voltage of the Ultracapacitor 
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5. SHUNT INVERTER 

5.1 TOPOLOGY OF THE VSI 

A full-bridge IGBT based inverter topology is used in this application. The full-

bridge inverter consists of four switching devices, which are connected to form the full-

bridge inverter circuit shown in Figure 5.1. The gating signals for the IGBTs are obtained 

by the pulse width modulation controller. Anti-parallel diodes are connected across the 

power IGBTs to protect the devices and to provide the power flow in the reverse 

direction [12], [13]. The voltage source inverter is connected in shunt to the line acts as a 

current source, injecting or drawing the compensating current from the line [14]. The 

shunt inverter is connected to the line through a series interference RL filter, which 

reduces the unwanted harmonics. The filter provides smoothing and isolation from high 

frequency components. On the other side, the simple full-bridge line connected inverter is 

connected to the DC link. The injecting current is in phase with the line voltage to have a 

unity power factor.  

The VSI operates in the following two modes: 

 Mode 1: When the wind power is greater than the desired value, 

the converter acts like a rectifier drawing the power from the line and charging the 

DC link capacitor. 

 Mode 2: When the wind power is less than the desired value, then 

the converter acts like the VSI injecting power into the line by discharging the DC 

link capacitor. 
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Figure 5.1. Circuit Diagram of the Shunt Inverter 

 

 

    

5.2 CONTROL OF THE SHUNT INVERTER 

The variable wind power is passed through a low pass filter to get a smoothing 

reference signal for the inverter controller. The output of the low pass filter is given to the 

shunt inverter controller as the reference value [15]. The reference signal Pref is obtained 

as below 

 

      
 

    
                                                                   

 

where T is the time constant of the filter. The smoothing performance of the wind turbine 

output power depends on the time constant of a low pass filter. The time constant of the 

low pass filter is in the range of several seconds and is tuned to provide the desired 

smoothing. The power fluctuation is smoothed by drawing or injecting the difference of 

the reference power and the variable wind power. 
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A pulse width modulation (PWM) controller is used to control the switching of 

the power devices in the full-bridge shunt inverter. The inverter control strategy is shown 

in the Figure 5.2. PWM controller controls the magnitude and phase of the output of the 

inverter. The advantage of the PWM is both the magnitude and phase of the output can be 

controlled. Modulation is achieved by comparing the sinusoidal waveform of certain 

frequency and amplitude to a high frequency triangular carrier waveform. The output 

frequency of the shunt inverter depends on the frequency of the sinusoidal waveform. 

The output current waveform shape of the inverter depends on the switching frequency 

and the filter inductor. The damping in the circuit depends on the filter connected to the 

inverter output. A bipolar PWM technique is used in this work to control the switching of 

the inverter. The bipolar switching sequence used is: 

If                then Q1 is on 

If               then Q2 is on 

If                then Q3 is on 

If               then Q4 is on 
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Figure 5.2. Shunt Inverter Control Scheme 
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5.3 CONSTRUCTION OF THE SINGLE PHASE VSI 

5.3.1 Measurement Circuit The line voltage and line current are measured using 

the LEM 20P voltage sensor and bell CLN 50 current sensor. The voltage measurement 

circuit is described in section 4.4.2. The voltage and current sensors are mounted before 

and after the conditioner connection to assess the performance of the conditioner. 

5.3.2 Signal Shaping Circuit The sensor signals are sent to the DSP A/D 

converter ports through a shaping circuit as shown in Figure 5.3   The shaping circuit has 

to translate the scaled signal from -6 to 6 volts to 0 to 3 volts because the DSP  is CMOS-

based and only accepts 0-3 volts.  The shaping circuit is built with LF 347 operational 

amplifier. The 1.5V is supplied from the LM317 adjustable regulator as shown in the 

