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Coordinated Control of a Large Offshore Wind Farm and a HVDC Link 

ABSTRACT 

Owing to the recent developments in semiconductor devices and control equipment, a voltage 

source converter based high voltage direct current (VSC-HVDC) becomes a significant 

technology for large offshore wind farms. The VSC-HVDC provides numerous potential benefits 

over the conventional HVDC such as independent and rapid active and reactive power control and 

black start capability. 

In this thesis, the coordinated control of a large offshore DFIG based wind farm with VSC based 

HVDC link is investigated. A suitable control strategy for the VSC-HVDC link is devised that 

ensures the power can be transmitted to the grid despite the variability of the wind farm generated 

power. This thesis analyses a non-switching average value model of a VSC with its operation at 

grid side and farm side for load conditions and voltage variations. The non-switching phasor 

models are adopted in order to model a wind farm with the VSC-HVDC link to the grid. 

The main objective of this thesis is to develop Matlab Simulink models of a HVDC link and a 

wind farm so as to study its control for variations in power flow and fault ride through. In 

addition, this thesis investigates the complete CIGRE 12 bus bench mark model to demonstrate 

the performance of the system for load and wind speed variations and for fault conditions. 
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CHAPTER 1: BACKGROUND 

Recently, the wind energy application and especially offshore wind energy plays a considerable 

role for large scale use of renewable energy in the many European countries' policies. Especially, 

grid connected offshore wind farms has received a major impetus in the country of Sweden, 

United Kingdom, Germany, Denmark and The Netherlands [1] owing  to the global energy 

consumption growth and the depletion of available fossil fuel reserves [2] [56] [57]. 

It is the fact that wind energy applications have some demerits such as visual effects and noise. 

Offshore wind farms provide an ideal solution for these kinds of problems [3]. Therefore, there 

have been around 53 European offshore wind farms since 1993 and today, the other 10 offshore 

wind farms are under construction, and this verifies that the use of wind energy to generate 

electricity will continue to increase [3]. Offshore wind farms provide more advantages compare to 

onshore due to their larger turbines and rotor blades which cause more electricity generation. In 

addition, the non-existence of obstacles such as building, mountain and other constructions and 

stronger wind source on the seashore makes offshore wind farms highly efficient [3]. 

The first large scale offshore wind farm is Denmark’s Horns Rev, constructed in 2002 with 160 

MW capacity. In this project, an offshore transformer substation connected to the shore through a 

15-km-long three-core AC cable with 150  kV rated voltage was utilized [1]. 

The DC power transmission at high voltages and over long distance was possible with the high 

voltage valves development [4]. There are some important HVDC developments,  including 

Hewitt’s mercury-vapour rectifier (1901), Mercury arc valves in Europe (before 1940), the 

Gotland 1 in Sweden, the first commercial HVDC transmission, (1954), Argentina-Brazil 

interconnection, the first capacitor commutated converter (CCC) (1998) and the first voltage 

source converter for transmission in Gotland, Sweden (1999) [4]. HVDC technology was based 
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initially on thyristor technology and in recent years on fully controlled semiconductors and 

voltage-source converter technologies [5]. Today, the fully controlled semiconductor devices are 

available for high-voltage high power converters and these devices could be utilized for a VSC 

with pulse-width modulation (PWM) operating at high frequencies and they are all self-

commutated through a gate pulse [5]. Comparing to the thyristor-based technology, a VSC 

application produces higher frequency PWM waveforms although some switching losses which is 

one of the most series challenge [5].  

In today’s era, there are around 100 HVDC installations in the world (in planning or in operation) 

with approximately total 80 GW transmission capacity by employing two distinct technologies, 

including Line-commutated current–source converters (CSCs) based thyristors and Forced-

commutated VSCs based gate turn-off thyristors (GTOs) or Insulated gate bipolar transistors 

(IGBTs) [5]. The VSC based HVDC technology can be utilized to meet the Grid Code 

Requirements. It provides wind farm decoupling from the network, which leads to improved Fault 

Ride-Through capability [6]. In addition, this technology has a growing interest due to providing 

the independent active and reactive power control and connection of wind farm irrespective to the 

strength of AC Network [6]. In this thesis, the control strategy of the VSC - HVDC system, which 

based on vector control is utilized. 

1.2 Objective of the Thesis 

The main objective of this thesis is to develop MATLAB Simulink models of a VSC based HVDC 

link and a wind farm so as to study its control variations in power flow and fault ride through and 

arrive at the best design. A suitable control scheme for the VSC-HVDC link is also devised that 

ensures the power can be transmitted to the grid despite the variability of the wind farm generated 

power. The aims of the study are summarized as: 
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• To construct a non-switching phasor model with suitable control and demonstrate its 

operation of the farm side voltage sourced converter (FS-VSC) to ensure that the AC 

voltage can be controlled by the converter independently of the current source amplitude 

and DC load size. 

• To construct a non-switching phasor model with suitable control and demonstrate its 

operation of the grid side voltage sourced converter (GS-VSC) to ensure that the DC 

voltage can be controlled by the converter independently of the current source amplitude 

and DC load size. 

• To construct a complete HVDC link by combining the GS-VSC and FS-VSC and 

demonstrate its action when it’s supplied by an AC current source on the farm side. 

• To attach the average model of the wind farm to the complete HVDC link using the 

wind farm data in Appendix and demonstrate the operation of the system under changing 

wind speeds and for a phase to ground fault on the grid side. 

• To construct the complete CIGRE 12 bus bench mark model as seen in Appendix and 

show the performance of the system for load and wind speed variations as well as for a 

fault. 

1.3 Contribution of the Thesis 

The main contribution of this thesis is to study the control strategy for a voltage sourced converter 

based HVDC link, including the grid side and farm side control.  

It is very challenging to model the wind farm and a HVDC link by utilizing its complete models of 

the switching devices owing to its complexity. A complete DFIG wind farm model with controls 

is provided in the MATLAB SimPowerSystems toolbox. On the other hand, this thesis presents an 

average value mathematical model for the voltage source converters, considering that the VSC can 
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fully control its voltage and there is no power lost in the converters. This report proves the 

operation of the HVDC link by combining the GS-VSC and the FS-VSC when it is supplied on 

the farm side by an AC current source and with the phasor model (average model) of the wind 

farm in respect of its given data. In addition, the operation of the system under variable wind 

speeds and for a phase to ground fault on the grid side is demonstrated. It can be resulted that the 

expected coordinated control for the grid fault situation is achieved with the fast responses 

between the VSC and the average wind farm model and this is very difficult to pursue for the real 

system design. Hence, this thesis has the prime aim to bring out new methodologies to attain a 

coordinated control for VSC based HVDC transmission system and DFIG based offshore wind 

farms in order to perform smooth operation under variable wind speeds and reach fault ride 

through under grid fault conditions, successfully. 

CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction of HVDC Transmission System 

High Voltage Direct Current (HVDC) is a significantly efficient alternative for large amount of 

the electricity transmission over long distances for several applications. As an essential enabler in 

the further renewable energy system, HVDC is considerably shaping the power network of future 

[7] [54] [55]. HVDC technology was originally developed in Sweden more than 60 years ago. The 

level of power transmitted has been varying from 40 MW to 8 GW with HVDC system [8]. The 

HVDC is commonly utilized for the purpose of power transmission to major centers, offshore 

wind power transmission, dynamically AC networks stabilization and decoupling large AC power 

networks [8], [9]. The HVDC transmission system is not required reactive power absorption or 

generation [2]. Therefore, HVDC transmission is highly suitable for over long distance, bulk 

power delivery, the cable crossing of the long submarine and asynchronous interconnections [10].  



11 

 

The interconnection of regional systems which operate asynchronously could be allowed by 

HVDC system and this mitigates the issues of instability, otherwise that would lead to outages in 

AC transmission [11].  

There are three generations of HVDC, including Mercury Arc, Thyristor and IGBT technology 

[11]. Until recently, Classic HVDC based on thyristors was utilized in the conversion of AC to DC 

and vice versa. In recent years, an innovative HVDC based on advanced semiconductor 

technology has been used for power conversion. The converters are Voltage Sourced Converters 

(VSCs) and they could operate with a high switching frequency (1-2 kHz) using Pulse Width 

Modulation (PWM) and the semiconductors utilized are Insulated Gate Bipolar Transistors 

(IGBTs) [12]. The technology is commercially called as HVDC Light or HVDC Plus [12]. VSC-

HVDC transmission systems have been classified under brand names, including HVDC PLUS 

(Siemens), HVDC Light (ABB) and HVDC MaxSine (Alstom) [13]. 

2.2 HVDC versus HVAC Transmission 

It is widely accepted that alternating current (AC) is very common for the use of industrial and 

domestic purposes; however, AC has some limitations which cause the use of DC transmission in 

many projects [15]. 

2.3 The Comparison of the Advantages of the HVDC and HVAC Transmission 

The benefits of the HVDC and HVAC transmission are compared as given below:  

• There are two significant factors for high voltage transmission line, including voltage 

and current limits. The DC resistance of a conductor is lower than its AC resistance due to 

skin effect; therefore losses are lower in the DC transmission system [15]. 

• The losses of an optimized HVDC transmission line are lower than the AC lines for the 

same capacity of power [16]. 
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• It is true that initial costs of HVDC stations are very high owing to the fact that they 

have to perform the conversion from AC to DC and DC to AC. On the other hand, 

according to Figure 2.1, over a certain distance, called “break-even-distance” (600-800 

km), a HVDC system becomes costly-effective compare to HVAC system [16]. 

