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Abstract 

An impedance-compensated phase-locked loop (IC-PLL) that synchronizes the 

input signal to a virtual estimate of ac network Thévenin equivalent voltage is 

introduced and evaluated for application in HVdc systems. As compared with 

the conventional Trans-vector PLL method, it is shown that the enhanced 

tracking ability of the IC-PLL improves the dynamic performance of the HVdc 

system. The thesis shows that these benefits accrue in LCC-HVdc systems as 

well as VSC-HVdc systems. 

 In the LCC-HVdc system, a frequency scan of the system shows the use of 

the IC-PLL reduces the effective resonant impedance of the system, and there-

fore increases system’s immunity to the harmonic instability at low order fre-

quencies. In the VSC-HVdc system, the robust tracking performance of the IC-

PLL reduces the system’s sensitivity to the PLL gains, and strengthens the sta-

ble operation following disturbances. The impact of the IC-PLL parameters in 

the VSC-HVdc system is evaluated by a validated small signal model. The ei-

genvalue based analysis shows that the stability of the system, is no longer 

greatly impacted by the ac system strength with the implementation of the IC-

PLL. Unlike the Trans-vector PLL based system, it shows that a VSC-HVdc 

system operating at low SCR with high PLL gains is stable. 
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Chapter I: Introduction

Chapter I Introduction 

Introduction 

1.1 Background 

The rapid developments of the power electronics technology and the ever in-

creasing electric power demands have greatly promoted the applications on 

HVdc transmission in power systems. As compared to the conventional ac 

transmission technology, HVdc transmission offers practical solutions on many 

aspects of traditional transmission problems such as long distance bulk power 

transmission, asynchronous network interconnection, enhancement of power sys-

tem stability and underground or submarine cable transmission [1]. HVdc tech-

nology, therefore, has become a powerful candidate and especially attractive in 

delivering large amounts of power to load that is distance from generating re-

sources. For instance, currently approximately 70% of electric power in the 

province of Manitoba, Canada is transmitted through two bipolar HVdc trans-

mission schemes referred to as Nelson River Bipole I and Bipole II. The trans-

mission distance is roughly 900km. A new HVdc transmission project called Bi-

pole III is under construction in Manitoba for enhancing the reliability of Nel-

 1



Chapter I: Introduction

son River HVdc transmission system. In addition to the traditional application 

areas, the number of HVdc projects committed and under consideration world-

wide in recent years is enlarged by its great potentiality on onshore/offshore 

transmission and integration with emerging renewable energy sources (RES) 

such as solar and wind into electric power grids [2]. 

 Generally, HVdc schemes can be classified into two categories of line commu-

tated converter based HVdc (LCC-HVdc) and voltage source converter based 

HVdc (VSC-HVdc). Experience accumulated from the operation of power sys-

tems containing HVdc links has shown that, the effect of ac system strength on 

system stability performance is significant, an HVdc system connected to a 

weak system is at the risk of instability. A weak ac grid has a higher ac system 

impedance relative to the energy level transferred at the ac/dc junction [3]. 

From the planning and operation point of view, even though HVdc is designed 

to work with a strong ac system, system impedance might increase under the 

outage of one or more system components. A weak ac system has insufficient 

mechanical inertia relative to the power rating of dc link, and the restoration to 

a new steady state following a transient disturbance could be adversely affected 

[3]. Such phenomenon of lack of inertia typically happens in ac system with no 

generation or limited generation such as an island system. 

 Since the performance of HVac-HVdc system largely depends on ac system 

strength. The concept of short circuit ratio (SCR), which is the ratio of ac sys-

tem short circuit capacity to dc link power, is commonly used as an indicator to 

evaluate the relative strength of an ac system [3]: 

 2



Chapter I: Introduction

 In Equation 1.1, S is the short-circuit MVA of ac system, P is the dc link 

MW rating. If the HVdc system contains ac filters and shunt capacitors, the 

SCR is effectively reduced. A modified index called the “effective short circuit 

ratio” (ESCR) is commonly used to more accurately describe the influence of 

the system strength which is given by Equation 1.2, in which Qc stands for the 

compensated reactive power. 

 Based on above definitions, typical values for determining relative strength of 

the ac system are shown in Table 1-1 [3]. 

Table 1-1 Relative ac system strength categorized by SCR and ESCR 

 Another important issue associated with HVdc system stability is the impact 

of phase-locked loop (PLL). The PLL is employed for providing an accurate fre-

quency and phase estimation of the grid’s positive sequence voltage at funda-

mental frequency, and the output signal of the PLL is used in the control sys-

tem [44]. In actual operation of an HVdc system, particularly when it is con-

(1.1)SCR =
S

Pdc

(1.2)ESCR =
S �Qc

Pdc

Strong system SCR > 3 ESCR > 2.5

Weak system 2 < SCR <3 1.5 < ESCR < 2.5

Very weak system SCR < 2 ESCR < 1.5
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Chapter I: Introduction

nected to high impedance ac system, the locally measured voltage signal utilized 

by the PLL experiences varying degrees of deterioration such as voltage unbal-

ance and harmonic distortion. Consequently, tracking of the signal under such 

dynamic condition becomes difficult. The inaccurate information originating 

from the PLL could impose a significant negative impact on the performance of 

the entire control system. Therefore, the tracking performance of PLL becomes 

one of the critical issues associated with power system containing HVdc 

schemes. 

 An HVdc system should be well designed and have ability to cope with the 

negative impacts of high ac impedance and PLL dynamics. A major concern for 

evaluating HVdc system stability is the system’s property to preserve an ac-

ceptable operation condition when subjected to large disturbances such as sys-

tem fault, loss of generation or circuit contingencies, and to remain in a state of 

operating equilibrium with small perturbations such as load increment [4]. Due 

to the nonlinearities in the HVdc system, such evaluation is studied normally 

through simulation. On the other hand, if the perturbation in the system is 

small, the dynamic behavior of the system can be considered as linear around 

the operating point for the purpose of analysis. In practical power system as-

sessment, this linear technique based small signal analysis provides an inherent 

observation of the system dynamic characteristics and the analytical identifica-

tion of influencing factors related to power system stability. 
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1.2 Literature Review 

An electric power system containing HVdc transmission scheme may encounter 

large signal harmonic instability resulting from the excitation of non-character-

istic harmonics, which may lead to system operational difficulties such as capac-

itor failure and control system malfunction [5], [6]. Study results reported in a 

number of literature show that harmonic instability can be either triggered by 

the converters fed with unbalanced ac voltages or originates from system con-

tingencies such as transformer saturation during the fault recovery [5]-[10]. The 

non-characteristic harmonics can also be magnified to deteriorate the stability 

due to the resonance between the ac network and converters [6], [10], [11], e.g., 

in LCC-HVdc system, the 5th and 7th are treated as characteristic harmonics for 

a 6-pulses converter and the 11th and 13th are for a 12-pulses converter. Due to 

the contingency, non-characteristic harmonics such as the 2nd harmonic could be 

excited and lead to the instability of the system. Unlike for the characteristic 

harmonics, there are typically no filters for the non-characteristic ones, and thus 

network resonance can amplify these. Several approaches such as the utilization 

of new filters to minimize the resonance [11], [12], tuning of filters and dc 

smoothing reactors to increase the damping [13], [14] and harmonic cancellation 

by current injection [15], [16] are proposed in the earlier literature to address 

this problem. However, in practical power system, these methods have a high 

cost or require additional auxiliary devices [11]. 

 Among those approaches for preventing the harmonic instability in HVdc sys-

tem, the PLL based control system is found to be one of the promising and fea-

sible options [6], [11], [17]. In a PLL system, a voltage controlled oscillator 
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(VCO) generates a clean waveform locked in phase with the positive sequence of 

the fundamental frequency ac voltage. This signal is used for timing information 

in providing gating signals to the converter’s valves, and it is largely unaffected 

by harmonic distortion and multiple zero crossings that may exist in the ac 

voltage [6], [17]. Therefore, it effectively strengthens the control system immuni-

ty to voltage harmonic distortion, and reduces the likelihood the harmonic 

magnification due to the high ac system impedance [6], [17]. Figure 1.1 (a) and 

(b) present typical control diagrams of line commutated converters (LCCs) and 

voltage source converters (VSCs). 

  
Figure 1.1 Typical control diagram in LCC and VSC 

(a) Control diagram of LCC

(b) Control diagram of VSC
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Chapter I: Introduction

 In actual operation of the HVdc converters, the Trans-vector type PLL (see 

details in Section 2.2.2) based control system is widely employed because of its 

fairly good internal noise cancelling property and robustness [20], [36]. However, 

the use of Trans-vector PLL is not a “one for all” solution to harmonic instabili-

ties since it has very limited bandwidth to provide sufficient filtering particular-

ly for low order harmonics [46]. For instance, 2nd harmonic instability sometimes 

referred as “core saturation instability” originating from the transformer un-

symmetrical saturation in HVdc system is reported in [11], [18], [19]. A great 

deal of efforts therefore have been devoted to the enhancement of the accurate 

operation of the PLL with the presence of harmonic interference, in which one 

commonly discussed solution is to prefilter the PLL input signal [20], [44], [45]. 

However, the phase shift or delay introduced by the filter complicates the design 

of HVdc control system. 

 Besides providing good harmonic rejection characteristics, a desired PLL in 

HVdc should also exhibit rapid response to fast system variations. In the Trans-

vector PLL, a compromise is often made between the capacity of fast tracking 

and harmonic filtering [46], the response speed is set by its gains and is largely 

determined by the quality of input signal. Under low or distorted ac voltage it 

may be forced to reduce the PLL gains for maintaining system stability which 

consequently decreases the tracking speed [20]. 

 The system stability limit is also strongly affected by the PLL. Some low fre-

quency oscillation modes are very sensitive to the synchronizing  loop particu-

larly at the inverter side with weak ac terminals [21]. According to small signal 

analysis through a validated analytical LCC-HVdc model described in reference 
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[22], on rectifier side, the increase of PLL gains improves the damping of domi-

nant oscillatory modes, while on inverter side the effect is the opposite. For the 

VSC-HVdc system, it is also confirmed that the VSC converter is significantly 

affected by the PLL gains particularly with low SCRs [38], [43], and system 

large signal disturbance performance is more sensitive to the gains of PLL than 

that of the inner and outer PI controllers [43]. Reference [23] uses a linearized 

state space VSC model to demonstrate that theoretical power transmission limit 

can be approached by tuning parameters of PLL, specifically, reducing the gains 

for low SCR conditions and increasing for high SCR situations. 