Figure 5.4. 5V is given as supply to the LM317. By choosing the appropriate resistors, 

the 1.5V signal is obtained at the output. In the signal shaping circuit, the resistors are 

adjusted such that the output signal always lies between 0V-3V for -6V to 6V input. The 

signal shaping circuit is tested by giving a sinusoidal signal of frequency 60Hz and 

amplitude 5V. The result is shown in Figure 5.5 
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Figure 5.3. Signal Shaping Circuit using Operational Amplifier 
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Figure 5.4. Voltage Regulation Circuit using LM317 

 

 

 

 

 
Figure 5.5. Signal Shaping Circuit Input and Output 

 

 
 

5.3.3 Digital Signal Controller A TI TMDSDOCK28335 DSP is used to obtain 

the gate signals for the IGBTs in the shunt inverter circuit. The DSP is programmed using 

the code composer studio. The main loop program structure is as shown in the Figure 5.6. 

Initially the system initialization such as system clock and GPIO pin assignment is done. 

Then ADC and PWM modules are initialized and timers are enabled to start A/D 

converter and to start PWM generation. The main loop works until the program is halted. 
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Figure 5.6. DSP Main Loop Program Structure 

 

 

 The voltage and current sensor signals from the signal conditioning board are 

given to the ADC ports in the DSP. Before implementing the program in the physical 

setup, the ADC module is tested. Figure 5.7 presents the test results of the ADC 

converters 1 and 2 in the module. For testing, the PWM signals are passed through the 

ADC converters. The converted digital values are seen in the watch window. The ADC 

module converts these analog values to digital values. The control logic is performed 

using these digital values and finally it is used in the PWM generation.  
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Figure 5.7. Test Results of the ADC Converter 1 and 2 in the Module  

 

 

 

The variable sensor signals are passed through a low pass filter to get a smoothing 

reference signal for the inverter controller. The output of the low pass filter is given to the 

shunt inverter controller as the reference value [15]. The smoothing performance of the 

wind turbine output power depends on the time constant of a low pass filter. The time 

constant of the low pass filter is in the range of several seconds and is tuned to provide 

the desired smoothing. The low pass filter is implemented in the DSP using the 

programming. For testing, the time constant of the filter is set at 0.5 sec and the PWM 

signal is given as an input which varies between 0V and 3 V. The low pass filter result is 

shown in the Figure 5.8. 
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Figure 5.8. Test Result of the Low Pass Filter 

 
 
 
 

5.3.4 PWM Signal Generation Sinusoidal pulse width modulation (PWM) is 

used to generate the IGBT switching signals. In sinusoidal PWM, a high frequency 

triangle carrier waveform is compared against a reference sinusoidal waveform with 

desired magnitude and frequency.  Respective switching signal is sent to the IGBT. The 

DSP-based PWM control signal generation is capable of providing 4 switching signals to 

the converters with adjustable dead time.  Dead time is the time after each event during 

which the system is not able to record another event if it happens.   

 

 

5.4 HARDWARE RESULTS 

The gate signals obtained from the DSP is shown in the Figure 5.9. A dead time is 

also introduced in order to avoid possible short circuits. The dead time can be clearly 

seen in Figure 5.9.(b); these gate signals are passed through gate drivers before being 

given to IGBTs. The gate signals from the gate drivers with dead time are shown in the 

Figure 5.10.  
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Figure 5.9. Gate Signals from the DSP and Dead Time Implemented 

 

 

 

    

Figure 5.10. Gate Signals from the Driver and Dead Time Implemented 
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The experimental setup and different components in the construction of the single 

phase shunt inverter are shown in the Figure 5.11.  A SEMIKRON SK 30 GBB 066 T 

IGBT module is used as the switching devices for the circuit. A 2.5mH inductor is used 

as the output filter of the shunt inverter. A TI TMDSDOCK28335 DSP is used in the 

closed loop control of the shunt inverter. The current and voltage sensors measures and 

sends signals to the DSP through the signal shaping circuit. DSP drives the IGBTS with 

the ACNW3190 drivers as described in section 4.4.3. 

 

 

 

Figure 5.11. Experimental Setup of the Single Phase VSI 
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The constructed single phase inverter is tested in the laboratory with a small load. 