 

Figure 2.1: Comparison of AC and DC line costs based on break-even distance [16]. 

• In case of bulk power transmission with submarine and underground cables in long 

distance, HVDC gives a great performance. In an AC transmission system, the cable 

resistance leads to reactive power flows, therefore this causes the limitation of 

transmission distance and additional costs [17]. Moreover, reactive power compensation is 

required in the AC system. Economic merits and lower line losses make HVDC effective 

for long distance power transmission [17].  

• DC power could be transmitted greater distances than AC power with theoretically no 

distance limitation [18].  

• It is widely accepted that HVDC transmission system is a better alternative for offshore 

wind farm connection to the grid and power transmission from remote energy resources to 

large urban areas [17]. 

• HVDC system provides to link two systems operating at different frequencies or is 

independent of the two centers relative phases [18].  
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• In DC systems, overhead line clearances are smaller; this causes smaller rights of way 

[18].  

2.4 Disadvantages of HVDC System 

• Operational Cost: The cost of power electronics and converter transformers are quite 

high in a HVDC transmission system construction. To obtain high technical performance 

in the HVDC system, several components are required [17]. 

• Harmonics: It is true that during the process of conversion, harmonics are produced by 

electronic converters. A modern HVDC system has several converters, therefore 

harmonics increase and these effects power electronic devices, power quality and causes 

system oscillation [17].   

• Grid integration issue: There is a challenge in the connection of HVDC system and 

AC system. The large size of AC harmonic filters lead to considerable over voltages in 

HVDC systems during fault recovery. On the other hand, in power networks, HVDC 

system shows great performance of the protection of fault [17]. 

• Network stability: It is expected that there will be more HVDC interconnections in 

power grids. The communication problems between these HVDC schemes might cause 

instability of the system [17]. 

2.5 HVDC System Arrangement 

HVDC systems could be configured in several ways to meet the operational requirement and 

provide flexibility [13]. The configuration selection depends on the location and functions of 

converter stations. Some of the main arrangements are given in Figure 2.2 [19]. A two terminal 

HVDC system is utilized to transfer power from one place to another as shown in Figure 2.2. In 

back-to-back HVDC system, the two converters are situated at the same place and the bridges of 
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the converter are connected directly. A hybrid connection has three or more HVDC substations 

which are separated by interconnecting transmission lines. 

 

Figure 2.2: Typical AC-DC connection arrangements [19]. 

2.6 Converter Classification for HVDC Transmission System 

The converters used in HVDC system are broadly classified as line-commutated and self-

commutated (or forced commutated) depending on the kind of power switching devices applied. 

1. Line-Commutated Converters (CSCs) based thyristors is shown in Figure 2.3. This is 

well-established technology for the application of high power, generally around 1000 MW, 

for an instance of this kind of projects is in Brazil with 6300 MW capacity [5].  

The main issues of LLC-HVDC Systems [9]:  

• Input current has many harmonics which needs filtering in order to not affect 

transmission network operation which causes the increase of losses and the size of the 

station [9].  

•  LLC-HVDC needs an electrical network for its operation. This inability of operation on 

a “dead network” is a demerit compared to alternatives [9]. 
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Figure 2.3: HVDC system based on CSC technology [6]. 

2. Forced-Commutated (VSCs) Converters based modern approach using Insulated 

Gate Bipolar Transistor (IGBTs) is shown in Figure 2.4 [6]. Voltage source converter 

based high voltage direct current system (VSC-HVDC) is the recent development in the 

field of DC power transmission. 

                            
Figure 2.4: HVDC system based on VSC technology [6]. 

2.7 VSC based HVDC Transmission System 

Nowadays, high voltage direct current based on voltage source converters (VSC-HVDC) 

technology has become feasible due to the recent advancement in semiconductor and control 

technology [22]. 

VSC-HVDC is based on the voltage source converter, where the structure of valves consists of 

IGBTs and PWM which produces the desired voltage waveform [15] PWM could produce any 

waveform which set by the frequency of switching, fundamental component magnitude and phase 

angle. By changing the pattern of PWM, it is possible to chance waveform, magnitude and phase 

angle [15]. As a result of this, the voltage source converter could be considered as a controllable 

voltage source. The high controllability plays an important role in numerous kinds of application 
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[15]. Owing to the utilizations of VSC-technology, and pulse width modulation (PWM), VSC-

HVDC has a large number of benefits such as independent and rapid reactive and active power 

control (ability of reactive power absorption/delivery) and the contribution of controllable short-

circuit current. As a result of this, VSC-HVDC could be utilized to solve network constraint 

problem, efficiently, although the increased investment costs and losses depending on the network 

topology [22]. 

Typically, a VSC application produces higher frequency PWM waveforms compare to the 

thyristor-based system. However, these devices’ operating frequency is also determined by the 

losses of switching and the heat sink design, both of them are related to the power through the 

component [6]. The switching losses depend on high-frequency PWM operation and this is one of 

the most challenging and serious issue that requires to be handled in VSC-based high power 

applications [6]. Other considerable demerits that take place by a VSC operation at high frequency 

are the electromagnetic interference (EMI), high frequency oscillations that need additional filters, 

and transformer insulation stresses [6]. 

By comparison with conventional line-commutated HVDC systems, VSC-HVDC systems 

have several advantages as given follows: 

• Both active and reactive power can be controlled independently from each other without 

additional compensating equipment [23], [24]. 

• Self-commutation with VSC has “black start” capability- can feed a “dead” network [9]. 

• It means restoring a power plant to operation without the requirement of external energy 

sources [25]. 

• It is possible to obtain dynamic response with excellent results, this is essential to 

comply with grid code regulations [26]. 
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• VSC-based designs provide superior performance at weak systems (low short circuit 

ratio application) [27]. 

On the other hand, the VSC-based HVDC technology has some disadvantages such as high cost 

and high power losses of the converter stations by comparison conventional HVDC technology 

[28]. Despite its drawbacks, VSC-HVDC systems are suitable for several applications such as 

offshore applications, undersea cables and long distance bulk power transmission [29]. 

2.8 The configuration of a VSC based HVDC Transmission System  

 

Figure 2.5: A single line diagram of wind farm connected to the grid by a VSC-HVDC Link. 

Figure 2.5 shows a typical single line diagram of wind farm connected to the grid by a VSC-

HVDC link, consisting of two voltage sourced converters, AC filter, DC link capacitors, DC 

cable, phase reactor and Doubly- Fed Induction generators. The description of each component of 

the whole voltage source converter based HVDC system is given below [30]: 

Converter Transformer: A power transformer is utilized to change the level of the offshore 

network voltage to the suitable level for the converter. The ordinary three phase power transformer 

can be used and a galvanic isolation between the AC side and DC side is provided by this 

transformation. This is necessary in fault condition in either of the connected parts [31]. 

AC Filter: Different control scheme can be used for operation of voltage source converters. In 

most cases, Pulse Width Modulation (PWM) is used for the control of the ratio of the fundamental 
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frequency voltage through the DC side to AC side. The AC side converter terminal voltage has 

harmonic components due to the switching of the valve bridge. AC filters prevent these harmonics 

from passing into the connected AC system. The size of the filter can be between 10 to 30 percent 

of the rated DC power, depending on the requirements of the filter performance [32]. 

Voltage Source Converter: A typical VSC utilizes fully-controllable switches such as IGBTs or 

gate turn-off thyristors (GTOs). Fully-controllable switches are usually used for high power 

applications with high switching frequencies (2 kHz) .The switching devices are usually 

controlled with PWM techniques to produce a sinusoidal waveform on the AC side and they are 

filtered by the AC filters and the phase reactor. Therefore, the reproduced waveform harmonic 

components are maintained low [31]. The IGBTs are arranged in several ways, causing converter 

topologies. These topologies are commonly classified as two level topology and multilevel 

topology. The significant aims of these topologies are: 

(i) To minimize the switching losses of the semiconductors used in the VSC. 

(ii) To generate a high-quality sinusoidal voltage waveform and minimize the filtering 

requirements [33]. 

Simple control and power circuitry, small foot print environmentally and small size of DC 

capacitor are key benefits of the two-level VSC. Figure 2.6 shows a two level three-phase voltage 

source converter and its p.u voltage waveform. 



19 

 

 

Figure 2.6: Two-level three-phase converter [33]. 

DC Link Capacitors: The main purpose of the DC capacitors given in Figure 2.6 is to maintain 

the DC voltage at a constant value. Therefore, the DC capacitor design has a prime importance. 

The size of a DC capacitor is determined by the time constant   which defines as a ratio of the 

DC power stored in the DC link of the converter the apparent power of the converter [33]. DC 

Cable: The recent HVDC cable mostly used is made of extruded polyethylene [34]. Phase 

Reactor: Phase reactors are utilized for the control of both reactive and active power flow by 

regulating currents between them [30]. Doubly-Fed Induction Generator: A Doubly-Fed 

Induction Generator (DFIG) consists of a wound rotor induction generator and an AC/DC/AC 

IGBT based PWM converter. The stator winding is directly connected to the grid frequency of 

50 Hz , meanwhile the rotor is fed at variable frequency through the AC/DC/AC converter. The 

DFIG technology provides the maximum energy extraction from wind at low wind speed by 

optimizing the speed of the turbine [35].  
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Figure 2.7: A schematic diagram of DFIG based wind turbine [37]. 

