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Circuit with the Thyristor Switched Parallel Capacitors (TSPC) Circuit for wind turbines. The 

well-known TSSC circuit belongs to the Controlled Series Capacitor (CSC) circuits that have been used 

in power transmission lines in order to correct the power factor and improve the performance of the 

electrical system. Such a circuit can be used in wind power systems to improve and maximize the 

efficiency of a wind turbine. A typical direct-drive wind power system employs variable speed electric 

generators, but the downside is that systems like that suffer from high inductive reactance. A TSSC 

circuit, therefore, is able to counteract for any reactive losses, and improve the power factor as well as 

the efficiency. The main issue with the TSSC circuit is the use of a high number of capacitors that must 

be connected in series, which can increase the cost and the maintenance of the controller. This paper 

introduces a novel circuit with different control technique than the TSSC that employs capacitors in 

parallel configuration. The novel TSPC circuit was simulated in PSPICE and the benefits as well as the 

drawbacks are described. 
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1 Introduction 
   CURRENTLY, our civilisation’s economy is based 

upon conventional and non-renewable energy sources 

such as petroleum, coal, natural gas and nuclear 

substances, which have been proven to be extremely 

destructive and very harmful to the environment and to 

human health. Therefore, the Kyoto Protocol for 

greenhouse gas reduction was entered into force in 2005.       

   In order to reduce greenhouse gases and to reach the 

target of the anthropogenic emissions of CO2 that was set 

by the Kyoto Protocol, conventional fuels should be 

replaced by Renewable Energy Sources. In the last two 

decades, significant effort has been put to wind power, 

whose annual growth is over 20% and this resulted to a 

capacity of 318,105 MW, recorded at the end of 2013. 

Today, wind power farms have been installed and used on 

a commercial basis, in more than 83 countries [2]. 

 

Fig. 1.  Evolution of wind’s turbine rotor diameter and power from 1980 [2]. 

 

Wind turbines, currently, reached a 5,6MW-7MW of 

rated electrical output power, with rotor’s swept area of 

more than 20,000 m2. Figure 1 shows the progression in 

the diameter and the rated electrical output power of wind 

turbines as it has been recorded in the last 30 years. 

Although all those wind turbines have been optimised 

using better and lighter materials as well as more 

aerodynamic blades, in theory the maximum 

aerodynamic conversion efficiency from wind to 

mechanical power is only 59%.  

In practice, the average year-round efficiency of most 

turbines is about half for several reasons. Firstly, it is 

essential for a wind turbine to automatically shut down 

and stop its operation when very high winds are present. 

Further, generator and gearbox losses have also an effect 

on average efficiency, and finally, it is reasonable that the 

machine operates not at its optimum working point; 

therefore, there are some efficiency losses [3]. 

2  Wind Turbines 

   The majority of wind turbines can be found either with 

their axis in horizontal (HAWTs) or in vertical position 

(VAWTs) [3].  

 
Fig. 2.  Main types of Horizontal axis wind turbines [3] 

 

The basic HAWT system, for electric production, 

consists of a large rotor comprising two, three or four 

blades, as shown in Figure 2. The majority of the turbines 

use three blades in order to have smoother rotational 

operation, lower noise and lower manufacturing cost. 

 
Fig. 3.  Schematic diagram of equipment contained in a nacelle of a HAWT [4] 
 

Figure 3 shows the nacelle of a wind turbine which is a 

weather tight compartment including all the main parts 

for converting the mechanical energy to electricity and it 

is located at the top of a tower of an HAWT. In order to 

increase the slow rotation of the HAWT’s shaft a gearbox 

is used and the energy is passed to the generator. Both 

gearbox and generator are directly attached to the 

turbine’s shaft though a braking system as shown above. 

The electrical power generated is fed to the grid [3]. 

The rotational speed of a rotor shaft is between 5 and 20 

rpm while electric generators operate between 800 and 

3000 rpm. Therefore, a speed-up gearbox is essential in 

order to level up the speed [3]. However, the downfall of 

using gearboxes is the need for frequent maintenance and 

in order to overcome this problem direct-drive systems 

have been developed, where the rotor is connected 

directly to the generator. 

2.1  Types of Wind Turbine’s Gearboxes 

There are several types of gearboxes that can be used in 

wind turbines, with the most common being the 

conventional, the magnetic, the CVT, and the torque 

splitting.  