1.3 Research Objective 

In recent published literature [24] and [25], it is shown that the stable transfer 

range of a VSC-HVdc system, could be extended by synchronizing the PLL in-

put to a stronger voltage in the system. This is achieved by introducing a sim-

ple impedance compensated term in the Trans-vector PLL. In this thesis, this 

impedance compensated Trans-vector PLL is referred to as the IC-PLL. Howev-

er, current studies on this IC-PLL are developed mainly regarding the stability 

limitation of the VSC-HVdc system, which is based on the steady state analysis. 

Examination on the dynamic stability issues need to be performed to advance 

the industry knowledge in this field. 

 In fact, if correctly done, the IC-PLL is almost equivalent to locking onto an 

“infinite bus”, whose magnitude, frequency and phase angle remain fixed and do 

not change with system disturbance. Therefore, accurate tracking and stabilized 

output in the Trans-vector PLL with this proposed strategy is unaffected with 
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system disturbance. It is hence reasonable to envisage an improved dynamic 

performance of the HVdc system, and the mitigated negative effects from ac 

system strength as well as the reduced system’s sensitivity to the PLL gains. 

 In view of the above reasons, the motivation of this thesis is mainly to exam-

ine the dynamic stability improvements with the implementation of IC-PLL in 

HVdc system as compared with the conventional Trans-vector PLL. To allow for 

a comprehensive analysis, the investigations described in this thesis will cover 

both conventional LCC-HVdc system as well as the emerging VSC-HVdc sys-

tem. 

1.4 Outline of the Thesis 

• Chapter I: Introduction 

 This chapter presents some background information related to the research 

described in this thesis, review of literature and research objectives. The 

background information emphasizes on the two major concerns toward HVdc 

system instabilities: ac system strength and PLL dynamics. A comprehensive 

review of current literature on these issues is presented and research objective 

of the thesis is accordingly formulated, the organization of chapters is pre-

sented at the end of this chapter in Section 1.4. 

• Chapter II: Review of HVdc Fundamentals 

 Chapter II focuses on the fundamentals of HVdc systems. Two types HVdc 

applications of LCC-HVdc and VSC-HVdc, the configurations, operational 

characteristics and control strategies are reviewed in this chapter, and this 

 9



Chapter I: Introduction

chapter specifically looks into the operation of Trans-vector PLL in different 

HVdc systems. 

• Chapter III: Design and Analysis of IC-PLL 

 Chapter III gives a basic introduction of the IC-PLL, and its accuracy in re-

gards of transient performance as compared with the conventional Trans-vec-

tor PLL is discussed. The robustness of IC-PLL is evaluated with investigate 

the impact of the parameters on its tracking performance. Finally, the im-

plementations of the IC-PLL in different HVdc schemes are specifically dis-

cussed. 

• Chapter IV: IC-PLL in LCC-HVdc 

 Chapter IV presents the improved dynamic performance in the LCC-HVdc 

system with the inclusion of IC-PLL. The suppression of the low order har-

monic instability, specifically, the core saturation harmonic instability is dis-

cussed in this chapter. Based on the frequency scanning results, the modifica-

tions to induce the core saturation harmonic instability in a CIGRÉ Bench-

mark Model are presented. The simulations conducted in this chapter are 

based on PSCAD/EMTDC platform. 

• Chapter V: IC-PLL in VSC-HVdc 

 Chapter V presents the improved dynamic performance in the VSC-HVdc 

system with the inclusion of IC-PLL. The investigations are conducted using 

EMT simulation through comparative studies on the performance of IC-PLL 

and of the conventional Trans-vector PLL. The impacts of parameters in IC-
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PLL on system’s small signal stability are evaluated using a linearized state 

space model. The fidelity test of the small signal model is conducted in com-

parison with the non-linear model simulated in the EMT simulation program 

PSCAD/EMTDC. 

• Chapter VI: Conclusions and Future Work 

 Chapter VI summarizes the thesis and highlights the conclusions drawn from 

the results presented in this thesis, and also discusses some of the potential 

future extensions. 
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Chapter II Review of HVdc Fundamentals 

Review of HVdc Fundamentals 

The objective of this thesis is to investigate the impacts of IC-PLL in different 

HVdc schemes of the LCC-HVdc and VSC-HVdc system. Therefore, it is neces-

sary to provide a brief review on the fundamentals of these technologies. This 

chapter discusses their configurations, operational characteristics and control 

strategies. In addition, as a requisite for discussing the proposed IC-PLL, this 

chapter specifically looks into the PLL basics and its operation in HVdc system. 

2.1 Types of HVdc Transmission 

Based on its design and operation characteristics, HVdc schemes in operation 

today are mainly divided into two categories [1]: 

• Current source converters / Line commutated converters (CSCs/LCCs) 

• Voltage source converters (VSCs) 
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 HVdc systems implemented with these converters are often referred to as 

LCC-HVdc and VSC-HVdc respectively, and the following sections will provide 

more detailed information on these two HVdc technologies. 

2.1.1 LCC-HVdc: Configurations and Components 

The LCC-HVdc system, which is referred to as “HVdc Classic”, is a mature 

technology well established for high power HVdc transmission. Due to the larger 

power rating available than in the VSC-HVdc system, LCC-HVdc system is the 

most widely used technology at present [1]. 

 An LCC-HVdc link may be broadly classified into three categories based on 

the configuration, sketches of these three types are depicted in Figure 2.1 (a) to 

(c) [4]: 

• Monopolar links: The monopolar link uses one conductor as negative pole, 

which causes less radio interference due to corona, and the ground or sea 

provides the return path. To avoid the high earth resistivity and the inter-

ference with other metallic structures, a metallic return may be used as 

return path. 

• Bipolar links: The bipolar link uses two conductors as positive and nega-

tive poles, and the neutrals are grounded. This configuration has more 

power capacity than the monopolar link, and is able to operate with a loss 

of one pole. The bipolar link is the most widely used configuration in prac-

tical schemes [26]. 
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• Homopolar link: The bipolar link uses two or more conductors that have 

the same negative polarity, and ground provides the return path. This con-

figuration can carry a large amount of power and has some overload capac-

ity. However, large ground return current in this configuration is a big dis-

advantage. 

!  

Figure 2.1 Configurations of HVdc links 

(a) Monopolar link

(b) Bipolar link

(c) Homopolar link
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 Figure 2.2 gives a sketch of typical LCC-HVdc link which contains main 

components in a LCC-HVdc system, and a brief introduction of each component 

is given below: 

  
Figure 2.2 A sketch ofLCC-HVdc system identifying main components 

Converter (Rectifier & Inverter): 

The converter in a LCC-HVdc system is essentially a combination of thyristors. 

Therefore, the arrangement of these switches determines the characteristic of 

the entire converter. The Graetz bridge, serving as the basic module in the con-

verter, is a mature and trusted topology utilized in HVdc links. As compared 

with other arrangements such as the three-phase double star or six-phase dia-

metrical connection, the Graetz bridge offers a better utilization of the convert-

er transformer and a lower peak-inverse voltage across the converter valves [26]. 

A 6-pulse Graetz bridge is shown in Figure 2.3. In practical applications, multi-

ple-bridge converters with even number bridges are frequently utilized in order 

to obtain a higher direct voltage level and to reduce harmonics. For instance, in 

Figure 2.3, the converter comprises two Graetz bridges connected in series on 

the dc side and in parallel on the ac side. 

 15



Chapter II: HVdc Transmission Fundamentals

  
Figure 2.3 A sketch of 6-pulse Graetz bridge 

Harmonic Filter: 

Under steady state, a perfect symmetrical 6-pulse converter bridge connected to 

ac system produces harmonics in multiples of 6th orders on dc side, and these 

characteristic harmonics appears in orders of 6k±1 (k=1,2…) on ac side. In the 

multiple bridges system, for instance, two bridges connected in series on dc side 

with a 30o phase displacement forming a 12-pulse bridge, dc harmonics are in 

multiples of 12th, and characteristic harmonics on ac side in orders of 12k±1 

(k=1,2…). With the presence of these harmonics, large filters are therefore nec-

essary on both ac and dc sides in LCC-HVdc. 

Transformer: 

The transformer in a LCC-HVdc system converts ac voltage to a suitable value 

by adjusting on-load taps [4]. In Figure 2.3, two banks of transformers are con-

nected as Y-Y and Y-∆ separately for linking ac network and converter bridge, 

which results in a 30o phase difference on two bridge side voltages. With this 
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arrangement, the two bridge side voltages are added up to produce a 12-pulse 

waveform, which is more “sinusoidal” than a 6-pulse waveform. Such arrange-

ment can not only significantly eliminate some of the harmonics (5th and 7th) on 

ac side but also provide better dc voltage and current by mitigating dc ripple. 

Reactive Power Compensator: 

The operational characteristic of a LCC-HVdc system is largely constrained by 

its core component: the thyristor. One disadvantage of the thyristor is adequate 

long recovery time must be guaranteed to remove the minority charge carriers. 

This means that sufficient recovery time must be provided before forward bias-

ing voltage is applied to the thyristor that has just turned off. Therefore, there 

is a lagging phase shift between the voltage and current in the converter, and 

the converters absorb a large amount of reactive power from ac side. Under 

steady state, it is about 50% of the active power transferred, and under tran-

sient conditions this number could be even higher [4]. Reactive power compen-

sation is therefore typically provided near the converters, some of it from the ac 

filters and the rest from shunt capacitors, synchronous compensators or other 

reactive power equipments. 

dc Line: 

dc lines could be overhead lines or cables. The differences between dc lines from 

their ac counterparts are the sub-conductor number, insulation and space occu-

pation [4]. 
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Smoothing Reactor: 

These smoothing reactors are used for reducing ripple resulting from harmonics 

on dc lines. Besides that, these reactors prevent the sudden change of the dc 

current, which is helpful in preventing commutation failure, maintaining current  

continuity at low loading and constraining crest current during short-circuit on 

the dc lines [4]. 