Recently, many wind turbines based on DFIG has been employed in wind farms, because DFIGs 

offer several merits such as speed control, four-quadrant reactive and active power capabilities, 

reduced flicker and higher DFIG operating efficiency compare to fixed speed generators [36], 

[37]. They are mainly achieved via rotor side converter control, which is commonly rated at 

approximately 30%  of the rating of the generator for a given rotor speed variation range of 

25%. DFIG based wind turbine schematic diagram is shown in Figure 2.7 [37].  

2.9 The Fundamental Concept of a VSC based HVDC Transmission 

When voltage source converter is linked to a power grid which is referred as active load, the 

reactive and active power flow can be controlled independently by changing the amplitude and 

phase of the  AC voltage produced by the voltage sourced converter with respect to the grid 

voltage [38], [39].  The VSC connected to a power grid gives a performance like a synchronous 

machine stator as seen in Figure 2.8. This assumption is based on the fundamental frequency 

component. As a result of this, the reactive and active power flow between generator and active 

load can be instantaneously controlled by the VSC [39]. The active power ( )P  and the reactive 

power ( )Q shown in Figure 2.9a flow between the converter and the AC network are calculated as 

in Eq. (2.1), assuming a lossless reactor at the fundamental frequency [39], [30].  
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Figure 2.8: The interconnection of two AC voltage sources through a lossless reactor [30]. 
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Where SV  is the sending end voltage source, RV  is the receiving end voltage source,   is the 

phase angle between the phasor Vs  and RV  [30]. Figure 2.9b illustrates the phasor diagram of the 

SV  and RV . 

 
a) 

 
b) 

Figure 2.9: a) Active-reactive characteristics of a VSC based transmission system [40], b) Phasor 

diagram of two AC voltage sources interconnected via a lossless reactor [30]. 
 

2.10 A Practical Installation of VSC based HVDC Transmission System 

Figure 2.10 shows the INELFE Converter stations utilizing the HVDC PLUS Voltage Source 

Converters. INELFE is the worlds first VSC based HVDC System with 2 1000 MW  developed 

by Siemens. The INELFE/Siemens transmission between Baixas (France) and Santa Liogaia 

(Spain) is a major component of the trans-European electricity network. The commercial operation 

of this transmission system is scheduled for 2014. The technical data of INELFE transmission 

system is shown in Figure 2.10 [41]. 
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Figure 2.10: The INELFE, France-Spain VSC-HVDC Transmission System and its technical 

data [41]. 

CHAPTER 3: HVDC LINK MODELLING 

This chapter describes a mathematical model of VSC-HVDC system (the average value model). 

At the next stage, this average value model will be utilized for the VSC based HVDC system 

control design. 

 

Figure 3.1: The schematic diagram of basic VSC based HVDC [42]. 

The basic schematic diagram of a VSC-HVDC system is demonstrated in Figure 3.1 [42]. A VSC-

HVDC system has two voltage source converters on both DC link ends with the same structure 

and both connect to AC networks [42]. These converters are operated independently and 

individually without any communication with each other [43]. Due to its same configuration, the 

average value model of the both converters should be the same [43]. Figure 3.2 shows the 

equivalent circuit diagram of VSC-HVDC [44]. For the analysis’ simplicity, it is assumed that the 

system is operated under the balanced condition and there also are no power losses in the 
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converters. According to the equivalent circuit diagram, [ ]1Us abc  and [ ]3Us abc  are three phase 

AC infinite sources of rectifier and of the inverter respectively, while [ ]1Vs abc and [ ]3Vs abc  are 

three phase AC voltages of the rectifier and of the inverter, respectively [44]. 

 

Figure 3.2: The equivalent circuit diagram of a VSC- HVDC [44]. 

2IL  is the DC cables’ DC current; 1, 1L R  and 3, 3L R  are the equivalent reactors and resistors of 

the rectifier and of the inverter, respectively [44]. 2L  and 2R  are the equivalent reactors and 

resistors of DC cables; 2C  and 1C  are the DC capacitors of the inverter and of the rectifier, 

respectively [44].  

3.1 Average Value Model 

The converter is modelled as a controlled current source Idc  on the DC side and a controlled 

voltage source Uv  on the AC side. The non-switching model utilizes ideal voltage sources 

expressed as in Eq. (3.1) [43]:  

1
. .

2
Vsa VrefaVdc=   ,       

1
Vsb . .

2
VrefbVdc=   ,      

1
Vsc . .

2
VrefcVdc=  (3.1) 

An average model does not represent the switching pattern and therefore, current and voltage 

values do not have any harmonic content [43]. Vrefa , Vrefb , Vrefc are the output voltages 

attained from the control system in which the phase and the amplitude could be controlled 

independently and they are calculated as in Eq. (3.2) [43]: 
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( ).sinVrefa Ma t = + , 
2

b .sin
3

Vref Mb t 
 

= + − 
 

, 

2
c .sin

3
Vref Mc t 

 
= + + 

 
 

(3.2) 

Where Ma , Mb , Mc  are the modulation indexes, the ratio between the fundamental peak phase 

voltage and the DC voltage, and   is the phase angle of the output voltage [43].  

 

Figure 3.3: Average value model diagram for the VSC [45]. 

In Figure 3.3, neglecting the losses of the converter, the controlled current Idc  on the DC side is 

given as in Eq. (3.3) [45]. According to Figure 3.2, the dc side of the VSC is obtained utilizing 

power conversion principle, this means that ac side power must be equal to the dc side power plus 

power losses. Figure 3.3 shows the average value models, including voltage-controlled sources on 

the ac side and current controlled sources on the dc side [45]. According to model given in Figure 

3.4, the output voltage obtained from the control loop is fed into the VSC. As seen Figure 3.4, the 

voltages across each phase of the VSC attained from the controller loop are symbolized as 

Uconva  ,Uconvb ,Uconvc . Therefore, the modulation index M  of each phase is calculated as in 

Eq. (3.4). 

. . . .Uva ia Uvbib Uvc ic Vdc Idc+ + =  (3.3) 
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Figure 3.4: Average model for the voltage source converter in Matlab/Simulink. 

2.Uconva
Ma

Vdc
=       ,      

2.Uconvb
Mb

Vdc
=       ,     

2.Uconvc
Mc

Vdc
=  (3.4) 

From equation (1.4), the dc current is computed using the measured ac current in each phase as in 

Eq. (3.5). [43]: 

( )
1

.I .I .I
2

Idc Ma a Mb b Mc c= + +  (3.5) 

CHAPTER 4: CONTROL SYSTEM DESIGN 

The control strategy of the Voltage Source Converter based HVDC system is presented in this 

chapter. The Farm Side and the Grid Side Control Strategy for VSC-HVDC transmission system 

will be explained and the designs of the control loops are also described. The overall control 

structure of the VSC-HVDC link is shown in Figure 4.1. The most common control strategy for 

VSC-HVDC system is the vector control methodology [30]. In this thesis, the vector control 

strategy is used for the control of the VSC based HVDC system. 
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Figure 4.1:  The overall control structure of a VSC based HVDC System [30]. 

4.1 Vector Control Methodology 

 

Figure 4.2: Vector control strategy [30]. 

The vector control strategy comprises the transformation of the three phase quantities to the dq  

synchronous reference frame. By using the dq  synchronous reference frame, it is possible to 

control active and reactive power. According to the vector control system, initially three-phase 

system voltages and currents are referred as vectors in a stationary   reference frame and they 

are transformed into the dq  coordinate system [30]. Figure 4.2 shows the vector control 

methodology which is typically composed of fast inner current control loop and moreover, the 
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vector controller is completed by additional outer controllers which supply the references for the 

inner loop [24], [46]. 

The transformation into dq  coordinates is shown as in Eq. (4.1) [30], [46]. Figure 4.3 shows the 

transformation of the three-phase quantities into the   reference frame utilizing Clark 

transformation [30] by using Eq. (4.1).  By  utilizing   a   Park   Transformation,     frame to 

dq transformation can be written as in Eq. (4.2) [30]. 

1 cos cos 22

0 sin sin 23

a

b

c

X
X

X
X

X





 

 

 
    

=    
     

 

     where      2 / 3 =  (4.1) 

 

Figure 4.3:  Stationary abc and αβ reference frame [30]. 

. jXdq X e  −=  (4.2) 

The vectors of ( )X t  and ( )X t  rotates with the angular frequency ( )t  in rad/s. By utilizing 

the transformation angle   derived from a phase-locked loop (PLL), the matrix form of Park 

Transformation is attained as in Eq. (4.3) [30], [46]. 
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( )

( ) ( )

( ) ( )

( )
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 

 

           
=     

−                

 (4.3) 

Vectors of ( )Xd t  and ( )Xq t represent the currents. ( )Xd t  provides required power to the DC bus 

and ( )Xq t determine the reactive power condition. The phase angle of the grid voltage ( )t  
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provides the decoupling of components for independent control of power. The angle ( )t is given 

as in Eq. (4.4) [30]. 

1tan





−  
=  

 
 (4.4) 

Where   and  are the components of voltage in   reference frame [30]. The fundamental 

current and voltage components become dc variables and therefore in order to reduce steady-state 

errors, PI controllers are required [30]. The components of the reference voltage from the PI 

controller are transformed back to three phase values and utilized as inputs to the PWM.  

4.2 Control Strategy for the Farm Side Voltage Source Converter 

The main purpose of the vector control strategy of the farm side VSC is to control the AC voltage. 

In this control scheme, two control loops are used in order to control the AC side voltage, 

including inner control loop which controls the farm side current and outer control loop which 

controls the voltage drop on the AC side filter capacitance [48].  