A 15V DC supply is given as input to the inverter for testing. A resistive load with the 

inductive filter is connected to the output of the inverter. The output voltage of the 

inverter without a filter is shown in Figure 5.12. The output voltage of the inverter with a 

RL filter is shown in Figure 5.13. The output current of the inverter with a RL filter is 

shown in Figure 5.14. The output voltage of the inverter with a LC filter is shown in 

Figure 5.15. The film capacitor of 500µF along with inductor is connected across the 

output of the inverter to get the good performance compared to the RL filter. The inverter 

is also tested when the DC link is given as the input. The DC-DC converter maintained 

the voltage of the DC link at 120V, it is given as the input to the inverter and the output 

of the inverter is given to the load through the filter. 

 

 

 

 

Figure 5.12. Output Voltage of the Inverter without Filter 
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Figure 5.13. Output Voltage of the Inverter with RL Filter 

 

 

 

Figure 5.14. Output Current of the Inverter with RL Filter 

 

 

 

Figure 5.15. Output Voltage of the Inverter with LC filter 
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6. SYSTEM VALIDATION 

6.1 SIMULATION RESULTS 

The model of the proposed conditioner and its control has been developed using 

the SIMULINK software in MATLAB. Simulations are performed to investigate the 

performance of the power quality conditioner and its control. The important parameters 

used in the simulation are shown in Table 6.1. 

 

 

 

Table 6.1. Simulation Parameters  

 

Ultracapacitor 
Nominal capacitance = 94F 

Initial voltage = 75V 

ESR = 12.5mΩ 

DC-DC 

Converter 

C1 = 9µF 

L1 = 26µH 

DC 

Link 

C = 2200µF 

Reference Value = 208V 

DC-DC Converter 

Controller 

Kp=.00167 

Ki=10 

Shunt Inverter Filter Rsh=0.1Ω 

Lsh=2mH 

 

 

 

The variable output power of the wind turbine model developed in SIMULINK is 

shown in Figure 6.1. This model was developed to mimic the actual wind turbine active 

power output shown in Figure 2.2. The smoothed reference signal to the inverter 

controller is shown in Figure 6.2. The reference signal is obtained when the variable wind 

power is passed through a low pass filter with a large time constant. The simulation 

interval is 1500 sec in both cases.  
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Figure 6.1. Modeled Active Power Output of the Wind Turbine 
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Figure 6.2. Reference Power Obtained from the Low Pass Filter 

 

 

 

 

Figure 6.3 shows an expanded timescale of wind turbine output power for a 100 

sec time interval.  The expanded conditioner output is shown in Figure 6.4.  When the 

active wind power is less than the reference value, the conditioner injects active power 

into the line. When the active wind power is greater than the reference value, the 

conditioner draws power from the line. The resulting smoothed power is shown in Figure 

6.5. The smoothed power of the wind turbine is clearly following the reference signal.  
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Figure 6.3. Active Power Output of the Wind Turbine Model 
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Figure 6.4.  Conditioner Active Power 
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Figure 6.5.  Smoothed Power at the Grid Interconnection Point 
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6.2 HARDWARE RESULTS 

The experimental setup of the power quality conditioner is shown in Figure 6.6. It 

is tested in the laboratory with a load and then it is tested on the Skystream3.7 wind 

turbine installed in the campus.  
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Figure 6.6. Experimental Setup of the Power Quality Conditioner 
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The power quality conditioner is connected in shunt between the output of the 

wind turbine and the grid interconnection point. The connections are shown in the Figure 

6.7. The current sensors are installed before and after the connection of the conditioner to 

assess the performance of the conditioner as shown in the Figure 6.7. The RMS value of 

the voltage at the output of the wind turbine is shown in the Figure 6.8.  
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Figure 6.7. Power Quality Conditioner Connections to the Wind Turbine Output 

 

 

Time (Sec)

W
in

d
 t

u
rb

in
e

 o
u

tp
u

t 
s

id
e

 