2.1.2 LCC-HVdc: Converter Operation and Control Strategy 

To simplify the analysis and help understand the operation and control strategy 

of the LCC-HVdc system, a three-phase, full-wave bridge converter is utilized 

for illustrating the converter theory and performance equations. Figure 2.4 

shows such full-wave bridge converter, and the ac and dc voltage waveform, 

valve conduction under normal operation are shown in Figure 2.5 [4]. 

 It can be seen from Figure 2.4 that the dc terminal voltage, Vdc, is the differ-

ence between the positive pole voltage Vp and negative pole voltage Vn. During 

normal conduction, Vp takes the most positive value of ea, eb and ec while Vn 

selects the most negative one to guarantee that there is always the forward 

voltage across the valve to be switched on as shown in Figure 2.5. The conduc-

tion is delayed by ignition angle α, and the commutation transient denoted as µ 

is the outcome of current through inductor that cannot change instantly. During 

the commutation transient, Vp and Vn take the average voltage of the phase in-

volved in the commutation process. 
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Figure 2.4 Three-phase, full-wave bridge converter 

  
Figure 2.5 Voltage waveforms and valve conduction 

 According to [4], mathematical presentations of dc voltage and current are 

given by: 

(2.1) − (2.3)

8
>>>>>>>><

>>>>>>>>:

Vdc = Vd0 cos↵� IdcRc

Il1 =

p
6

⇡
BTIdc

Vd0 =

3

p
2

⇡
BTVll
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 The active and reactive power are given by: 

 where: 

  Vll = RMS line-to-line voltage 

  Vln = RMS line-to-neutral voltage 

  Il1 = RMS fundamental frequency current  

  Rc = Equivalent commutating resistor 

  B = Number of six-pulse bridges 

  T = Transformer ratio 

   = Power factor 

 It should be mentioned that Rc in Equation 2.1 is a virtual element, it is for 

the consideration of the voltage drop during the commutation and is calculated 

as Rc = πXc/3 [4]. If there is no commutation overlap, then Vdc = Vd0 cosα, and 

Vdc reverses when α across 90o. Therefore, α has value between 0o to 90o with 

the converter works as rectifier, and the converter operates as inverter with α 

between 90o to 180o. In practice, extinction advance angle γ = π−µ−α is used 

to describe the operation of an inverter. Therefore, dc terminal voltage is repre-

sented as: 

(2.4) − (2.6)

!

8
>>>>>>><

>>>>>>>:

Pdc = Pac = VdcIdc = 3VlnIl1 cos'

cos' = cos↵� RcIdc
Vd0

Q = 3VlnIl1 sin'

cosϕ

(2.7)Vdc = Vd0 cos � � IdcRc
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 The control objective of LCC-HVdc link is to satisfy the power flow demand. 

Figure 2.6 shows an equivalent circuit of the HVdc link [4]. 

  
Figure 2.6 Equivalent circuit of LCC-HVdc transmission link 

 The converters on both sides are equally presented as a resistor in series with 

a voltage source, and the dc link is simply represented by a resistor, and the 

diodes show the current is unidirectional. It is easy to derive the equation of di-

rect current flow from rectifier to inverter: 

 The desired dc voltage and current are achieved by controlling the dc voltage 

on rectifier and inverter terminals. This is accomplished by fast gate control (1-

10ms) to adjust the valve ignition angle and relatively slow supplement tap 

change control (5-6s per step) to restore the ignition angle back to normal range 

[4]. The basic considerations behind this control methodology are mainly [4]: 

• Prevention of dc current fluctuations under ac voltage disturbance 

• Maintaining dc current under rated condition 

• Minimize the reactive power consumption to achieve high power factor 

• Prevention of commutation failure 

(2.8)I
dc

=

V
dor

cos↵� V
doi

cos �

R
cr

+R
l

�R
ci
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 As an inherent drawback of LCC-HVdc system, commutation failure is a dy-

namic phenomenon where the current through an on-going valve fails to transfer 

to the off-going valve [4]. Commutation failure often happens on inverters dur-

ing disturbances such as dc over current or ac voltage sags, which could lead to 

temporary cessation of power transfer and impose stress on valves, and may 

subsequently adversely jeopardize the system stability [4]. 

 Referring to Equation 2.8, with the line and converter resistors are usually 

small, therefore, dc current is very sensitive to the dc terminal voltage, and a 

25% change in Vdor or Vdoi could result in large change as much as 100% in Idc. 

This implies that a small range of the ignition angle is sufficient to guarantee 

the acceptable performance of the system [4]. On the other hand, according to 

Equations 2.9 and 2.10, higher power factor can be maintained by decreasing 

the ignition angle α and extinction angle γ as much as possible. A minimum of 

5o firing angle is sufficient to ensure the successful conduction of the valve [4]. 

Consequently, a typical α of 15o to 20o is recommended for leaving enough room 

for increasing the rectifier voltage, and γ of 15o for 50Hz systems and 18o for 

60Hz systems could provide sufficient margins to avoid commutation failure [4]. 

 Figure 2.7 shows LCC-HVdc control characteristics. The abscissa is the recti-

fier current Idc and ordinate is the rectifier dc voltage Vdc. The inverter charac-

teristic accounts for the voltage drop RlIdc across the line and the intersection of 

(2.9) − (2.10)
cos' ⇡ 0.5[cos↵+ cos(↵+ µ)]

⇡ 0.5[cos � + cos(� + µ)]
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two curves represents the system operating point. The rectifier control strategy, 

which is represented by solid line, contains two segments: the constant ignition 

angle (CIA) and the constant current (CC) control. An α can not be smaller 

than αmin since constant current can not be exercised once α falls to αmin. Then 

the uncontrolled characteristic is given by Equation 2.1 with α = αmin. 

  

Figure 2.7 LCC-HVdc control strategy diagram 

 While the inverter control strategy comprises the constant extinction angle 

(CEA) and the constant current control. The CEA is given by Equation 2.7 

with constant γ. Under normal operation condition, the rectifier works under 

CC control and inverter on CEA control. Constant current control orders of rec-

tifier and inverter are intended to be set different to ensure there is no point of 

intersection. This difference, denoted by Im, is usually set to 10% to 15% of the 

rated current [4]. 
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 To ensure operation to the greatest extent under abnormal conditions such as 

the fault, auxiliary operation limits are also combined in the control strategy. 

Minimum current limit is used on the rectifier side to prevent system interrup-

tion and the increasing stress on valves at low values of dc current [4]. The volt-

age dependent current-order limit (VDCOL) reduces the current order propor-

tionally to the dc voltage, that is to decrease the chance of commutation failure 

and the risk of damage by over-heating of the valves [4]. 

 In addition to the control strategies introduced above, firing control system 

converts the reference ignition angle α to a sequence for firing pulse utilized by 

converters. A better noise rejection and robust tracking ability form the impetus 

for earlier firing control strategy replaced by PLL based firing control system. 

More details of this control system will be discussed in Section 2.2.3. 

2.1.3 VSC-HVdc: Configurations and Components 

Although conventional LCC-HVdc is widely utilized in industry, due to its ro-

bustness and high rating of its devices, VSC-HVdc technology is seeing increas-

ing applications in power system for example multi-terminal dc grid and the in-

tegration of variable energy sources such as wind and solar into electric power 

grid [2]. Similar to the LCC-HVdc system, the configuration of VSC-HVdc links 

can also be broadly classified as monopolar, bipolar and homopolar types, and 

their introductions are given in Section 2.1.1. 

 The configuration of a typical VSC-HVdc system is illustrated in Figure 2.8, 

and the main components are introduced below [28]: 

 24



Chapter II: HVdc Transmission Fundamentals

  
Figure 2.8 A sketch of VSC-HVdc system identifying main components 

Converter (Rectifier & Inverter): 

Several topologies are permissible for the voltage source converters. Figure 2.9 

shows a 2-level three phase topology commonly used till quite recently. Modern 

converters are moving toward multi-level topologies since they can provide less 

distorted ac voltage and lower switching losses [27]. The precise converter topol-

ogy is not important in this thesis, as it primarily deals with the tracking capa-

bility of the PLL. For simplicity and convenience, the 2-level converter is select-

ed for the studies described in this thesis. 

 As compared to the three-phase, full-wave bridge Line-commutated converter 

shown in Figure 2.4, a notable difference is that, instead of single thyristor, 

switch function is carried out by an anti-diode in parallel with insulated-gate 

bipolar transistor(IGBT) in the VSC-HVdc system. In a LCC-HVdc system, 

power direction reversal is executed by reversing voltage polarity since thyris-

tors allows unidirectional conduction. Unlike the LCC-HVdc, VSC-HVdc enables 

bidirectional current conduction allowing the power reversal by changing the 

current direction. Therefore, the unchanged dc voltage polarity makes voltage 

source converters suitable for the dc grids interconnection. 
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Figure 2.9 Three-phase, 2-level converter 

Transformer: 

The transformers in VSC-HVdc are employed to link ac system with converters 

by transforming ac voltage to an appropriate value utilized by converters. 

ac filter: 

In contrast with the thyristors, the switching frequency of the IGBT in a 2-level 

topology can be much higher and typically in the order of kHz. The harmonics 

produced by converter appear at higher frequencies, and mainly, clustered 

around the switching frequency. Therefore, filters are less costly and more com-

pact in VSC-HVdc [28]. With multi-level topologies, which produce less har-

monics, filters can be eliminated. 

Phase Reactor: 

The phase reactors are mainly used for both active and reactive power control 

by regulating the currents [28]. On the other hand, along with the ac filters, 

these reactors extract high frequency harmonic contents out of ac currents [28]. 
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dc Capacitor: 

The major function of dc capacitors is providing energy buffer for maintaining 

the rated power transmission and reducing dc voltage ripple [28]. The size of dc 

capacitors is of great importance in terms of the design of an HVdc system. 

Rather than measure it in microfarad (µF.), it is normalized as a time constant 

τ, which is defined as the ratio of the energy stored in capacitor to the nominal 

apparent power in the system: 

 Converting the capacitance unit to a time constant allows the comparison of 

capacitance level across converter of different ratings. A time constant less than 

5ms is deemed sufficient to satisfy the requirements on less ripple and overvolt-

age [28]. 

dc Cable: 

The cable system in VSC-HVdc is a comprehensive collaboration of robustness 

and economy, and particularly reflected on the selection of material of insula-

tion. Extruded HVdc polymer cable systems are preferred for its high mechani-

cal, high flexibility and low weight [29]. 