Torque Splitting - For solving some of the 

above-mentioned gearbox problems, on 2.5 MW plus size 

wind turbines, this technique uses a multiple-path 

gearbox design to split the torque from the rotor blades 

evenly between four generators that are operated in 

parallel [4].  
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Continuously Variable Transmissions, CVTs - 

Transmissions of the CVT type can vary continuously 

through an infinite number of gearing ratios, in contrast to the 

standard gearbox, which varies between a set number of 

specific gear ratios [4]. 

Magnetic bearings–are considered quite promising 

solution in order to solve the shaft misalignment problem. 

The benefits of magnetic bearings include durability, 

smaller frictional losses, and increased reliability at a 

reduced weight.  

The maintenance of all the above types of gearboxes as 

well as the conventional gearbox of a wind turbine is very 

expensive. In order to extend the life-span of a gearbox, 

regular maintenance is needed, which adds to the overall 

cost. Therefore, the gearbox reduces the efficiency of a 

wind turbine due to inertia; it is vulnerable to wind gusts 

and the most likely part of a wind turbine to fail. 

One way to improve the efficiency of a wind turbine 

and make it more fault-tolerant is to avoid using 

gearboxes and use direct-drive systems instead. At 

gearless or direct-drive wind turbines, the rotor is the only 

moving part that transfers the energy from the blades to 

the electric generator via a low-speed shaft. Those wind 

turbines eliminate gearboxes by replacing them with 

variable speed electric generators and solid-state 

electronic converters.  

Overall, it can be said that the advantages of the 

direct-drive mechanism for wind turbines, are the 

increased efficiency, as the power is not wasted in 

friction, the reduced noise, as it is a simpler device and 

finally, the high torque at low rpm. 

Direct-drive wind turbines operate within a certain rpm 

range, and the output voltage and frequency from 

direct-coupled generator vary slightly over time. 

Therefore, these systems rectify the output three-phase 

voltage from the generator to DC. A DC link and inverter 

convert the DC voltage to become suitable for 

transmitting it to the electrical grid. 

3  Operation with An Uncontrolled 

Single-Phase Diode Bridge Rectifier 

The specifications of the national grid require a fixed 

voltage and fixed frequency. However, due to wind’s 

speed variations, the output voltage and the frequency of 

the wind’s turbine electric generator varies too. 

Therefore, the variable AC signal from the wind turbine 

electric generator has to be converted to DC signal, with 

the use of a rectifier. The rectified DC signal can then be 

converted back to AC at a fixed amplitude and frequency. 

An arrangement that would allow this to take place is 

shown in Figure 4. 

 
Fig. 4.  Wind turbine with synchronous generator [5]. 

In Figure 4 the wind turbine’s rotor is shown on the 

left-hand side and it is coupled to an electric generator 

(SG) via a gearbox. The electric generator’s output is 

connected to a rectifier (AC/DC), in order to converter the 

AC voltage to DC. At the output of the rectifier a DC 

filter is used and then it is directly connected to an 

inverter (DC/AC). A transformer is connected at the 

output of the inverter to increase the AC voltage and to 

connect the wind turbine to the grid [6-9].  The inverter 

may be either a SCR controlled inverter or a PWM 

inverter, depending on the situation [5]. 

In wind turbine systems one of the most important 

factors of their design is their cost and therefore, the 

usage of a simple and low-cost AC to DC rectifier is 

preferred. This AC/DC single-phase diode bridge rectifier 

is considered the simplest possible rectifier circuit that 

can be used in such applications. The conversion from 

AC/DC usually employs a voltage feedback control. 

However, this kind of standard single-phase diode bridge 

rectifier does not include any feedback control loop. 

Therefore, the output voltage is determined completely 

by the amplitude of the input voltage. A schematic 

diagram of the AC/DC standard single-phase diode 

bridge rectifier circuit is shown in Figure 5. 

 
Fig. 5.  Standard single-phase rectifier circuit 

 

This type of rectifier provides a DC voltage at the 

output, for any AC voltage input. During the positive half 

cycle of the back-EMF voltage waveform, diodes D1 and 

D2 are forward biased so they conduct. During the 

negative half cycle diodes D1 and D2 are reverse biased 

and only D3 and D4 conduct. Figure 6 below shows the 

simulation results for the standard single-phase rectifier 

circuit (Fig. 5).  