The farm side converter is utilized to interface between DC-link voltage and the load. The farm 

side VSC control provides the regulation of the frequency and voltage at the customer load. Figure 

4.4 shows the farm side voltage source inverter control strategy. The currents , ,Ia Ib Ic  and the 

voltages , ,Va Vb Vc  are measured and transformed from abc  reference frame to dq  reference 

frame utilizing chosen load voltage frequency. The equations of voltage by utilizing dq  

transformation in the rotating reference frame are given in Eq. (4.5) [49]. 

. .     ,     . .
qd

i i

didi
Vd Vd L L iq Vq Vq L L id

dt dt
 = − + = − −  (4.5) 

Hence, the active and reactive power can be calculated by using Eq. (4.6). 
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3 3
( .id Vq.iq)       ,      Q ( .iq Vq.id)

2 2
P Vd Vd= + = +  (4.6) 

Where 0Vq =  and [ ]Vd V=  , and the equations of power are given as in Eq. (4.7): 

3 3 3 3
( . ) [ ].        ,        ( . ) [ ].

2 2 2 2
P Vd id V id Q Vd iq V iq= = = =  (4.7) 

 

Figure 4.4:  The farm side voltage source converter control strategy [49]. 

Hence, the active and reactive power are controlled by controlling the components of direct and 

quadrature, respectively. In addition, demand voltage can be given in Eq. (4.8). Where *Vrms is 

the RMS reference value of the output voltage. PI controllers are utilized to regulate the currents 

of output load in inner control loops and to regulate the voltages of output load in the outer loops 

[49].  

* *2Vd Vrms=   (4.8) 

4.2.1 Inner Control Loop Design 

Figure 4.5 shows the structure of the inner current control loop in the synchronous frame. In this 

design, the plant for d  and q  current loop is represented as 
1

sL
, L is referred as the filter 

inductance value. . According to [47], the control of inner current loop has to be fast in order to 

make sure the converter operates at the correct current demand.  



30 

 

 

Figure 4.5: The overall structure of the inner current controller in the synchronous 

reference frame [50]. 

4.2.2 The AC Voltage Controller Loop 

 

Figure 4.6: The AC voltage controller structure in the synchronous reference frame. 

After achieving the proper inner current control loop design, the AC voltage can be controlled 

with their corresponding references.  Figure 4.6 shows the structure of the AC voltage controller 

loop in the synchronous frame. In this design, the plant for d  and q  current loop is represented as 

1

sC
 , C is referred as the filter capacitance value.  

 

Figure 4.7: AC Voltage Control Loop block diagram. 
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Figure 4.7 illustrates the cascade control schema, including inner and outer control loop which 

acts the whole AC voltage control. In this design, the outer control loop bandwidth is chosen 10 

times slower than those of the inner loop and therefore, the outer control loop bandwidth and the 

damping factor are chosen as 20 Hzn =  and 0.8 = , respectively. The detailed calculation of 

the PI controller for the AC Voltage controller loop is shown in Appendix D. Therefore, the PI 

controller is obtained as  
( ) 0.02( 78.8)k s a s

s s

+ +
= . 

4.3 The Grid Side Control Design 

The aim of the grid side vector control strategy is to keep the DC side voltage constant, whereas 

controlling the reactive power flow through the grid. The grid side control strategy consists of two 

control loops, including fast inner control loop which controls the grid current, and an external 

voltage loop (outer control loop) which controls the DC side voltage. 

The inner current control loop plays a significant role in the issues of power quality like low THD 

rate and good power factor while the voltage control loop provides power flow balance in the 

system. The synchronous reference frame control utilizes a reference frame transformation abc  to 

dq  which transforms the grid current and voltages into dq  frame [51]. The voltage transformed 

detects frequency and phase of the grid, whereas current transformed controls the grid current. 

Therefore, the control variables are obtained as DC values, thus controlling and filtering becomes 

easier [51]. The schematic of the grid side VSC control structure is shown in Figure 4.8. The DC 

side voltage is fed from the wind farm model. The reference for active current control is set by the 

DC side voltage whereas the control reference of reactive power is set to zero. It can be concluded 

that the control of reactive power is not applied here. Phase Lock Loop (PLL): Grid 

synchronizations have a major importance for the grid connected systems and it provides 

synchronizations for the output frequency and grid voltage phase with grid current utilizing 
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different transformation. Figure 4.9 demonstrates the used method for the derivation of the phase 

angle   required for the transformation of abc dq−  and dq abc−  in control loops. 

                        

Figure 4.8: The general structure for the d-q reference frame control [51]. 

 

Figure 4.9: The structure of the phase angle θ derivation for the transformation. 

Figure 4.10 demonstrates the current transformation performance for the design in Figure 4.10. 

The waveforms obtained from Figure 4.10 shows the expected dq  axis current magnitude and the 

phase angle   which is required for the transformation of abc  to dq  reference frame and vice 

versa for the defined control loops. The angle   is calculated by using the "arctan"  trigonometric 

function utilizing the corresponding reference point for the transformation. Figure 4.11 shows the 

transformation of abc  coordinates to dq  axis frame by using the extraction of phase angle as 
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described in Figure 4.10. This transformation concept is used in all Simulink models existing in 

this thesis. 

 

 

Figure 4.10: The simulation results of the phase angle and magnitude in GS-VSC design. 

 

Figure 4.11: The transformation of ABC coordinates to dq axis reference frame. 

4.3.1 Design of both outer control loop and inner control loop 

Figure 4.12 shows the cascade control scheme, including an inner current control loop and outer 

DC link voltage control loop. Inner Control Loop Design: Grid side voltage orientation plays an 

important role for enabling a platform for the control of active power as independent from the 

reactive power flow between the grid side converter and the AC grid. 
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Figure 4.12:  The cascade control scheme of the GS-VSC. 

This is achieved by controlling the components of the grid current. Hence PI controller is used for 

the regulation of the components of the current Igd  and Igq   by utilizing the reference 

components of the voltage *Vgd  and *.Vgq  In this control design, the closed loop bandwidth and 

damping factor are chosen as 200 Hzn =  and 0.8 = ,  respectively. The values of the grid side 

inductance is 0.001 HL = . The detailed calculation of the PI controller for the inner loop is given 

in Appendix F. The obtained PI controller is 
( ) 2( 785.6)k s a s

s s

+ +
= . 

Outer Control Loop Design: As seen in Figure 4.12, the outer DC control loop utilizes the d  

axis current Igd  for the regulation of the DC side voltage. The design of PI controller is the same 

as inner control with 20 Hz  bandwidth and a 0.8  damping factor. By using the DC link 

capacitance value is 0.1 FC =  , the detailed calculation of the PI controller for the outer control 

loop is given in Appendix F.  The obtained PI controller is 
( ) 20( 79)k s a s

s s

+ +
= . 

CHAPTER 5: SIMULATION AND ANALYSIS 

5.1 Matlab Simulink Model - 1 

Objective: To construct an average value non-switching model with proper control and illustrate 

its operation of the farm side voltage sourced converter (FS-VSC). It is shown that the FS-VSC 

can control the AC voltage as independent from the DC load size and the current source 

amplitude. The Simulink model is constructed by assuming that the VSC can fully control its AC 
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side voltage and therefore, there is no power loss in the converter, so the input AC power equals 

the output DC power. 

Configuration Parameters used in Matlab/Simulink: 

Type: Variable-Step;  Solver: ODE45; Max Step Size: 0.0001 and Min Step Size: 0.000001 

Relative Tolerance: 0.001; Absolute Tolerance: Auto. 

 

Figure 5.1: The implementation of the AC voltage controller loop for FS-VSC in 

Matlab/Simulink. 

Parameters used in the simulation: The calculation of parameters used in the simulation is 

shown in Appendix C. AC current source amplitude = 252.5 A ; Frequency= 50 Hz.  AC Filter 

Values: Inductance 1 mH,L =  DC side capacitance value = 0.1 F  and DC Voltage = 330 kV, DC 

Link Load = 1200 Ω.   

Simulink Model: The model seen in Figure 5.1 illustrates the operation of the farm side voltage 

source converter (FS-VSC) utilizing the non-switching model with a proper control in order to 

obtain the AC voltage controlled by the FS-VSC as independent from the DC load size and the 

current source amplitude. Figure 5.2 demonstrates the average value model of the VSC with 

subsystem for Farm Side, which consists of its control system and current source. 

Simulink Diagram for Control Structure: Figure 5.3 illustrates the implemented control 

structure of the farm side voltage source converter (FS-VSC) to control the AC Side Voltage as 

independent from the DC load size and the current source. The calculations of the PI controller for 
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voltage control loop and inner control loop are shown in Appendix D. PI Controller (Voltage 

Control Loop) is  

0.02( 78.8)s

s

+

 and PI Controller (Inner Control Loop) is 

2( 789.5)s

s

+

.  

 

Figure 5.2: Simulink diagram of the structure of the Farm Side VSC. 

 

Figure 5.3: The Simulink diagram of the Farm Side Converter control. 

Subsystem for Constant Input Source: Figure 5.4 shows the AC current used as a constant 

source for the farm side voltage source converter (FS-VSC) operation. According to this model, 

the amplitude of the AC Current Source used is 252.5A  and its calculation is shown in Appendix 

C. 
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Figure 5.4: Simulink model for the Constant Input Source in the Farm Side. 

5.2 Simulation Results of Simulink Model - 1:  

 

Figure 5.5: The waveforms of the input current source for the Farm Side VSC. 

Comment for Input current source: Figure 5.5 demonstrates a constant current source 

waveform which has 252.5 A  magnitude applied on the system for the FS-VSC operation. The 

calculation of the current source magnitude is given in Appendix C. 
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Figure 5.6: The AC voltage controller loop performance in the Farm Side. 
 