(2.11)⌧ =
CV 2

dc

2S
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2.1.4 VSC-HVdc: Converter Operation and Control Strategy 

The core factor which determines the operation of VSCs based system is the 

utilization of full-controlled switches such as IGBTs. The conduction and block 

of each valve are directly accomplished by control signal regardless of the polari-

ty of the applied voltage. In a 2-level VSC, the control signal is generated by 

sinusoidal pulse width modulation (SPWM) technology, in which the desired 

reference ac waveform is compared with a high frequency triangular “carrier” 

waveform as illustrated in Figure 2.10 [27], [28]. The generated chopped square 

waveform is composed by a combination of desired waveform and other compo-

nents mainly clustered around the carrier waveform frequency. In the actual op-

eration, those high frequency harmonics can be effectively extracted by ac fil-

ters. 

  
Figure 2.10 Principle of SPWM 
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 The dynamic performance of SPWM in practical application is largely influ-

enced by the selection of the carrier waveform. As shown in Figure 2.10, the 

amplitude of desired and carrier waveform are denoted as Am and Ac respective-

ly, and the ratio of Am to Ac is called modulation index m. It should be noted 

that Ac should be suitably selected to keep m always less than one to maintain 

the output signal proportional to m. Over modulation rarely happens unless for 

a temporary voltage boost, and m around 0.8 is practically adopted for retain-

ing sufficient margin [27]. A typical switching frequency in range of 2 to 15 kHz 

is chosen for the carrier waveform resulting from the balanced consideration on 

both switching losses and harmonic distortion [30]. 

 In the LCC-HVdc system, only active power is controlled in the system. In 

VSC-HVdc, active and reactive power can be regulated individually. Therefore, 

The VSC can operate in all four power quadrants as depicted schematically in 

Figure 2.11 [31]. 

  
Figure 2.11 Power capability curve of VSC-HVdc system 
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 The bold boundary represents the theoretical operating limit that is due to 

limitations in following three aspects [31]: 

• MVA limitation: The limitation of current through the all the devices 

such as IGBTs determines the maximum apparent power transmitted in 

the system. This limitation is represented by a circle with radius of R = 

1.732UacImax. 

• dc current limitation: The active power transferred through the dc line is 

constrained by the permissible current through dc transmission medium, 

and the limitation is calculated by Pmax = UdcIdcmax. 

• Reactive power limitation: The reactive power flow in the system is lim-

ited by the attainable converter terminal voltage. Assuming VSC converter 

with voltage of V1∠δ connects to ac system with V2∠0o through line im-

pedance X, the power flow equations are given by: 

 Based on Equations 2.12 and 2.13, the reactive power limitation is plotted 

in PQ plane as a circle centered in (0, V1
2/X) with a radius of R = V1V2/

X. 

(2.12) − (2.13)

8
>><

>>:

P =

V1V2 sin �

X

Q =

V 2
1 � V1V2 cos �

X
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Figure 2.12 Diagram of a VSC connected to PCC 

 As the most common control strategy in VSC-HVdc system, decoupled con-

trol allows the control of both active and reactive powers by adjusting the cur-

rent order references on the d and q axes. The control system outputs the de-

sired voltage waveform and delivers it to the SPWM for generating control 

pulses. A simplified circuit is illustrated here for presenting the fundamentals of 

this control theory. In Figure 2.12, uabc stands for the voltage at the point of 

control center (PCC), vabc stands for the converter terminal voltage generated 

by the control system, and Zc = Rc + jwLc is the phase reactor. Equation 2.14 

is obtained according to Kirchhoff's voltage law (KVL): 

 Equation 2.14 is then converted to dq coordinates by Park’s transformation 

which performs a conversion from a stationary three-dimension frame to a ro-

tating two-dimension reference frame [4]. This dq reference frame rotates in the 

speed of w, and the rotating three phase signal xabc of same speed on abc do-

main is projected on dq frame as constant values xd and xq. The transformation 

is depicted in Figure 2.13 and is mathematically expressed by Equation 2.15 [4]. 

(2.14)uabc � vabc = Rciabc + Lc
diabc
dt
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Figure 2.13 Visual presentation of Park’s transformation 

 The inverse transformation is given by: 

 Note that the transformation in Equation 2.15 is accomplished with the angle 

θ, which determines the synchronous reference frame (SRF) that xabc is trans-

ferred to. In the VSCs based systems, the signal θ is generated from the PLL. 

Details of PLL in VSC-HVdc will be discussed in Section 2.2.4. The dq form of 

Equation 2.14 is given by: 

(2.15)
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 The voltage vd and vq can easily be converted to abc domain according to 

Equation  2.16 and sent to the SPWM as the desired reference voltage signal. 

Equation 2.17 and 2.18 can be rewritten as: 

 As shown in Equations 2.19 and 2.20, the LHS (left hand side) are decoupled, 

a variation of xd = (ud − vd) / Lc − wiq only affects id and an adjustment in xq 

= (uq − vq) / Lc − wid merely changes iq. Therefore, a decoupled control can be 

achieved by a proportional–integral (PI) based controller which is shown in Fig-

ure 2.14: 

  
Figure 2.14 Inner loop controller 

(2.17) − (2.18)

8
>><

>>:
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dt
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 This controller is known as inner loop controller as compared with the outer 

loop controller, which is utilized to generate the d-q component current refer-

ence orders idref and iqref. Depending on different control objections, outer loop 

controllers are mainly classified in following categories: 

• Active and reactive power control 

• ac and dc voltage control 

• Frequency control 

 Active power control, dc voltage control and frequency control are mostly uti-

lized to produce idref while reactive power and ac voltage control are regulated 

by iqref. For example, an outer loop controller utilized to regulate active power 

and ac voltage is illustrated in Figure 2.15: 

  
Figure 2.15 Outer loop controller for constant power and ac voltage control 

 The control strategy is quite simple: in the outer control loop, the error sig-

nals originating from a comparison of actual measured signal P, U and the ref-

erence demand Pref, Uref, are delivered to the PI controllers. The output current 

reference orders idref and iqref are sent to the inner loop controller for generating 
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the desired voltage vd and vq. Therefore, with the correct voltage supplied on the 

VSC terminal, the control demand is satisfied with all the error signals moving 

to zero by the PI controller action and the system settles to the steady state. 

 All the control objectives can be directly measured from the system. Since 

the ac voltage and current measurements are necessary for the inner loop con-

troller, the instantaneous active and reactive power therefore can also be repre-

sented in term of voltage and current in dq frame: 

(2.21) 
        − 

(2.22)

8
>><

>>:

P = uaia + ubib + ucic =
3

2
(udid + uqiq)

Q =
[(ua � ub)ic + (ub � uc)ia + (uc � ua)ib]p

3
=

3

2
(udiq � uqid)
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2.2 Phase-locked Loop in HVdc 

As mentioned in previous sections, in HVdc operation, PLL serves as an impor-

tant link connecting the electrical network and the entire control system. In this 

section, a brief introduction of basic concepts of PLL is provided, and specifical-

ly looks into the widely accepted Trans-vector PLL and its application in both 

LCC-HVdc and VSC-HVdc system. 

2.2.1 PLL Basics 

The phase-locked loop is a negative feedback system which is utilized for gener-

ating the frequency and phase information in synchronization with the input 

signal. A basic PLL contains three functional components: phase error detector 

(PED), loop filter (LF) and voltage-controlled oscillator (VCO) as shown in 

Figure 2.16: 

  
Figure 2.16 Basic topology of PLL 

 The phase detector is utilized to generate the phase error signal from a com-

parison between input signal xi and the VCO output signal xo. The error signal 

is then filtered by the loop filter that eliminates the high frequency components 

(most ac components) and delivered to VCO for providing a periodic signal that 

contains the frequency and phase information [32], [33]. The phase relationship 
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between the input and output is held constant while the frequency information 

remains the same, otherwise the loop is “out of lock”. 

 Based on this general theory, different structures are employed in PLL. For a 

better understanding of the operating principle of PLL, a simple multiplier 

based PLL is utilized in this section. Prior to the locking successfully, assuming 

the input xi and output xo of a PLL are expressed in terms of time in Equations 

2.22 and 2.23 respectively [34]: 

 In Equations 2.23 and 2.24, wi and wo stand for the angular frequency, θi and 

α are their phase constants. PED serves as a signal multiplier and has a sinu-

soidal characteristic, with the loop initially unlocked and consequently output 

signal ve(t) at PED is given by Equation 2.25 [34]: 

 Where kd is the gain of PED. the higher frequency component at frequency of 

(wi + wo) is removed by LF, the resultant output vc(t) is given by Equation 2.26 

[34]: 

 The transient disappears after a sufficient period of time and the output sig-

nal of VCO xo(t) is synchronized with input xi(t) in form of [34]: 
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 where the ϕo is the output phase constant at steady state. Comparing Equa-

tion 2.24 and 2.27, the phase angle α is a function of time during the transient 

period [34]: 

 The output of LF signal vc(t) in Equation 2.26 therefore become a dc compo-

nent [34]: 

 The VCO adjusts its instantaneous angular winst according to the input signal 

vc around the central angular frequency wo in the form of linear equation as ex-

pressed by Equation 2.30 [34]: 

 Where the kv is the sensitivity of VCO. Based on Equations 2.28-2.30 [34]: 

 Which could also could be presented as [34]: 
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 Substituting Equation 2.32 into Equation 2.29 yields [34]: 

 Equation 2.33 clearly indicates that the dc signal vc changes the VCO fre-

quency from its central value wo to the input signal angular frequency wi [34]. 