 
Fig. 6.  Generator back EMF and the fundamental current waveform showing 

the effects of generator inductance [10]. 
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However, the presence of high generator inductance 

does not allow current to be directly transferred from 

diodes D1 & D2 to D3 & D4. Therefore, a period of 

overlap is present when current in D1 and D2 falls, while 

current in D3 and D4 rises, which causes a phase shift 

between the back EMF voltage and the first harmonic of 

the generator AC current, as shown in Figure 6. 

This phase shift results in losses of available power that 

could be transferred from the electric generator to the 

grid.  

Assuming a purely sinusoidal back emf voltage, the 

generator power output P is given by the following 

Equation: 

 
 

where α is the phase angle between Vm and Im1 and it can 

take values between 0 and 1. When cosα is 0 then all the 

available power P becomes reactive and the real power is 

equal to 0. Minimising the angle α, cosα will increase and 

thus the real power delivered to the load will clearly 

increase. This can be achieved if a Series Resonant 

Circuit (series RLC) is used. In a series-resonant RLC 

circuit the inductive reactance of the inductor becomes 

equal in value to the capacitive reactance of the capacitor. 

In other words, XL=XC. The point at which this occurs is 

called the Resonant Frequency point, (ƒr) of the circuit, 

and the maximum power is delivered when the system 

works at this resonant frequency point [10]. 

 
Fig. 7.  Generator with variable capacitor [10] 

 

In order to achieve this, a variable capacitor for high 

voltage and high current is needed, but such a variable 

capacitor is not commercially available and therefore 

Controlled Series Capacitor (CSC) rectifiers could be 

used. 

3.1 Thyristor Switched Series Capacitor Rectifier 

(TSSC) 

 

The TSSC circuit (Figure 8) consists of a number of 

capacitors in series, each shunted by a switch composed 

of two anti-parallel thyristors [11]. All capacitors have the 

same value CTSSC. 

 
Fig. 8.  TSSC main circuit [12] 

 

The overall capacitance is controlled by conducting or 

blocking each of the thyristor pairs. If a thyristor pair 

conducts, the capacitor CTSSC is short circuited. If a 

thyristor pair is open, the value CTSSC is added to the total 

capacitance CT. The total capacitance of the circuit is 

given by Equation 2: 

 
 

where m is the number of active capacitors. If all 

capacitors are bypassed the equivalent capacitance 

becomes CT = 0F [13-15]. In order to correct the power 

factor and therefore increase the output power, the 

capacitance of the system XC should be equal to 

inductance XL as shown in Equation: 

 
Since all thyristors are “naturally” commutated, they 

turn off when the current crosses zero. It is only at that 

moment that a capacitor can be inserted into the line, as 

shown in Figure 9. 

 
Fig. 9.  Capacitor insertion at zero current voltage [12] 

Once the capacitor is in line, during the full half-cycle 

of the line current it will be charged to its maximum, and 

during the negative line current cycle it will be discharged 

to zero [16,17].  

For our simulation model, a PMSG with 4 poles has 

been used, although PMSGs with more poles have been 

reported [18,19]. The frequency at the generators with 

high number of pole pairs is much closer to the desired 

50Hz electric grid frequency, compared to PMSG with 

low number of pole pairs, but the inductive reactance is 

increased, as it is proportional to the frequency, as shown 

below: 

𝛸𝐿 = 𝐿𝜔 = 𝐿2𝜋𝑓     (4) 
 

The circuit shown in Figure. 8 was simulated for 

electrical frequencies between 0.4Hz and 1.333Hz. To 

correct the power factor when the blades rotation speed is 
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20 rpm, a maximum of 1627 capacitor blocks, each 

having a capacitance of 358mF, have been used. This 

value is for simulation purposes only, as in practice such a 

high value of capacitors is not feasible. To simplify the 

simulation a maximum number of 1627 capacitors was 

used.  

Table I shows the number of active capacitors for 

various speeds of PMSG. 
 

TABLE I  

NUMBER OF ACTIVE CAPACITOR BLOCKS 

ω (rpm) m 

6 1 

8 21 

10 35 
12 188 

14 369 
16 651 

18 1053 

20 1627 
 

 

 
Fig. 10.  TSSC PSPICE model 
 

The TSSC circuit was simulated in PSPICE. The 

thyristor model that was used is the “W1890/-55C” which 

has an internal resistance of 1 Ohm. For the diodes in the 

bridge rectifier, the model “BYT30P-600” was used 

(Figure 10).  