V
o

lt
a

g
e
(V

)

Figure 6.8. Measured RMS Voltage at the Output of the Wind Turbine 
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The RMS value of the current from the wind turbine is recorded for 1000 seconds 

is shown in the Figure 6.9. The RMS value of the current after connecting the conditioner 

is shown in the Figure 6.10. The RMS value of the Ultracapacitor voltage is shown in the 

Figure 6.11. The current after the conditioner connection is smooth compared to the wind 

turbine. The time constant we chose in the shunt inverter control is good in smoothing the 

power.  From the figure 6.11, ultracapacitor is charging, when the conditioner is drawing 

the power and it is discharging, when the conditioner injects power into the line. The 

measured signals from the voltage and current sensors are connected to the National 

Instruments data acquisition module, NI USB-6009, which sends the data to a computer 

through a USB port. The data is recorded using the signal express software. It stores the 

data in the excel sheet and then it is plotted. 
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Figure 6.9. RMS Current Measured at the Output of the Wind Turbine 
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Figure 6.10. Measured RMS Current after connecting the Conditioner 
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Figure 6.11. Ultracapacitor RMS Voltage 
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7. CONCLUSION AND FUTURE WORK 

In this thesis, the design of a power conditioner and control for smoothing the 

wind turbine output power with the ultracapacitor is presented. The simulation results 

show that the proposed conditioner has a good performance in smoothing the wind 

power. The time constant chosen for the low pass filter in the shunt inverter control is 

good in getting smooth power.  The DC-DC converter maintains the voltage of the DC 

link relatively constant providing the good controllability of the shunt inverter. The 

ultracapacitor is charged, when the conditioner draws power from the line and it is 

discharged, when the conditioner injects power into the line. The hardware of the 

conditioner is constructed and implemented.  The conditioner and its control has been 

validated by connecting to a wind turbine installed at the Missouri University of Science 

and Technology. The smoothing performance of the conditioner is matched with the 

simulation results. 
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APPENDIX 

LIST OF THE COMPONENTS 

 

Line 

Number 

Product Description Manufacturer and Part 

Number 

Quantity Price 

($) 

1 

 

Prototyping board VECTOR ELECTRONICS 

AND TECHNOLOGY – 

8016 

3 60.99 

2 48 V Module 

Ultracapacitor 

 

Maxwell’s Technology - 

BMOD0165 P048 

2 3252.00 

3 High Current Power 

Inductor 

 

West Coast Magnetics - 

306-16 

1 156.00 

4 Microcontroller 

development board 

Microchip - DV164037 1 249.00 

5 Voltage Transducer LEM - LV 25-P 4 210.68 

6 Current Transducer F.W. Bell CLN-50 3 111.54 

7 Capacitor ALUM 

Electrolyte 2000UF, 450V, 

VISHAY SPRAGUE - 

36DX202F450DF2A 

1 64.12 

8 IC, QUAD VOLTAGE 

LEVEL SHIFTER, DIP-16 

TEXAS INSTRUMENTS - 

CD40109BE 

2 7.7 

9 Optocoupler 

Gate Driver 

Avago Technologies - 

ACNW3190-000E 

 

6 22.2 

10 Dc Power Supply TP-75C 2 119.68 

11 DC-DC Converter Traco Power - TMA 

1515D 

6 33.48 
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12 IGBT Module 

 

SEMIKRON - SK 30 GBB 

066 T 

 

1 59.43 

 

13 CAPACITOR PP FILM 

600UF, 800V, SCREW 

 

CORNELL DUBILIER - 

947C601K801CCMS 

 

1 142.42 

 

14 Digital Signal Controller Texas Instruments - 

TMDSDOCK28335 

1 102.8 

15 LF347 Quad Operational 

Amplifier 

National Semiconductor 4 10.08 

16 3-Terminal Adjustable 

Regulator 

National Semiconductor – 

LM317 

4 8.96 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://digikey.com/Suppliers/us/Texas-Instruments.page?lang=EN
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