Equation 2.32 shows that the sufficiently small angular frequency difference (wi 

− wo = 0) gives the θi − ϕo ≈ π/2, which means the input phase θi is in quad-

rature with the output phase ϕo [34]. Thus, it is convenient to let [34]: 

 Then Equation 2.29 becomes [34]: 

 When the phase error between input θi and output θo is sufficiently small, we 

have [34]: 

 The VCO adjusts the central frequency wo according to the signal vc which is 

a proportional equivalent to the phase error between input θi and output θo, and 

with the angular difference moving to zero, the phase angle difference between 

input and output signal is synchronized and therefore the loop is in locked [34]. 
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2.2.2 Trans-vector PLL Basics 

In actual HVdc system operation, the multiplier PED based PLL is rarely used 

because of the introduction of extra error signals by twice the fundamental fre-

quency [35]. Benefit from its better performance under abnormal conditions 

such as the input signal is harmonic distorted or unbalanced, the Trans-vector 

PLL proposed in [36] as depicted in Figure 2.17 is widely accepted in the con-

trol loop of HVdc system: 

  
Figure 2.17 Topology of Trans-vector PLL 

 In the Trans-vector PLL, PED function is fulfilled by abc-αβ-dq transforma-

tion, an abc-αβ transformation which is known as “Clark” transformation is 

conceptually same as the abc-dq transformation that can be thought as the pro-

jection of three phase quantities onto a stationary two-axis reference frame. As 

compared with the abc-dq transformation, the abc-αβ-dq transformation per-

forms more efficient on saving computation load. The abc to αβ domain are de-

rived according to Equation 2.37: 

(2.37)
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 In the Trans-vector PLL, assuming the input signal and output signal are ex-

pressed in form of Equations 2.38 and 2.39. 

 If the difference between the input and output angular frequency are suffi-

ciently small (wi − wpll = 0), the output of PED uq can be shown as: 

 Where ∆ϕ = θi − θpll, and is the phase difference between the phase of the 

input signal and the output signal. Therefore, the smaller of the phase differ-

ence ∆ϕ, the smaller of the value of uq. The error signal uq is sent to the loop 

filter, which is represented by a PI controller, and the correction signal originat-

ing from the PI controller adjusts the VCO central frequency w0. The corrected 

angular frequency wpll is integrated to generate the output angle, θpll, which is 

also sent back to PED as a feedback. Note that uq = 0 means the Trans-vector 

PLL angle output θpll, and the true fundamental frequency positive sequence 

(FFPS) component are synchronized in phase and frequency. The θpll, signal can 

thereafter be used as a measure of the phase of the true FFPS voltage for fur-

ther actions in the VSC controller. 

 The Trans-vector PLL has been reported to be retaining a fairly good har-

monic cancellation and transient response [20], and therefore been widely used 

in HVdc systems particularly operating with weak ac grids. Besides the harmon-

(2.38) − (2.39)
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ic extraction from the loop filter, the inherent two integrators in series in the 

forward path also provide strong filtering properties [47]. 

 However, in some cases that the Trans-vector PLL input signal is highly dis-

torted and it may not be able to provide accurate tracking. According to [48], 

even though the extremely low bandwidth of the loop filter can be done to im-

prove the tracking, the diminished dynamic response is not acceptable. Besides 

that, several deficiencies still exist within the HVdc system contains Trans-vec-

tor PLL [20], [22], [23]: 

• It is prone to induce harmonic instability with unbalanced input  

• The speed of tracking is sensitive to the quality of input voltage signal 

• The PLL dynamics greatly affects system stable operation range 

2.2.3 Trans-vector PLL in LCC-HVdc 

In the LCC-HVdc, Trans-vector PLL output signal is utilized as the reference 

for generating firing pulses. Ideally, the PLL is utilized to generate a ramp sig-

nal θpll that is in synchronization with fundamental frequency and positive se-

quence component of the input three phase signal. This ramp is used for one 

single valve and the ramps for others are produced by adding a phase shift in 

orders of 60o respectively. Then the actual firing instants are finalized based on 

a comparison between these equidistance ramps and the ignition angle α. A 

schematic presentation of this process is illustrated in Figure 2.18, in which T1-

T6 are represented as the sequence of thyristors in one Graetz bridge. 
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Figure 2.18 Firing control system in LCC-HVdc 
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 The performance of the converter operation largely relies on the PLL output 

angle signal [6], [17]. For instance, The PLL gains have significant influence on 

the stability of the converter operation. An eigenvalue based analysis of the 

CIGRÉ benchmark model shows that the damping of dominant oscillatory 

modes is greatly affected by the Trans-vector PLL gains [22]. 

2.2.4 Trans-vector PLL in VSC-HVdc 

Employed differently in the VSC-HVdc, the main task of PLL is to provide a 

phase angle θpll based on the voltage measurements for transformation between 

abc and dq domains. The location of voltage measurement (normally on PCC) 

therefore fixes the orientation of the SRF used for current vector controller. As 

shown in Figure 2.17, in a Trans-vector PLL, the VCO would either speed up or 

slow down to make the error signal uq to be zero. According to Equations 2.21 

and 2.22, with such orientation arrangement, instantaneous active and reactive 

power of PCC are decoupled and expressed as: 

 The Trans-vector PLL in the VSC-HVdc system should output the phase in-

formation in synchronization with the three phase input voltage signal. There-

fore, whether the Trans-vector PLL offers an accurate output facsimile of the 

phase of the FFPS voltage regardless of the system disturbance is of great im-

portance. On the other hand, the Trans-vector PLL gains have a great influence 

(2.41) − (2.42)

8
>><

>>:

P =
3

2
udid

Q =
3

2
udiq

 44



Chapter II: HVdc Transmission Fundamentals

on VSC-HVdc system behavior, particularly with the weak ac receiving termi-

nals, high PLL gains might be unable to provide sufficient damping to maintain 

the system stability. As discussed in [23], the reduced PLL gains extend the sys-

tem operation range approach to the theoretical limitation with the ac system 

SCR as low as 1.3. 

 45



Chapter II: HVdc Transmission Fundamentals

2.3 Summary and Conclusion 

This chapter provides a basic review of two types HVdc schemes by briefly de-

scribing their configurations, operational characteristics and control strategies. 

A comparison based on their operational characteristics is summarized in Table 

2-1 [39]. A basic overview of PLL is also provided in this chapter. Fundamentals 

of Trans-vector PLL and its major weakness, and the application of Trans-vec-

tor PLL in different HVdc technologies are discussed. 

Table 2-1 A comparison of LCC-HVdc and VSC-HVdc 

LCC-HVdc VSC-HVdc

Power reversal is achieved by 
changing the voltage polarity

Power reversal is achieved by 
changing the current direction

Require large reactive power 
compensation

Require less or no reactive power 
compensation

High power capability Low power capability

Good overload capability Weak overload capability

Require stronger ac systems
Could operate with weak ac 
grids

No black start capability Black start capability

Large ac/dc harmonic filters 
required and large site area 

No harmonic filters required 
and compact site area

Coarser reactive power control Finer reactive power control

Risk of commutation failure No risk of commutation failure

Lower cost construction Higher cost construction
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Chapter III Design and Analysis of IC-PLL 

Design and Analysis of IC-PLL 

A PLL in HVdc system should possess the following desirable properties: rapid 

response, accurate tracking and robustness in terms of unaffected responses un-

der input voltage distortion [20]. As mentioned in Chapter II, the conventional 

Trans-vector PLL has some deficiencies. For example the accuracy of Trans-vec-

tor PLL is affected by input signal and fast tracking is not always guaranteed 

[20]. The performance of Trans-vector PLL can be improved by introducing an 

impedance voltage drop estimation based term, this added term synchronizes 

the input voltage to a virtual stiff ac grid which is essentially a “pure” sinu-

soidal signal [24], [25]. The tracking performance of the Trans-vector PLL is 

therefore enhanced since it is less impacted by the input dynamics. In this the-

sis, this new topology of the PLL is referred to as the IC-PLL (Impedance-com-

pensated PLL).  

 Until present, most of the research reported in existing literature of the IC-

PLL in HVdc systems focuses on the extension the power transfer capability 

[24], [25]. Relatively less work has been done to investigate its effect on the sys-
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tem’s dynamic performance. Therefore, starting from this chapter, the opera-

tional characteristic of IC-PLL, as well as its impact on system dynamic per-

formance, will be investigated. Specifically, the studies described in this chapter 

focus on the architecture of the IC-PLL and its operational performance with 

regard to the accuracy and robustness, and the impact on the dynamic perfor-

mance of the LCC-HVdc and VSC-HVdc system will be discussed in Chapter IV 

and V respectively. 

3.1 IC-PLL Basics 

The ac system representation under steady state is illustrated in Figure 3.1, in 

which the ac grid is represented by Thévenin ac source eabc in series with the 

Thévenin equivalent impedance Zs = Rs + jwLs. The voltage at point of common 

coupling (PCC) is denoted as uabc and the current is iabc. The voltage, current 

and impedance are at the fundamental frequency under steady state. 

  
Figure 3.1 Representation of ac system under steady state 

 Equation 3.1 can be obtained according to Kirchhoff's voltage law (KVL): 

(3.1)      
eabc = uabc +Rsiabc + Ls

diabc
dt
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 It should be mentioned that the pure derivative function is seldom adapted in 

the control system, since the output could be accompanied with amplified noise 

particularly with large derivative time constant and small calculation time step. 

To avoid this problem, the derivative function is commonly implemented in the 

approximate form: 

 This approximation removes noise by adding a pole filter before differentia-

tion, and tuning the filter is accomplished by changing the time constant T, 

which is the reciprocal of the cut-off frequency wc. The smaller the value of T, 

the better the approximation to a pure derivative, the larger the value of T, the 

better the noise filtering. 

  
Figure 3.2 Representation of ac system with harmonics 

 The ac system impedance in Figure 3.1 is the fundamental frequency equiva-

lent impedance. With the presence of harmonics, both uabc and iabc contain com-

ponents of different frequencies, and the actual ac system representation would 

be as shown in Figure 3.2, where Z(w) could have a response at other frequency 

(3.2)H(s) =
Gs

1 + Ts
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different from that of a single Rs, Ls representation as described in Figure 3.1. 

Therefore, to accurately estimate the source voltage eabc, fundamental frequency 

components of uabc and iabc should be precisely extracted. 