Simulation has been carried out and the results for the 

phase current, the output voltage and the output power are 

shown at the Table II. 
 

TABLE II. 

THE SIMUATION RESULTS 

ω 

(rpm) 

Electric 

Freq. 

(Hz) 

Back 

emf 

(V) 

Gen's 

current 

(A) 

DC 

voltage 

(V) 

Output 

Power 

(W) 

6 0,400 68,8 5,1 40,1 161,6 

8 0,533 91,7 6,71 53,8 291,2 
10 0,667 114,7 8,53 67,7 461,7 

12 0,800 137,6 9,59 74,2 554 

14 0,933 160,5 11,12 88,2 781,7 
16 1,067 183,5 13 101,6 1036,2 

18 1,200 206,4 14,22 114,4 1314,5 

20 1,333 229,3 15,62 127 1617,2 
 

As it is shown above, the output power is very close to 

the ideal case. When the inductive reactance is equal to 

capacitive reactance, the system is at its resonant point 

and operates with maximum efficiency without any 

reactive losses. The downside is the use of numerous 

blocks m (anti-parallel thyristor shunted to a capacitor), 

especially as the frequency increases. In this case for 

1.333Hz frequency 1627 blocks have been used, making 

this circuit non-attractive for further research at wind 

turbines. 

3.2 Thyristor Switched Parallel Capacitor 

Rectifier (TSPC) 

One way to overcome the huge number of blocks is to 

stack the capacitors in parallel. In this topology, its block 

consists of 2 anti-parallel thyristors connected in series to 

a capacitor, where each capacitor has a different value, 

and the total capacitance is CT.  
Figure 11 below shows the PSpice model for the TSPC 

circuit. 

 
Fig. 11.  TSPC PSPICE model 

 

It must be added that the switching devices can be controlled 

using an FPGA. The use of a computational system to control 

the switching devices is inevitable and the simplicity of the 

algorithm is beneficial for the reliability of the system. The 

low-level programming that uses a hardware descriptive 

language, it benefits from parallel processing and output of the 

data. Initial implementations are already providing positive 

feedback. A Cyclone V FPGA is more than capable to host the 

algorithm to control the switching device. 

As it was mentioned before, each block uses different 

values of capacitors. These values are shown in the Table 

III below. 
TABLE III. 

CAPACITOR VALUES 

ω (rpm) 
Single Capacitor 

value (mF) 
m 

6 358 1 

8 17,1 1 
10 10,2 1 

12 1,9 1 

14 0,97 1 

X14

W1890/-55C

X12

W1890/-55C

C11

{capacitor}

V5

FREQ = {f requency }
VAMPL = {emf }

X13

W1890/-55C

0

C15

{capacitor}
D28

BYT30P-6002
1

R8

Rbreak

{load}
X10

W1890/-55CC12

{capacitor}

Lbreak

L5

{Lm}

Cbreak

C6

{C_output}

D25

BYT30P-6002
1

X7

W1890/-55C

PARAMETERS:

f requency  = 1.333

load = 10
Lm = 0.384

C_output = 300m

Rm = 6.4
emf  = {sqrt(2)*172*f requency }

capacitor = 0.22m

D26

BYT30P-6002
1

R21

Rbreak

{Rm}

D27

BYT30P-6002
1

X8

W1890/-55C

X11

W1890/-55C

X10

W1890/-55C

V5

FREQ = {f requency }
VAMPL = {emf }

0

X12

W1890/-55C

D28

BYT30P-6002
1

R8

Rbreak

{load}

C12

{capacitor}

C13

{capacitor}

Lbreak

L5

{Lm}

Cbreak

C6

{C_output}

C14

{capacitor}

D25

BYT30P-6002
1

X7

W1890/-55C

PARAMETERS:

f requency  = 1.333

load = 10
Lm = 0.384

C_output = 300m

Rm = 6.4
emf  = {sqrt(2)*172*f requency }

capacitor = 0.22m

D26

BYT30P-6002
1

R21

Rbreak

{Rm}

D27

BYT30P-6002
1X9

W1890/-55C

X8

W1890/-55C
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16 0,55 1 

18 0,34 1 
20 0,22 1 

 

This topology requires only 1 active block, and 

therefore, the m value for all the frequencies is equal to 1. 