Comment for dq axis voltage: The waveforms shown in Figure 5.6 demonstrates the AC voltage 

control loop performance and this has an outer voltage control loop and an inner current control 

loop with a reference voltage of 186676V. It is clear that d  and q  axis voltage is able to reach 

fast to its reference voltage. The d  axis voltage ( )Vd  provides the required power flow for the DC 

link and q  axis voltage ( )Vq  attains the reactive power condition. It is observed from Figure 5.6, 

q  axis voltage equals to zero, this means that there is no reactive power condition here. 

Comment for AC Voltage: The graphs as seen in Figure 5.7 illustrate the AC side voltages on the 

AC filter capacitance and on setting a reference voltage for the AC voltage controller loop. It is 

observed that there is a significant change in voltage at the time of 0-0.3 second. However, this 

voltage is able to be maintained to a controllable level by the FS-VSC as independent from DC 

load size and input source. 
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a) 

 

b) 

Figure 5.7: The waveforms of the controlled AC voltages in the Farm side by the FS-VSC;  

a) 0 - 3 s, b) 0 - 0.2 s. 

 

 

 

 

Figure 5.8: Each phase of voltage waveform across the FS-VSC. 
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Comment for FS-VSC Voltage: The graphs as seen in Figure 5.8 illustrate that the AC voltage 

can be controlled by FS-VSC as independent from the current source amplitude 252.5 A  and the 

DC load resistance of 1200 Ω  and the DC side capacitance of 0.1 F.   

Comment for Dc link voltage and current: The waveforms as seen in Figure 5.9 demonstrates 

the expected current and voltage across the DC side capacitance (0.1 F)  , respectively; on 

implementing the current source amplitude of 252.5 A  and a DC side load resistance of 1200 Ω . 

It is clear that a stable DC link output is obtained, but needs a voltage controller so as to keep its 

voltage constant. 

Case 2: Subsystem of the Simulink Diagram: The Simulink model as seen in Figure 5.10 shows 

the AC current source with step changes for the FS-VSC operation and therefore the AC voltage is 

controlled in all cases by the converter. It is also demonstrated that the variations of the DC 

voltage with current source and the changes of the load during the FS-VSC operation in 

controlling AC voltage.  

 

 

Figure 5.9: The waveform of the current (a) and voltage (b) across the DC side capacitor. 

 

 

(b) 

(a) 
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Figure 5.10: Simulink model for a varying Input source on the Farm Side. 
 

 

Figure 5.11: The control system model of FSC-VSC with step input current. 
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The control system model of FS-VSC with a step input current source is shown in Figure 5.11, the 

d  axis voltage component demand is referred as *Vd  .According to Figure 5.11, *Vd  is shown 

as  the step input, which have 220 kV  of initial value and 132 kV  of final value. The q  axis 

voltage demand component is * 0.Vq =  

Parameters used in the model: AC current source: Sinusoidal wave with the 1amp  amplitude; 

frequency = 50 Hz  ; Step input on implementing  a load as initial value of 151.5 A  and stepped to 

252.5 A  at the step time of 2  seconds. Filter used at the Farm Side: AC capacitance= 0.1 mF  ; 

AC inductance = 1 mH.  

 

Figure 5.12: The waveform the input current source as Step Response in the Farm Side. 

 
 

Comment for Input Current Source: Figure 5.12 shows the input source current waveform 

imposed for the Simulink model by implementing a step input, which applies 151.5 A  initial load 

and then this is stepped to 252.5 A  in a time of 2  seconds; and applying a sinusoidal wave form 

of the 1 A  magnitude.  

Comment for AC voltages: The waveforms seen in Figure 5.13 shows the AC voltage variations 

across the AC filter capacitor on implementing the current source amplitude of 1A  with 252.5 A  

of a step input value at the time of 2  seconds and on implementing a reference voltage for the AC 

voltage controller loop at the time of 1 second.  
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Figure 5.13: The controlled AC Voltages waveform by the FS-VSC. 

 

 

Figure 5.14: The waveform of the DC link current (a) and voltage (b) (with step response). 

 

Comment for DC link current and voltage: The waveforms as seen in Figure 5.14 demonstrates 

the current and voltage variations in the DC side with load changes and the current source, 

respectively. It is observed that there are some changes in the DC side due to the step input at a 

time of 2  seconds and on having a reference (demand) voltage at the time of 1 second. According 

to the simulation result in Figure 5.14a, the DC link current has many changes based on the DC 

(a) 

(b) 
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load size, therefore a DC voltage controller is required to be able to obtain its value to a controlled 

state. 

5.3 Matlab Simulink Model-2 

Objective: To construct an average value non-switching phasor model with proper control and 

illustrate its operation of the Grid side voltage source converter (GSC-VSC). It is shown that DC 

voltage can be controlled by the GS-VSC independently of the current source amplitude and DC 

load size. 

Configuration Parameters used in Matlab/Simulink: 

Type: Variable Step; Solver: ODE45; Max Step Size: 0.0001 and Min Step Size: 0.000001. 

Relative Tolerance: 0.001; Absolute Tolerance: Auto 

The structure of Control Design 

 

Figure 5.15: The structure of the DC voltage controller loop for GS-VSC in Matlab/Simulink. 

Simulink Diagram: Figure 5.16 shows the overall construction a non-switching phasor model 

with proper control and its operation of the grid side voltage source converter (GS-VSC) in 

Matlab/Simulink. According to this model, the GS-VSC can control DC link voltage as 

independent from the current source amplitude and the size of DC load. A controlled DC current 

source utilized as an input for the controller loop of the DC-link feeds the AC Network over the 

GS-VSC. 
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Parameters used in the simulation: The calculation of parameters used in the simulation is 

shown in Appendix E. Grid Voltage =132 kV ; Peak grid voltage= 132000 2 186676.2 V =  

seen in Appendix E . Grid side impedance values: Inductance 1 mHL = ; Frequency=50 Hz ; DC 

load value is 100 Ω . DC side capacitance = 0.1 F  and DC Voltage = 330 kV. The calculation of 

DC link capacitance and DC voltage is given in Appendix E. 

 

Figure 5.16: The demonstration of the Grid Side Voltage Source Converter subsystem and its 

DC link in Simulink. 
 

 

Figure 5.17: The Grid Side VSC Subsystem for the Simulink Diagram. 
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Grid Side Subsystem of the Simulink Diagram:  The Simulink model in Figure 5.17 consists of 

the AC grid connected with two subsystems, including the Controller Design and DC current 

source subsystems. The average model of voltage source converter is designed using the AC 

current for the aim of obtaining the DC current from the AC grid and this model is demonstrated 

in the DC current source subsystem by assuming that the DC voltage can be fully controlled by 

the VSC and there is no power loss in the converter, therefore input DC power equals the output 

AC power.  

Used parameters: RMS Grid Voltage= 132 kV   Peak grid voltage =186.676 kV ; Grid side 

impedance values: Inductance 1 mH.L =  

Controller Design Subsystem of the Simulink Diagram: Figure 5.18 demonstrates the structure 

of the control design for the grid side voltage source converter (GS-VSC) operation in order to 

obtain DC voltage controlled as independent from the DC load size and the current source. It is 

clear that the Three-Phase Voltage Current (V-I) Measurement provides reference voltage for the 

phase angle ( )  calculation which is required for the abc  to dq  reference frame transformation 

and also provides the reference current for this transformation. The plant in the control design is 

AC grid impedance and the controller values are calculated in Appendix F and given as: Inner 

control loop PI controller: 
2( 785.6)s

s

+
 and Outer (DC Voltage control) loop: 

20( 79)s

s

+
. 

According to the Figure 5.18, GS-VSC is arranged utilizing the dq  axis currents where the DC 

side voltage is arranged using the d  axis current and the regulation of the reactive power can be 

obtained utilizing the q  axis current. The reactive power flow from the grid to the grid side 

converter is determined by the q  axis current demand *Iq  . Figure 5.18 shows *Iq  is set to zero. 

This means that there is no reactive power flow from the grid side into the grid side converter. 
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Figure 5.18: The Simulink diagram of the control system design of the grid side voltage source 

converter. 

 

5.4 Simulation Results of Simulink Model - 2 

Comment for DC voltage: Figure 5.19 demonstrates the controlled DC link voltage obtained 

from the Simulink model. It can be resulted that DC side voltage can be controlled utilizing the 

grid current. By using the d  axis current, the DC side voltage can be regulated. From the 

Simulink model, the value of the reference DC voltage is 330 kV  . It is observed that the DC 

voltage obtained from the simulation result is able track its reference voltage accurately. The DC 

voltage becomes stable very fast to its reference voltage. An excellent DC voltage is attained from 

the simulation.  

 

Figure 5.19: The waveform of the controlled DC Link Voltage. 
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Comment for GS-VSC Voltage: The waveforms of the voltage across the each phase of the GS-

VSC are shown in Figure 5.20. According to these graphs, the DC link voltage is maintained at a 

control state by the grid side converter. 

 

 

 

 

Figure 5.20: The waveforms of the voltages across the each phase of the GS-VSC. 

Comment for Grid side current: Figure 5.21 shows the waveforms of the three-phase AC grid 

currents and through controlling them in the q  axis frame. As a result of this, the control of active 

power flown from the AC grid to the grid side converter is achieved independently of the reactive 

power by utilizing the grid voltage orientation.  
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Figure 5.21: The waveforms of the Grid side currents on applying a controlled DC current;  

a) 0 – 3 s, b) 1.9 – 2.1 s. 