 The extraction of the fundamental frequency components is in dq frame, 

therefore Equation 3.1 can be expressed as: 

 The dq transformation of a perfectly balanced three phase sinusoidal signal 

has pure dc component (i.e., constant component). However, if the signal is 

harmonic distorted, the output is a constant signal corresponding to the bal-

anced fundamental frequency component with ripple. This ripple can be re-

moved by passing the dq signals through a filter. For simplicity, we use a 1st 

order filter with cut-off frequency wc in form of: 

 The IC-PLL is depicted in Figure 3.3, which comprises two sections: the con-

ventional Trans-vector PLL and the virtual Thévenin voltage estimator. The 

establishment of the voltage estimation is according to Equation 3.3 and 3.4, 

and the output signal e*
d and e*

q are filtered and then sent to the Trans-vector 

PLL after converting to e*
abc. Therefore, by adding the voltage across the esti-

mated virtual impedance to the PCC voltage, the voltage input of Trans-vector 

(3.3) − (3.4)

8
>><

>>:

ed = ud +Rsid + w0Lsiq + Ls
did
dt

eq = uq +Rsiq � w0Lsid + Ls
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PLL is virtually synchronized to the estimated equivalent Thévenin source volt-

age e*
abc. 

  
Figure 3.3 Topology of Impedance-compensated PLL 

3.2 Accuracy and Robustness of IC-PLL 

IC-PLL is virtually phase locked onto an impedance estimation based Thévenin 

equivalent voltage which is potentially less distorted, and therefore an expecta-

tion from this setup is a better tracking performance with appropriate im-

pedance voltage drop estimation. This is because adding the estimated im-

pedance voltage drop to the PCC voltage measurement provides an estimate of 

the voltage at the infinite bus. If this is correctly done, the phase locking of 

PLL is harmonic free. In the following sections, the accuracy and robustness of 

the IC-PLL with the consideration of harmonic interference is examined by 
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comparing its performance with that of the conventional Trans-vector PLL, and 

the impacts of parameters are also evaluated. 

  
Figure 3.4 Test model for IC-PLL accuracy and robustness studies 

 The test model is illustrated in Figure 3.4, the ac grid is represented by a 

voltage source (230kV) in series with R-L impedance and supplies 500MW pow-

er to the 450MW converter and a 50MW constant impedance load respectively. 

No control actions are considered in the analysis. At t = 0.05s, the load is dis-

connected from the system and is reconnected at t = 0.1s. During the period 

between the switching instants, the appearance of transients pollutes the PCC 

voltage and makes the tracking difficult. 

 The system’s voltage, current and frequency responses performance before 

and after the disturbance described previously are shown in Figure 3.5. From 

(a) to (d) it respectively shows the instantaneous phase A PCC voltage ua, the 

instantaneous current in the ac grid ia, the instantaneous phase A source volt-

age ea and its estimation e*
a, and the frequency output of both Trans-vector 

PLL and IC-PLL. 
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 As shown in Figure 3.5 (a), before t=0.05s, the instantaneous phase A PCC 

voltage is sinusoidal and no visual distortion is observed. With the disturbance 

applied at 0.05s, transients are introduced in the system. There is a clear volt-

age magnification in the PCC voltage, and visual distortion is observed at the 

switching instant. The transient and dc offset are observed in phase A current 

waveform in Figure 3.5 (b). 

 The measured Thévenin voltage ea and its estimation e*
a are plotted in Figure 

3.5 (c), the two essentially identical waveforms confirm that the estimation is 

not strongly interfered with by variation of the PCC voltage. 

 The frequency outputs for both PLLs shown in Figure 3.5 (d) follow the 

trends described above. The solid line represents the frequency output of the 

Trans-vector PLL, whereas the dashed line is the tracked frequency output of 

the IC-PLL. Prior to the disturbance, both PLLs operate well with the frequen-

cy output at 60Hz. The Trans-vector PLL sees large transients following the 

switching. During the first switching instant at 0.05s, the output even hits the 

internal maximum limit of the PLL (±1.6Hz). After the second switching in-

stant of the reconnection at t = 0.1s, the oscillation decays gradually, and 

around t = 0.2s gets back to 60Hz. In contrast with the response of the Trans-

vector PLL, the tracking of the IC-PLL is remarkably accurate and is not se-

verely interfered with following the system disturbance. This observation is in 

accordance with the accurate voltage estimation in Figure 3.5 (c). 
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Figure 3.5 System response with ac impedance of R-L representation 
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 In the previous simulation, the SCR was 2.5∠80o at power frequency and 

modeled by a simple R-L equivalent. However, as suggested by Figure 3.2, in 

actual power system operation, the system impedance can be much more com-

plicated, and the resultant impedance characteristic and the system dynamic 

response also could be very different. Therefore, it is unsatisfactory to jump to 

the conclusion that IC-PLL preserves a better tracking performance than the 

Trans-vector PLL based on the assumed R-L structure. Test of IC-PLL with 

different ac system configurations is both necessary and important. 

 Now assume a different structure with the same SCR = 2.5∠80o at power fre-

quency. A parallel resonant circuit is proposed and depicted in Figure 3.6. The 

impedance characteristic is plotted in Figure 3.7. As a comparison, the im-

pedance characteristic for an R-L model used in the previous simulation is also 

plotted in Figure 3.7. 

  
Figure 3.6 Configuration of test model with parallel resonant circuit 
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Figure 3.7 The impedance characteristic of parallel resonant circuit 

 As shown in the impedance characteristic curves in Figure 3.7, the parallel 

resonant frequency is around 100Hz, and the impedance changes from inductive 

to capacitive when the frequency increases beyond the resonance, whereas it is 

always inductive for the R-L impedance. The intersection of the two impedance 

curves is at 60Hz as expected. With the same disturbance applied in the sys-

tem, the system response therefore will in general be different for the two cases. 

 With the proposed parallel resonant circuit implemented in the circuit, sys-

tem responses to the same disturbance applied in previous section are presented 

in Figure 3.8 (a) to (d). A clear transient is observed on the PCC voltage ua in 

Figure 3.8 (a). In the phase A current waveform ia which is shown in Figure 3.8 

(b), as compared to 3.5 (b) in the previous simulation, the current waveform 

jumps to a higher value at the switching instant at t = 0.1s, and it takes a 
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longer time for the current to be back to the steady state value. Based on the 

above observations, the modified ac system impedance creates a more difficult 

environment for tracking inside PLL. The Trans-vector PLL frequency output 

represented by the solid line in Figure 3.8 (d) verifies the observations above, 

transient is longer as compared to the response obtained in previous simulation 

case as shown in Figure 3.5 (d). Particularly when the load is reconnected at 

0.1s, overshoot is more severe by the tracked frequency hitting the PLL internal 

limit and is less damped. 

 On the other hand, as shown in Figure 3.8 (c), the estimated Thévenin volt-

age e*
a utilized by the IC-PLL is free of distortion and looks identical to the 

measured source voltage ea, and therefore tracking in the IC-PLL is less affected 

by the switching with the tracked frequency output still maintains high accura-

cy at 60Hz as presented by the dashed line in Figure 3.8 (d). 
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Figure 3.8 System response with parallel resonant circuit 
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 If the IC-PLL is robust, it should be immune to the possible erroneous esti-

mation of the ac source impedance. To allow for the evaluation of the effect of 

the estimated virtual impedance. Assuming the fundamental frequency im-

pedance between uabc and eabc is evenly distributed, and Equation 3.1 can be 

modified to Equation 3.6, where the coefficient k parameterizes different loca-

tions in between PCC and ac system Thévenin voltage source. For instance, k = 

0 stands for a compensation level corresponding to the PCC voltage uabc, and k 

= 1 meaning the PLL is virtually locked onto the source voltage eabc.  

 The simulations are performed with same disturbance applied in previous 

sections by considering three different compensation levels: 30%, 70% and 100%, 

and ac system impedance is represented by the parallel resonant circuit as used 

in the previous simulation. The frequency out-puts in IC-PLL are plotted in 

Figure 3.9. 

  
Figure 3.9 Frequency output of different compensations (wc = 5 rad/s) 

(3.6)           
eabc = uabc + k

✓
Rsiabc + Ls

diabc
dt

◆
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 As shown in Figure 3.9 that the closer the compensation to 100%, the smaller 

the maximum error and the shorter the time for minimizing the tracking error 

as compared to the responses of Trans-vector PLL shown in Figure 3.8 (d). 

Even 30% compensation is still sufficient to guarantee a good performance (less 

than 1 Hz) with a maximum error less than 0.5Hz. 

 Another influencing factor is the cut-off frequency wc of the low pass filter. In 

the previous simulation wc is set to 5 rad/s. Simulation is conducted by chang-

ing the wc to 10 rad/s and the results are shown in Figure 3.10. As compared to 

the results in Figure 3.9, the waveform of each compensation level is less 

damped but faster settled. In fact, a reduced wc will narrow the bandwidth for 

improving the harmonic rejection, however, it reduces the response speed. 

Therefore, tuning of this low pass filter is always a tradeoff between fast re-

sponse and noise elimination ability. Nevertheless, as compared with the results 

obtained using conventional Trans-vector PLL, the results in Figure 3.10 still 

shows a better response with the maximum error is 0.6 Hz. 

  
Figure 3.10 Frequency output of different compensations (wc = 10 rad/s) 
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3.3 Applications of IC-PLL in HVdc 

As mentioned in Chapter II, traditionally, the Trans-vector PLL in HVdc sys-

tem delivers the frequency and phase information of the PCC voltage to the 

control system. If directly applied in an HVdc system, the IC-PLL will synchro-

nize the control system to a remote point in the system based on the compensa-

tion level, which might lead to the abnormal operation of the entire system as 

discussed below. The implementation of IC-PLL in different HVdc technologies 

based on their operational characteristics will be described in this section.  

3.3.1 IC-PLL in LCC-HVdc 

The switching components in a LCC-HVdc converter are thyristors, whose con-

duction requires two condition to be satisfied: a forward bias applied voltage 

and a firing pulse. In Figure 3.11, to switch on at the right instant the equidis-

tance ramps of PLL should be generated with reference to the commutation 

voltage uabc. With a 100% impedance compensation, the equidistance ramps are 

generated in synchronism with the ac Thévenin voltage eabc. 

  
Figure 3.11 Diagram of a LCC connected to ac system 
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!
Figure 3.12 Generation of firing order in IC-PLL 

 The conduction of the thyristor 1 is shown in Figure 3.12. Assuming that in 

the steady operating state, the phase angle between eabc and uabc is denoted as δ. 