It is clearly shown that it is feasible to drastically reduce 

the number of blocks used in TSSC. In addition, the 

resistive losses of the thyristors will be reduced. The 

simulation results using the TSPC circuit are shown in 

Figure 12 and Figure 13. 

 

Fig. 12.  The voltage and current waveforms before the insertion of the TSPC 

circuit. 

Figure 12 shows the phase delay between the current 

and the voltage. This system has low power factor and it 

suffers from reactive losses. Figure 13 shows the voltage 

and the current lines after the insertion of the proposed 

TSPC circuit. The power factor is nearly 1 and the 

efficiency is greatly improved. The simulation results for 

the phase current, output voltage and the output power of 

the TSPC circuit are presented in Figure 14, 15 and 16. 

 

Fig. 13.  The voltage and current waveforms after the insertion of the TSPC 
circuit. 

All the simulation results regarding the phase current, 

the output voltage, and the output power using a 1.5 kVA 

PMSG model in PSpice are shown in Figure 14 and 

Figure 15 below.  

 
Fig. 14. Phase current vs PMSG speed 

 

 
Fig. 15. Output Voltage vs PMSG speed 

 

Figure 14 and Figure 15 show the phase current and 

the output voltage in relation to the generator’s speed 

respectively. Figure 16 shows the output power in relation 

to the generator’s speed.  

 
Fig 16. Output Power vs PMSG speed 

 

It can be clearly seen that the output power is very close 

to the ideal case, and similar to the TSSC circuit results. 

The only difference is that lower values of capacitors 

have been used. In addition, the resistive load is much 

lower, due to fact that only 1 block, meaning only 1 pair 

of anti-parallel thyristors are active. 
 

4  Conclusion 
The paper describes the operation of a Thyristor Switched 

Series Capacitors (TSSC) circuit for wind turbines. A 

typical wind turbine uses a gearbox and in order to 
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overcome the numerous problems of the usage of 

gearboxes and to improve the efficiency of a wind 

turbine, the usage of direct-drive systems was considered 

as the most appropriate method. The downside is that the 

electric frequency is not fixed and is much lower than 

50Hz or 60Hz that the electric grid requires. Therefore, by 

using diode bridge rectifier, it is possible to convert the 

low variable AC signal to DC and then with an Inverter 

back to grid-required AC signal. However, this topology 

has low power factor due to high inductive reactance of 

the generator. Today, the majority of the Wind Turbines 

employs a PWM rectifier to convert the variable ac signal 

to DC rather than a diode bridge rectifier, but such 

rectifiers have very high switching losses due to the high 

switching frequency [20]. 

In this paper, controlled series compensation is 

proposed to compensate the inductive reactance of the 

generator. The technique is used in AC power 

transmission networks to ease line congestion and change 

network voltage profiles but has never been suggested for 

a variable-frequency, variable-voltage application such as 

in wind turbines. 

A TSSC circuit, capable of correcting the converter’s 

operating power factor, over the whole of the operating 

frequency range and thus maximising the wind’s turbine 

energy conversion, has been studied, simulated and 

presented in this paper. 

Although the switching frequency of the Thyristors are 

kept low and specifically equal to the line frequency, 

keeping the switching losses to minimum compared to 

PWM rectifiers, this TSSC circuit uses a high number of 

capacitors making it practically not feasible to be 

implemented for such projects. A way to overcome this 

problem is the use of Thyristor switched Parallel 

Capacitor TSPC. This new topology utilizes only one 

capacitor for every change in the system’s frequency. 

This circuit has been simulated using a standard diode 

bridge circuit and a 1.5kVA PMSG model. The 

performance characteristics are the same with the TSSC 

but this time the number of capacitors is drastically lower. 

The power factor achieved in simulations with the 

proposed TSPC circuit was near unity over the entire 

operating range, maximising the energy transfer from the 

machine to the load. 

APPENDIX 

PMSG parameters: 

Maximum output volt-amperes: 1.5kVA 

Maximum back EMF & Current: 230V 

Maximum Current: 16A 

Winding resistance: 6.4 Ω 

Winding inductance: 384mH 
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