Comment for DC Current: Figure 5.22 shows the DC current obtained from the grid side by 

utilizing the average value model of the VSC in the grid side. The DC current magnitude shows 

transient until around 0.1 second but it is able to be kept to its expected value fast. 

 

Figure 5.22: The waveform of the DC side current generated from the grid side utilizing the 

average value model of the VSC. 

 

Comment for DC Voltage: The main objective of the voltage controller is to keep the DC side 

voltage to a constant value and the control of the power flow through the grid converter. The task 

of the current regulation and the DC side voltage is achieved by utilizing a PI Controller because it 

(b) 

(a) 
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shows an excellent dynamic and a steady state performance with the grid inverter. The obtained 

DC link voltage is shown in Figure 5.23. 

 

Figure 5.23: The waveform of the obtained DC link voltage utilizing the average value 

model of the VSC. 

        

            

Figure 5.24: The demonstration of the d and q  axis current (Input of the inner control loop). 

 

Comment for d-q axis current magnitude: According to Figure 5.24, the transformation of the 

abc to dq  provide Id  and Iq  dc components. The active current required to maintain the active 
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power to the grid is controlled by the component of Id  . The Iq  component value is zero since 

the reference control is set to zero and the reactive power is not controlled here. 

5.5 Matlab Simulink Model - 3 

Objective: To construct a completed HVDC link by combining the FS-VSC and GS-VSC and 

demonstrating its action when it is supplied on the farms side by a constant AC current source. 

 

Figure 5.25: The completed HVDC Link by combining the FS-VSC and GS-VSC. 

The configuration parameters used in Simulink:  

Type: Variable-Step; Solver: ODE45; Max Step Size = 0.0001 s; Min Step Size = 0.000001 s. 

Relative Tolerance = 0.001; Absolute Tolerance: Auto 

Simulink Diagram: The Simulink model as seen in Figure 5.25 shows the completed HVDC link 

operation by combining both grid side voltage sourced converter (GS-VSC) and farm side voltage 

sourced converter (FS-VSC) while being supplied by a constant AC current source. 

Parameters used in the simulation for Farm Side: AC current source magnitude = 252.5 A;  

LC Filter used for farm side: Inductance: 0.001 HL =  and Capacitance: 0.0001 F;C =  DC Link 

Capacitance 0.1 F.C = According to Appendix E, Farm side voltage is 132 kVand farm side 

power is 100 MW.  
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Parameters used in the simulation for Grid Side: RMS AC Grid Voltage= 132 kV  and Peak 

AC grid voltage= 2 132 kV 186.676 kV, =  AC Grid impedance values: 1 mH,L = Reference 

voltage for the DC Voltage Controller: * 330 kV.Vdc =  Assumption: In this completed HVDC 

system, there is a power balance between the grid side power and the farm side power (100 MW).  

5.6. Simulation Results of Simulink Model - 3 

 

Figure 5.26: The waveform of the constant input current source used in farm side. 

Comment for Input current source: Figure 5.26 shows the used constant input current source in 

the Simulink model, its amplitude is 252.5 A , this provides a constant current for the completed 

system. 

 
Figure 5.27: The voltage waveform across the DC side on combining GS-VSC and FS-VSC 

(with constant current source). 

 

Comment for DC link voltage: Figure 5.27 demonstrates the DC Link voltage for the completed 

HVDC link with both GS-VSC and FS-VSC. According to the combined system, the grid side 

inverter supplies AC current to the utility side by keeping the system power balance. While the 
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power flow is being controlled in the HVDC system, the uni-directional DC Link voltage can be 

maintained as a constant value. It is observed that by the q  axis current, the active power is 

controlled independently while the reactive power can be controlled by the d  axis current. It is 

clear that as a result of the applied demand voltage to the controllers, the DC Link voltage is 

stabilized fast its reference voltage (330 kV)  in 0.5  second. It is concluded that an excellent DC 

voltage is obtained from the HVDC link. 

 

Figure 5.28: The AC side voltage waveform in the farm side (with constant input current source). 

Comment for AC Voltages at the Farm side: Figure 5.28 shows the AC side voltage waveform 

in the farm side by using the constant input current source with its amplitude of 252.5 A  . It is 

observed that there is no significant change in the voltage of AC filter which is controlled by FS-

VSC after combining the FS-VSC and GS-VSC.  

Comment for FS-VSC Voltage: Figure 5.29 shows the waveform of the AC voltage which is 

controlled by the FS-VSC as independent from the DC load size and the current source amplitude. 

By utilizing the AC voltage controller loop which controls the voltage drop on the AC filter 

capacitance, the farm Side Voltage Sourced Converter is able to control its AC grid voltage as 

independent from the load size and the current source. 
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Figure 5.29: The waveforms of the AC Voltages in the Farm Side controlled by the FS-VSC. 

Comment for GS-VSC Voltage: The waveforms seen in Figure 5.30 prove that GS-VSC can 

control the DC voltage as independent from the DC load size and the current source amplitude. By 

utilizing the DC voltage controller loop which controls the voltage drop on the DC side 

capacitance, the GS-VSC is able to control its DC link voltage as independent from the load size 

and the current source. 
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Figure 5.30: Demonstration of the DC Voltages been controlled by the GS-VSC. 

Comment for DC current from GS-VSC and FS-VSC: Figure 5.31 shows the DC currents 

obtained from the GS-VSC and FS-VSC by utilizing the average value model principle, 

respectively. The demonstrated DC link currents are attained on combining the both voltage 

sourced converters therefore completing the VSC-HVDC link. 

Comment for Farm Side and Grid Side Power: Figure 5.32 demonstrates the waveform of the 

Farm side power and grid side power in completed HVDC link, respectively. According to these 

figures, it is observed that there is a power balance between grid side voltage source converter and 

farm side voltage source converter. 100 MW  power is maintained in the completed HVDC Link, 

therefore it is concluded that there is no power losses at the both grid side and farm side in the 

HVDC Link. 
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Figure 5.31: The waveform of the DC current attained from; (a) GS-VSC and (b) FS-VSC when 

the HVDC system is fed by a constant AC current source. 

 

 

Figure 5.32: The demonstration of the (a) Farm and (b) Grid Side Power in the HVDC Link. 
 

(a) 

 

(b) 

(a) 

(b) 
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5.7 Matlab Simulink Model-4 

Objective: The aim of this model is to attach the average model of the wind farm to the HVDC 

link utilizing the wind farm data as seen in Appendix A and illustrate the system operation under 

changing wind speeds and for a phase to ground fault on the grid side. 

Powergui Parameters: Discrete: 5 05e−  sec. Wind Farm:100 MW Average Model DFIG based 

wind turbine (wind farm parameters are shown in Appendix A). Wind Turbine: wind turbine 

numbers = 67  and nominal power rate=1.5 6 / 0.9e  Wind Speed: Variable wind speeds from 

11 /m s  to 15 / .m s  Stator Side Transformer parameters are shown in Appendix A.  

 

Figure 5.33: The HVDC Link with the average model of the DFIG based wind farm. 

5.7.1 Case 1: The operation of the completed HVDC system is demonstrated under variable wind 

speeds.  

Simulink Model: Figure 5.33 shows the operation of the HVDC system when the average model 

of the DFIG based wind farm is attached to the whole HVDC system under changing wind speeds. 
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5.7.2 Simulation Results of Simulink Model – 4 Case 1 

Comment for Current and Voltage from wind farm: Figure 5.34 shows the waveforms of the 

obtained current and voltage output from the average model of the DFIG based wind farm. The 

output of the wind farm acts to the HVDC system as a variable current source. From the 

simulation, the expected current and voltage of 80A and around 100kV are successfully obtained, 

respectively. 

  

  

Figure 5.34: The waveform of the output current and voltage from the average model of the 

DFIG based wind turbine. 

 

  

Figure 5.35: The waveform of the DC Link Voltage when the wind farm acts as a current 

source to the HVDC system. 
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Comment for DC Link Voltage: Figure 5.35 illustrates the DC side voltage waveform. It is 

observed that due to the 330 kVof a demand voltage is applied to the voltage controller, on the 

DC link, an excellent DC voltage is obtained from the voltage controller (PI controller) on the GS-

VSC control design. According to this graph, a voltage transient is shown by 0.1second, but the 

DC link voltage is able stabilized fast to its reference voltage value by the PI control. 

Comment for Grid side AC current: Figure 5.36 shows the three-phase AC current waveform 

on the grid side when the average model of the DFIG based wind farm is connected to the HVDC 

link. It is clear that the grid side AC current shows a stability with an around 3800A  current 

magnitude for the 132kV  of single phase AC voltage. It is resulted that an excellent stable three-

phase grid side current is obtained from the simulation after responding a transient in around 0.02  

second. 

 

Figure 5.36: The waveform of the grid side current when the wind farm acts as a current source 

to the HVDC system. 

Comment for DC link current from farm and Grid Side: Figure 5.37 demonstrates the DC link 

currents attained from the grid side and farm side voltage source converter with the average model 

method. It is observed that these DC link currents respond to the transient fast and maintains to its 

constant value. 
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Figure 5.37: DC Link Currents from Farm and Grid Sides. 

5.7.3 Case 2: To demonstrate the completed HVDC link operation when the average model of the 

DFIG based wind farm is attached to the HVDC system for the situation of a phase to ground fault 

on the grid side. 

Figure 5.38 illustrate the Simulink diagram when the average model of the DFIG based wind farm 

is connected to the completed HVDC link so as to demonstrate its operation for a phase to ground 

fault on the grid side. 