The corresponding firing angle order with phase lock onto commutation voltage 

uabc is α0. To maintain firing pulses applied at the same instant, the resultant 

firing angle order with phase lock onto the ac thévenin voltage eabc should be α1 

= δ + α0. However, this might create some operational difficulties. For instance, 

to ensure the successful conduction of thyristor, a minimum of 5o
 firing angle 

limitation is applied in the control system, and firing angle measured with re-

spect to the Thévenin voltage eabc by the IC-PLL should therefore have a lower 

limit of δ + 5o. Therefore, the corresponding limitation in the control system 

then depends on how δ varies with the system operating condition, this might 

lead to the misoperation under contingencies such as a sudden loss of the sys-

tem load. 

 To avoid this problem, as shown in Figure 3.13, an extra angle correction 

segment is added before the output is sent to the firing pulse generation system. 

The correction angle θdif which is obtained from the instantaneous phase differ-

ence between the estimated voltage e*
abc and filtered PCC voltage usabc is added 
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to the IC-PLL output θpll. It could be easily understood that, with such an 

arrangement, the output angle θ always corresponds to the commutation voltage 

uabc regardless of the compensation level. 

  
Figure 3.13 IC-PLL in LCC-HVdc 

3.3.2 IC-PLL in VSC-HVdc 

Unlike thyristors, the conduction of IGBTs in VSCs are fully controlled by the 

firing pulses, and PLL in VSC-HVdc is utilized for providing the synchronous 

reference frame (SRF) for accomplishing transformation between different do-

mains (abc and dq domain). Based on the compensation level, the estimated 

voltage e*
abc located in between of eabc and vabc, and the resultant instantaneous 

phase angle θpll given by IC-PLL is different. 

  
Figure 3.14 Diagram of a VSC connected to ac system 
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 With locking onto the new reference e*
abc in the IC-PLL, id and iq no longer 

represent the active and reactive currents entering the converter at the PCC. 

For example active power is 1.5(udid + uqiq) and reactive power is 1.5(udiq − 

uqid), where ud and uq are the dq components of the PCC with eabc as the refer-

ence. In the Trans-vector PLL, active power would be represented as 1.5udid and 

reactive power is 1.5udiq (as shown in Equations 2.41 and 2.42). Thus, although 

the inner loop controller is decoupled as described in Section 2.14, i.e., id and iq 

can be independently changed, the active and reactive powers in outer loop con-

troller are no longer decoupled, a changing id or iq would change both P and Q. 

The phasor diagrams of phase locking onto uabc and eabc are shown in Figure 3.15 

(a) and (b). 

  
Figure 3.15 Phasor diagram with phase lock onto different voltages 

 Nevertheless, as shown in later simulations in Chapter V, this lack of decou-

pling does not diminish the transient response, due to the added phase locking 

stability afforded by the proposed method. On the other hand, it has been 

shown that the VSC-HVdc system benefit from the incorporation of IC-PLL by 

the extension of the steady state stability limit [24], [25]. Under fixed reactive 

(a) With reference to uabc (b) With reference to eabc
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current control (iqref = 0), the increased steady state limit is partially attributed 

to the reactive power injection, and the high share of the virtual impedance 

might lead to the overvoltage [24], [25]. It is suggested that to set the virtual 

impedance to the known minimum impedance, for instance the equivalent trans-

former impedance and part of the transmission line [25]. Apart from that, in the 

cases where iqref is generated from outer control loop, a 100% impedance com-

pensation increases the system operating range without imposing any negative 

effects [25], [37]. Therefore, unlike the application in LCC-HVdc, IC-PLL can be 

directly implemented in VSC-HVdc system with no angle correction. 

3.4 Summary and Conclusion 

An overview of the configurations and operational characteristics of IC-PLL is 

presented in this chapter. It has been shown that the IC-PLL is able to lock 

onto a more solid three phase voltage, and thus it demonstrates robustness to 

the transients. Even if there is erroneous impedance estimation, an improved 

tracking is still performed as compared to that of the Trans-vector PLL. The 

effect of cut-off frequency wc in IC-PLL is investigated and its selection princi-

ple is pointed out. Finally, the implementation of IC-PLL in different HVdc sys-

tems are discussed based on their operational characteristics. 

 Therefore, with the IC-PLL incorporated in HVdc system, some of the de-

fects in HVdc system containing Trans-vector PLL are expected to be mitigat-

ed, such as the sensitivity to input signal harmonic distortion and the PLL 

gains. Further studies on the effectiveness of IC-PLL in different HVdc systems 

in regards to above aspects will be described in the following chapters.  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Chapter IV IC-PLL in LCC-HVdc 

IC-PLL in LCC-HVdc 

In LCC-HVdc system, one of the operational difficulties is the low frequency 

harmonic instability. This is a nonlinear phenomena, where the combined net-

work and converter impedance at a certain frequency transits into the positive 

complex plane under certain abnormal operation conditions. This leads to an 

unacceptably high harmonic distortion in the ac system. Mitigation measures 

required for issuing firing pulses requires an accurate PLL. However, with large 

harmonic disturbance, phase locking becomes a challenge. 

 Studies have found the presence of 2nd harmonic instability, which is also re-

ferred to as core saturation instability, in a modified CIGRÉ Benchmark model 

[9], [14]. As shown in the previous chapter, IC-PLL presents robust tracking 

performance to the system disturbances. Therefore, this chapter is devoted to 

the harmonic rejection characteristic of the IC-PLL in the LCC-HVdc system, 

and particularly to analyze suppression of the 2nd harmonic instability with the 

utilization of IC-PLL. All the simulations in this chapter is conducted on 

PSCAD/EMTDC platform. 
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4.1 Test model: Modified CIGRÉ Benchmark Model 

The CIGRÉ HVdc benchmark system has been widely accepted as common ref-

erence in HVdc studies. As shown in Figure 4.1 [40], two weak ac grids 

(SCR=2.5 @ 50Hz) are connected to a 1000MW, 500kV monopole dc link 

through 12-pulse converters on both rectifier and inverter side, ac filters and 

fixed reactive power compensation are supplied on ac busbars on both sides. 

The dc link is represented by T-model with typical parameters stand for high 

voltage cable of 100km. During the normal operation, rectifier side is operated 

with current control (CC), while the inverter side is controlled with constant 

extinction angle γ (CEA). The system data are listed in Table 4-1. 

Table 4-1 CIGRÉ HVdc benchmark system data 

Parameter Rectifier Inverter

ac voltage base value 345kV 230kV

Base MVA 1000MVA 1000MVA

Nominal dc voltage 500kV 500kV

Transformers leakage 0.18p.u. 0.18p.u.

Filter VAR supply 625MVAR 625MVAR

Nominal firing angle α = 20o γ = 15o
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 Figure.4.1 CIGRÉ HVdc benchmark system circuit diagram (50Hz)  
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 According to the introduction of the first CIGRÉ HVdc Benchmark System 

in [41], the parameters in this model are deliberately selected to make the sys-

tem close to harmonic instability. The ac system strength is selected as SCR = 

2.5 (ESCR = 1.9) on both sides, which provides challenges for the stable opera-

tion of the system. 

 Another operational difficulty is the aggravation of harmonic instability with 

the impedance of ac and dc sides tuned to complementary frequencies [41]. The 

converter transforms the frequency fac on ac side to dc side according to fdc = fac 

± f0, where f0 is the fundamental operation frequency (50Hz) [9]. If the imped-

ances on ac and dc side resonate at f1 and f2 respectively and satisfy f1 – f2 = f0, 

the converter’s action might couple them together and lead to harmonic insta-

bility [9]. For example, a typical phenomenon of this is the core saturation in-

stability, which arises by the amplification of 2nd harmonic current on ac side 

due to the transformer saturation. The appearance of unfavorable 2nd non-char-

acteristic current originating from the saturated transformer would consequently 

induce the 1st and 3rd order components on dc side, with the system imped-

ances resonating at same frequencies, it creates a severe condition for the sys-

tem’s operation [9], [14]. 

 With the ac filters and reactive compensators included, the impedance versus 

frequency on ac and dc side of the Benchmark model are plotted in Figure 4.2 

(a) and (b) respectively, in which the impedance resonates at 100Hz on ac side 

and resonates around 50Hz on dc side. 
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Figure 4.2 Impedance characteristic of CIGRÉ benchmark model (50Hz) 

 The Benchmark Model is designed to link two ac grids operating at 50Hz. In 

order to keep consistency within this thesis, the model is modified to operating 

at 60Hz, which is the standard frequency in North America. The modified 

equivalent has be validated that has the similar performance under both steady 

state and fault conditions [42]. As suggested in [4], the extinction angle refer-

ence γ* is increased from 15o to 18o. Apart from that, the rest modifications are 

mainly categorized as two parts. The first part is to change the parameters on 

following components from 50Hz to 60Hz [42]: 

• Three-phase voltage source models (2) 

• Three-phase, two winding transformers (2) 

• 12-pulse converter models (2) 

• Inverter minimum γ per cycle (1) 

Rectifier side
Inverter side

dc side
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 The second part is to shift the resonant frequency. Inductors and capacitors 

are divided by a constant k = 1.2 (60Hz/50Hz) and the resistors are kept un-

changed. These impedances are ac systems, dc link, ac filters and shunt capaci-

tor impedances [42]. 

  
Figure 4.3 Impedance characteristic of modified benchmark model (60Hz) 

 Figure 4.3 shows the ac and dc impedance characteristics of the modified 60 

Hz model. As a comparison, the impedance characteristic of 50Hz model is also 

plotted in the same figures. It clearly shows that the resonant frequencies have 

shifted to 120Hz/60Hz. 

 As a consequence of the above reasons, there appears to be a possibility of 

harmonic instability in the system with the large signal disturbance. However, 

the simulation results show that the system is remarkably stable, and with the 

given control parameters the harmonic instability is hardly observed. 

50Hz
60Hz

50Hz
60Hz
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 On the other hand, it is not always correct to treat the ac and dc isolated in 

terms of the system’s resonant impedance. E.g., Jiang and Gole [9] showed that 

the converter operation puts the ac network impedance and reflected dc net-

work impedance in parallel through the LCC. Therefore, simply have the f ± f0 

relation between ac and dc impedance is not a good indicator of the susceptibil-

ity of 2nd harmonic instability.  