Simulation Parameters: Phase to phase AC grid voltage=132 kV , frequency=50 Hz , source 

resistance = 0.1 Ω,Ground resistance for phase A to ground fault = 0.001 Ω.  Three-phase parallel 

load on the grid side 100 ΩR =  and 1 5 H.L e= −  Snubber resistance =1 6 Ω,e  Transition time (s): 

[1.5 2]. 
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Figure 5.38: The HVDC system with DFIG wind farm for a phase to ground fault on the grid 

side. 

5.7.4 Simulation Results of Simulink Model – 4 Case 2 

Comment for Grid side AC current and AC voltage: The waveforms as seen in Figure 5.39 

shows the grid side current and voltage on the existence of a phase to ground fault, respectively. It 

is observed that in a transition time of 1.5 to 2 seconds. A phase A to ground fault occurs on the 

grid side. This fault affects the both AC current and AC voltage waves. However, these waves 

show a recovery after 2 seconds of transition time and therefore maintains its stability.  

Comment for DC Voltage: The waveform as seen in Figure 5.40 demonstrates the obtained DC 

link voltage when a phase A to ground fault occurred on the AC side in a transient time of 1.5 to 2 

seconds. Due to the performance of the voltage controller in the grid side, the DC link voltage is 

able to keep its magnitude of 330kV which is determined as the reference voltage for the voltage 

controller after the fault transmission. 



62 

 

 

  

 

Figure 5.39: The waveform of the grid side (a) currents and (b) voltages on the existence of a fault. 

 

Figure 5.40: The waveform of the DC link voltage on the existence of a fault. 

Comment for DC Current: Figure 5.41 shows the waveform of the DC link current when a 

phase to ground fault occurs on the grid side in the transition time of 1.5 to 2 seconds. It is clear 

that the wave of the DC current is able to maintain its value which has around 770 A magnitude 

after the fault transition. 

(a) 

(b) 
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Figure 5.41: The waveform of the DC link voltage on the existence of a fault. 

  5.8 Matlab Simulink Model - 5 

Objective: To construct the CIGRE 12 bus bench mark model with given data as seen in 

Appendix B and demonstrate the system operation for load and wind speed variations and for a 

fault on Bus1. Powergui Block Parameters: Discrete, 5 05e−  sec. Wind Farm parameters used in 

Simulink is shown in Appendix A. Wind Farm Model Type: 100 MW  Average Model DFIG 

based Wind Turbine. Wind Turbine Data: The no.of wind turbines are 67  with nominal power 

rating of 1.5 6 / 0.9e . Wind Speed Data: The initial wind speed is 11 /m s  and varied up to 

15 / .m s  CIGRE 12 bus bench mark system data used for the Simulink diagram is shown in 

Appendix B which describes load and capacitor parameters, transmission line data, transformer 

data and generator data to show the performance of CIGRE 12 bus system. It is noted that 

Transmission line parameters are shown in Table 2, Appendix B as well as Table 2A which 

describes the conversion of the per unit quantities to its real values with considering its base 

MVA. 

Case 1: To demonstrate the performance of the CIGRE 12 bus bench mark model for load 

variations and wind speed variations. 

Load variations implemented to the CIGRE 12 bus system:  

• At Bus 2: Active Power P = 280 MW and Inductive Reactive Power QL = 200 Mvar, 
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• At Bus 3: Active Power P = 320 MW and Inductive Reactive Power QL = 240 Mvar, 

• At Bus 4: Active Power P = 320 MW and Inductive Reactive Power QL = 240 Mvar with 

Capacitive reactive Power QC = 120 Mvar, 

• At Bus 5: Active Power P = 320 MW and Inductive Reactive Power QL=240 Mvar with 

Capacitive reactive Power QC = 120 Mvar, 

The Connected Generators data at the CIGRE 12 bus system: 

G2: 588 MVA, 22 kV of synchronous machine, connected load = 10 kW, G3: 235 MVA, 22 kV 

of synchronous machine, connected load = 10 kW, Wind Speed variations implemented to the 

system: Initial wind speed is 11 m/s and varied up to 15 m/s. The Simulink diagram as seen in 

Figure 5.42 shows the complete CIGRE 12 bus bench mark model with respect to the data given 

in Appendix B. Figure 5.42: CIGRE 12 bus bench mark system. 

Case 2: To demonstrate the performance of the CIGRE 12 bus bench model for a fault on Bus 1. 

The Simulink diagram as seen in Figure 5.43 shows the complete CIGRE 12 bus bench mark 

model for a phase to ground fault on Bus1. 

 Simulink Parameters used in system: Transition status= [1 0]; transition times= [1/60 5/60]; 

Fault resistance and ground resistance= 0.001     Figure 5.43: CIGRE 12 bus bench mark system 

for a phase to ground fault on Bus 1. 



 

 

 

Figure 5.42: Complete CIGRE 12 bus bench mark model. 
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Figure 5.43: Complete CIGRE 12 bus bench mark model for a phase to ground fault on Bus1.



 

Conclusions 

The main task of this thesis is to understand and examine the behavior of the voltage sourced 

converter based high voltage direct current (VSC-HVDC) transmission system. This report is 

structured into five chapters therefore providing us to have good understanding for the system. 

The major stage of the modelling of the VSC-HVDC system is presented in this project.  

The control strategy of the HVDC system is based on a fast inner control loop for the control of 

the AC current through and outer voltage controller. Utilizing the average model concept of the 

VSC, the PI controller method is formed for the outer and inner control loops in the synchronous 

reference frame. The transformation of the abc co-ordinates to the synchronous reference frame 

for the extraction of the phase angle were presented as a general guidelines.  

This thesis is mainly utilized Matlab Simulink models for the VSC-HVDC system by analyzing 

the overall system operation separately for the grid side and farm side. The HVDC system was 

analyzed with the average model of the DFIG based wind farm in order to study its control under 

variable wind speeds and for fault ride through. In last stage, a 50 Hz CIGRE 12 bus bench mark 

system along with the complete HVDC system was modelled. According to the literature, owing 

to the complexity of the wind farm and HVDC system, it is not possible to model it using 

complete models of the switching devices. A complete DFIG wind farm model with controls is 

already provided in the MATLABSimPowerSystems toolbox, however a non-switching phasor 

model of a voltage source converter is not available in there. Hence, this thesis is concentrated to 

construct the non-switching phasor model of VSC and a suitable control scheme for the HVDC 

link. It is concluded that a fast system response and an accurate control for the HVDC link is 

achieved to a certain level. 
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Appendix A: Wind Farm Model data 

The DFIG parameters used in Matlab Simulink Model-4 are given in Table A1. 
 
 

Table A1: DFIG parameters. 
 

Parameter Value Parameter Value 

Rated Power 100MW Stator resistance 0.0066 [pu] 

Rated Voltage  (Line to Line 

RMS) 

1 kV Rotor resistance 0.0044 [pu] 

Base Angular Frequency 314.159rad/sec Magnetizing inductance 3.07 [pu] 

Stator/Rotor Turns ratio 1 Stator leakage 

inductance 

0.07 [pu] 

Angular moment of inertia 2 Sec. Rotor leakage inductance 0.15 [pu] 

Mechanical damping 0.01 [pu]   

 

DC link capacitor rating = 0.1 F, Dc link voltage rating = 2 kV. Parameters for the stator side 

transformer: A Y-Y 200 MVA transformer was connected between the stator and the grid and 

the parameters are: Frequency = 50 Hz, Leakage reactance = 0.12 [pu], winding 1 line to line 

RMS Voltage = 1 kV, winding 2 line to line Voltage (RMS) = 33 kV. Parameter for the rotor side 

decoupling transformer: Transformer type is Y-Y 40MVA, Frequency = 50 Hz, Leakage 

reactance = 0.12 [pu], Resistance = 0.05 [pu], winding 1 line to line RMS Voltage = 1 kV, 

winding 2 line to line Voltage (RMS) = 33 kV. 

Appendix B:  CIGRE 12 bus bench mark model data 

Table B1: Load and Capacitor parameters for CIGRE 12 bus system. 

 

Bus Number Active Load [MW] Inductive Load [MVar] Shunt Capacitance [MVar] 

2 280 200 - 

3 320 240 - 

4 320 240 120 
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5 100 60 80 

Total 1020 740 200 

The  positive  line  sequence  parameters  for  the  transmission  line  based  on  100MVA  are 

presented in Table B2. 

Table B2: Transmission line data for CIGRE 12 bus system. 

 
Line Nominal 

 

Voltage [kV] 

Length [km] Resistance 

 

[pu] 

Reactance 

 

[pu] 

Susceptance 

 

[pu] 

1-2 220 99.14 0.0123 0.0782 0.146 

1-6 220 300 0.0360 0.2330 0.445 

2-5 220 210 0.0257 0.1650 0.310 

3-4 (line 1) 220 99.75 0.0124 0.0787 0.147 

3-4 (line 2) 220 99.75 0.0124 0.0787 0.147 

4-5 220 210 0.0257 0.1650 0.310 

4-6 220 300 0.0360 0.2330 0.445 

7-8 (line 1) 400 500 0.0087 0.0900 3.152 

7-8 (line 2) 400 500 0.0087 0.0900 3.152 

 
 
The transmission line data is given in per unit values based on 100MVA. But in the Simulink 

diagram, the conversion has to be made as below so as to obtain the actual values implemented as 

the Simulink parameters. The per unit value = the actual value / the base or reference value. The 

base impedance is given by: , where Vb is the base voltage = 22KV and Sb is the base VA = 

100 MVA. Hence the actual values of Resistances / Reactance / Susceptance are computed as 

below:   

[(Rpu / Xpu / Bpu)* (Vb*Vb)] / Sb 

The Table 2A illustrates the actual values for the resistances, reactance and susceptance 

respectively which is been computed by using Table B3. 
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Table B3: Transmission Line Data for the CIGRE 12 Bus System. 

 

Table B4: Transformer Data For CIGRE 12 Bus System 

Transformer Rating 
 
[MVA] 

Nominal voltage of 
 
winding 1 [kV] 

Nominal  voltage 
 
of    winding    2 

[kV] 

Tap 
 
ratio 

Leakage 
 
reactance [pu] 

7-1 

 

 

 
 

 

 

1000 400 220 0.955 0.1 

 

 

 
 

 

8-3 1000 400 220 0.955 0.1 

2-10 600 220 22 1.05 0.1 

3-11 250 220 22 1.05 0.1 

1-9 100 220 22 1.05 0.01 

6-12 200 220 33 1.045 0.1 

 

The two generators (G2 and G3) have the same parameters expressed in pu based on their 

 

MVA rating. The parameters are given in Table B5. 
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Table B5: Parameters of Generators (G2 and G3). 
 

Parameter Tdo′ Xp Xa Xd Xd′ Ra Xd′′ 

Value 8 s  0.2 0.2 1.8 0.3 0.0025 0.25 

Parameter Tdo′′ Xq Xq′ Tqo′ Xq′′ Tqo′′ 

Value 0.003 s 1.7 0.55 0.4s 0.25 0.003 s 

Saturation curve: (0.5, 0.5), (0.8, 0.79), (1.0, 0.947), (1.2, 1.07), (1.5, 1.2) Inertia constant H=4 sec. 

The  two  generators  G2  and  G3  have  AVR  of  type  ST1A  with  independent  supply. In 

addition, generator G2 had PSS of type PSS1A using shaft speed as its input signal. 

Table B5: Automatic Voltage Regulator (AVR) and Power System Stabilizer (PSS). 

AVR Parameter Value 

Lead time constant Tc 1 Sec. 

Lag time constant Tb 10 Sec. 

Gain Ka 200 

Exciter maximum (upper) limit Vrmax 7 

Exciter minimum (lower) limit Vrmin 0.6 

PSS parameter Value 

1st lead time constant T1 0.15 Sec. 

2nd  lead time constant T1 0.15 Sec. 

1st lag time constant T2 0.04 Sec. 

2nd lag time constant T4 0.04 Sec. 

Washout time constant T5 10 Sec. 

 

Appendix C: The calculation of constant current source value used in farm side for Model-1 

It is considered that system power is 100 MWP = (given data); The Farm Side Phase Voltage= 

132 kVV =  (given data) ; therefore a single phase current value is calculated as in Eq. (C.1). 

6 33       ,      100 10 3 132 10P I V I=    =     (C.1) 
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252.5 AI =  and hence, the constant current source amplitude is used as 252.5 A in the farm side. 

 

Appendix D: Design of the PI controllers for Matlab Simulink Model-1 

 

Design of inner current control loop: In order to design a PI controller for the d and q current 

controller loop, it is assumed that the closed loop current natural frequency is 

200 Hzn = because the inner control loop is 10  times faster than the outer control loop; and the 

damping factor is 0.8 =  [47]. It is considered that the grid side inductance value is 0.001 HL = . 

It is assumed that there are no power losses in the converter, therefore grid side resistance is 

negligible in this design. The PI controller calculation is given as below: 

The plant is shown as; hence Plant 
1 1 1000

( )
0.001

G s
sL s s

= = = ; PI controller 
( )

( )c

k s a
G s

s

+
=  . 

Closed Loop Transfer Function: 
( ) 1000

1 ( ). ( ) 1 . 0c

k s a
G s G s

s s

+
+ = + =  With respect to the plant, 

2 1000 1000 0s ks ka+ + = . The Characteristic equation of Closed Loop Transfer Function is 

2 22 0n ns  + + = . Where 2 2 .200 1256.6 /n f Hz rad s  = = =  and 0.8 = . 

2 2 22 2010.5 1579043.5 0n ns s s + + = + + = , Both of the equation should be equal, therefore; 

2 21000 1000 2010.5 1579043.5s ks ka s s+ + = + +  while 2k =  and 785.6a = are obtained from this 

result. Therefore, PI controller = 
2( 789.5)s

s

+
 

Design of Outer Voltage Control Loop: In order to design a PI controller for the d and q voltage 

controller loop, it is assumed that the closed loop voltage natural frequency is 20n Hz = because 

the outer control loop is 10 times slower than the inner control loop and damping factor is 0.8 =  
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[47]. It is considered that DC-link capacitance value is 0.0001C F= . The PI controller calculation 

is given as: Plant 
1 1 10000

( )
0.0001

G s
sC s s

= = = ;  and PI controller 
( )

( )c

k s a
G s

s

+
= . 

Closed Loop Transfer Function: 
( ) 10000

1 ( ). ( ) 1 . 0,c

k s a
G s G s

s s

+
+ = + =  with respect to the plant, 

2 10000 10000 0s ks ka+ + = . The Characteristic equation of Closed Loop Transfer Function is 

2 22 0n ns  + + = .  Where 2 2 .20 125.66 /n f Hz rad s  = = =  and 

0.8 = 2 2 22 200.1 15775.3 0n ns s s + + = + + = . Both of the equation should be equal, 

therefore; 2 210000 10000 201 15790.5s ks ka s s+ + = + + , while 0.02k =  and 78.8a =  are 

obtained from this result, therefore PI controller= 
0.02( 78.8)s

s

+
. 

Appendix E: The calculation of the DC Voltage and the DC link Capacitance for Matlab 

Simulink Model-2 

According to given data, the RMS Grid phase voltage is 132 kVand therefore the peak grid 

voltage is; 2 2 132000 186676.2 V.peak rmsV V=  =  =  It is assumed that modulation index is 

0.8M =  . The DC link voltage Vdc  is calculated as in Eq. (E.1): 

 
2 2 132000

330000
0.8

Vac
Vdc V

M

 
= = =   (E.1) 

The required capacitor size is calculated as in Eq. (E.2) [31]. Where E  is energy and it is assumed 

that 1 =  second and so power is converted to energy as in Eq. (E.2). 
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2

6
3

2 2

1

2

100 1 100

2 2 100 10
1.83 10

330000

E C Vdc

E P MW s MJ

E
C F

Vdc



−

=  

=  =  =

  
= = = 

       (E.2) 

But it should be noted that this capacitor value is not suitable for the HVDC Link with the 

attached average value model of the DFIG based wind farm. The theoretical result of the DC link 

capacitor value is obtained as 31.83 10 F−  but for the practical situation, this value is not suitable. 

Therefore, in this HVDC system, the DC link capacitor value is chosen as 0.1 F  . Now, the 

expected simulation results are obtained from the design. 

Appendix F: Design of the PI controllers for Matlab Simulink Model-2 

 

Design of inner current control loop: In order to design a PI controller for the d and q current 

controller loop, it is assumed that the closed loop current natural frequency is 200n Hz = because 

the inner control loop is 10  times faster than the outer control loop; and the damping factor is 

0.8 =  [47]. It is considered that the grid side inductance value is 0.001L H= . It is assumed that 

there are no power losses in the converter, therefore grid side resistance is negligible in this 

design. The PI controller calculation is given as below: 

The plant is shown as; hence Plant 
1 1 1000

( )
0.001

G s
sL s s

= = = ; PI controller 
( )

( )c

k s a
G s

s

+
=  

Closed Loop Transfer Function: 
( ) 1000

1 ( ). ( ) 1 . 0c

k s a
G s G s

s s

+
+ = + = , with respect to the plant, 

2 1000 1000 0s ks ka+ + = , The Characteristic equation of Closed Loop Transfer Function is 

2 22 0n ns  + + = , where 2 2 .200 1256.6 /n f Hz rad s  = = =  and 0.8 = . 



78 

 

2 2 22 2010.5 1579043.5 0n ns s s + + = + + = . Both of the equation should be equal, therefore; 

2 21000 1000 2010.5 1579043.5s ks ka s s+ + = + + , 2k =  and 785.6a = are obtained from this 

result. Therefore, PI controller = 
2( 785.6)s

s

+
. 

Design of Outer Voltage Control Loop: In order to design a PI controller for the d and q voltage 

controller loop, it is assumed that the closed loop voltage natural frequency is 20n Hz = because 

the outer control loop is 10 times slower than the inner control loop and damping factor is 0.8 =  

[47]. It is considered that DC-link capacitance value is 0.1 FC = . The PI controller calculation is 

given as below: 

Plant 
1 1 10

( )
0.1

G s
sC s s

= = = ; PI controller 
( )

( )c

k s a
G s

s

+
= , Closed Loop Transfer Function: 

( ) 10
1 ( ). ( ) 1 . 0c

k s a
G s G s

s s

+
+ = + = , with respect to the plant, 2 10 10 0s ks ka+ + =   

The Characteristic equation of Closed Loop Transfer Function is 2 22 0n ns  + + = .    

Where 2 2 .20 125.66 /n f Hz rad s  = = = 0.8 = 2 2 22 200.1 15775.3 0n ns s s + + = + + = , 

Both of the equation should be equal, therefore; 2 210 10 201 15790.5s ks ka s s+ + = + + , 20k =  

and 79a =  are obtained from this result, therefore, PI controller= 
20( 79)s

s

+
. 

 

 

 

 