 To excite the core saturation harmonic instability, the system impedances are 

modified based on the frequency scanning results to have an ac side resonance 

at 2nd harmonic, and also to maximize the impedance at this frequency. The 

modified 60Hz system configuration is shown in Figure 4.4 and the principle of 

frequency scanning method will be introduced in Section 4.2. 

Table 4-2 ac system information of the modified benchmark model 

Parameter Rectifier Inverter

SCR 1.80∠87o 1.81∠75o

ESCR 1.05∠85o 1.11∠64o
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 Figure 4.4 System configuration of modified benchmark model 

Figure 4.4 System
 configuration of m

odified benchm
ark m

odel
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4.2 Frequency Scanning Method 

An important consideration behind the finalization of the study model in Figure 

4.4 is to excite the 2nd harmonic instability. As explained in the previous para-

graphs, the system effective resonant frequency is not at 120Hz considering the 

simplistic treatment in Section 4.1. This is because ac and dc network are in-

herently coupled through the LCC. Therefore the ac and dc systems must be 

treated as a whole and not as two separated resonant systems. For example, ref-

erence [9] shows that instead of resonating at 120Hz, the 60Hz Benchmark 

model actually resonates at 140Hz/80Hz even though the resonant impedance of 

the system is 120Hz/60Hz on ac/dc side. 

  
Figure 4.5 Frequency scanning method for system impedance 

 An effective method for the identification of the real effective resonant fre-

quency is frequency scanning method. The basic principle of the frequency 

scanning method is shown in Figure 4.5. With the system operating under 

steady state, the controlled current source injects harmonic current Ih(n) (integer 

n is the frequency order) at the rectifier side ac busbar. This mimics the situa-

tion that the saturated transformer injects the harmonics into the system. As 
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shown in the Figure 4.5, with such arrangement, the equivalent impedance Zef is 

the parallel connection of three parts: 1) rectifier side ac system, 2) ac filters 

and compensation, 3) the rectifier side transformer, converter, dc link and the 

whole inverter side. The corresponding system effective impedance at frequency 

n Zef
(n) can be calculated as the ratio of measured rectifier ac busbar voltage 

Vh
(n) and injected harmonic current Ih(n). 

 The frequency scanning of the system is conducted with harmonic currents 

ranging from 80Hz to 200Hz (increased by 1Hz) injected individually to the sys-

tem. The magnitude of the injected harmonic current should be limited due to 

the nonlinearity of dc system. It should be small enough so that the dc side be-

havior can be considered as linear around the operating point. On the other 

hand, the magnitude should also be large enough to prevent the interference of 

background noise. In this case 0.2% (4A) of the fundamental ac current is se-

lected as a suitable value. A good test on that is to repeat the scanning with 

half the magnitude and check whether the result is significantly changed. The 

frequency scanning results of the modified Benchmark model contains Trans-

vector PLL and IC-PLL are shown in Figure 4.6 and 4.7 respectively. 

 It is evident that in both Figures 4.6 and 4.7, the system resonant frequency 

is at 120Hz. With the frequency increasing beyond 120Hz, the impedance mag-

nitude drops from the peak value and the phase angle changes from inductive 

and capacitive. On the other hand, scanning results of the reduced harmonic 

current (2A) presenting essentially identical waveforms in both cases, which 

confirms that the 4A harmonic current is an appropriate value and the frequen-

cy scanning results are reliable. 
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Figure 4.6 Frequency scan of system with Trans-vector PLL 

  
Figure 4.7 Frequency scan of system with IC-PLL 

average peak value: 1882Ω

average peak value: 345Ω
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 An important observation from the scanning results of the two cases is that, 

the use of IC-PLL reduces effective resonant impedance in the paralleled ac 

network and LCC-HVdc system. Note that the scales in Figure 4.6 a) and 4.7 a) 

are different. Comparing the average value of the resonant impedances in Figure 

4.6 a) and 4.7 a), the effective resonant impedance is significantly reduced with 

the inclusion of IC-PLL, and this would suppress the 2nd harmonic component 

in the system. Hence it is reasonable to envisage the reduction of the system’s 

tendency toward 2nd harmonic instability. 

4.3 Results and Analysis 

To create an environment that 2nd harmonic instability is excited, sufficiently 

large and long interference should be applied in the system. On the other hand, 

to present the system dynamic behaviors under both balanced and unbalanced 

operating conditions, response of both unsymmetrical and symmetrical distur-

bances are simulated: 

4.3.1 Unsymmetrical Fault 

From the steady stage, a 0.1s single line to ground fault is applied at the rectifi-

er ac busbar at t = 0.2s. Figures 4.8 (a) and (b) present the waveforms of recti-

fier side dc current with system employing the Trans-vector PLL and IC-PLL.  

 As shown in Figure 4.8 (a), during the post-fault timeframe, harmonic inside 

the system with Trans-vector PLL is sustained, whereas in Figure 4.7 (b) with 

the IC-PLL, the harmonic components decay quickly and the system recovers to 

the steady state. The Fourier analysis of the dc current waveform in Figure 4.8 
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(a) at t = 2s is plotted in Figure 4.9. As mentioned previously, the ac network 

injects 2nd harmonics into system during fault, and it is modulated and trans-

ferred to dc side as the 1st and 3rd harmonics [9]. As shown in Figure 4.9, these 

components are clearly evidenced with the largest amount of 60Hz component 

in the harmonic frequency spectrum. These observations are also in accordance 

with the frequency scanning result shown in Figure 4.7. 

  
Figure 4.8 dc current during recovery of single line to ground fault 

  
Figure 4.9 Fourier analysis of dc current in Figure 4.8 (a) at t = 2s 
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 An interesting observation in Figure 4.9 is the presence of the 2nd harmonic in 

the dc current, Fourier analysis of the negative sequence of the rectifier side ac 

busbar voltage v-
abcr is presented in Figure 4.10, it is shown that due to small 

amount of negative sequence fundamental frequency in ac side, 2nd harmonic is 

introduced in the dc side, since the negative sequence component on ac side is 

transferred to dc side in the form of f + f0 (positive sequence is transferred in 

the form of f − f0). 

  
Figure 4.10 Fourier analysis of negative sequence of rectifier ac voltage 

4.3.2 Symmetrical Fault 

A similar result is also observed for a symmetrical fault in the system. At t = 

0.2s, a 0.1s three phase to ground fault is applied on the rectifier side ac busbar. 

The dc currents on rectifier side are plotted in Figure 4.11 (a) and (b) respec-

tively. It is shown that the harmonic instability occurs during post-fault time-

frame in the system with Trans-vector PLL, while the system containing IC-

PLL recovers to the steady state quickly. 

 The Fourier analysis of the dc current in Figure 4.11 (a) at 2s is presented in 

Figure 4.12. The frequency spectrum confirms that the harmonic instability is 
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induced from the 2nd harmonic on the ac system, which is also in accordance 

with the frequency scanning results as shown previously. The Fourier analysis of 

the negative sequence voltage v-
abcr in Figure 4.13 also explains the appearance 

of the 2nd harmonic in Figure 4.12. 

!
Figure 4.11 dc current during recovery of three phase to ground fault 

  
Figure 4.12 Fourier analysis of dc current in Figure 4.11 (a) at t = 2s 
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Figure 4.13 Fourier analysis of negative sequence of rectifier ac voltage 

4.4 Summary and Conclusion 

A modified 60Hz CIGRÉ Benchmark model based on frequency scanning 

method is utilized to enable the excitation of the 2nd harmonic instability. It is 

found that the inclusion of the IC-PLL significantly reduces the effective reso-

nant impedance of the system, and therefore improves the LCC-HVdc system’s 

immunity to the 2nd harmonic instability. The suppression of the 2nd harmonic 

instability is demonstrated by the system response of different large signal dis-

turbances, and it is shown that the induced 2nd component destabilizes the sys-

tem which is phase locked by the Trans-vector PLL, while stability is preserved 

in the system tracked by IC-PLL. At this same time, the Fourier analysis from 

the simulation results confirm the previous frequency scanning results. 

 As presented in Chapter III, the performance of the IC-PLL is affected by 

three influencing factors, which are the PLL gains, cut-off frequency wc and 

compensation level. With a 100% compensation, the PLL gains and cut-off fre-

quency wc are selected by trial and error. Therefore, a recommendation for fur-

ther research is to use small signal analysis to analytically determine the rela-

tionship between 2nd harmonic instability and the parameters.  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Chapter V IC-PLL in VSC-HVdc 

IC-PLL in VSC-HVdc 

It is well known that the VSC-HVdc system has operational difficulties with a 

weak ac grid, because of the susceptibility to voltage distortion and poor regula-

tion following large signal disturbances. This makes it difficult for the PLL to 

track the voltage phase and frequency information and interfere the operation of 

entire system. By virtually phase locking onto a stronger voltage, the dynamic 

behavior of the system is expected to be less affected by an IC-PLL. On the 

other hand, high PLL gains, particularly at low SCRs, has a large negative im-

pact on the dynamic behavior of a VSC based system [23], [43]. In the IC-PLL, 

by introducing the virtual impedance compensation term, the effects of IC-PLL 

gains as well as other influencing factors need to be re-evaluated. Therefore, the 

main objective of the studies described in this chapter is to investigate the ef-

fects of the IC-PLL in VSC-HVdc system with the consideration from above 

two aspects. 
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5.1 Large Signal Stability Analysis 

This section starts with a brief introduction of a back to back VSC-HVdc sys-

tem, a system utilized for investigating the stability enhancement of IC-PLL in 

VSC-HVdc system in consideration of large signal disturbances. The effective-

ness of IC-PLL is examined by comparing system responses with that of system 

containing Trans-vector PLL, and different sets of PLL gains are selected in 

simulations for analyzing the system’s dynamic performance sensitivity. 

5.1.1 Test Model: VSC Based Back to Back System 

A diagram of a back to back VSC-HVdc is shown in Figure 5.1. The system is 

considered as the “back to back” type because the electric distance between two 

converters is zero. A typical application of such scheme is the interconnection of 

two asynchronous networks. As shown in Figure 5.1, two ac grids are connected 

to the 200MW, ±25kV dc Link through VSC converters. High pass ac filters are 

supplied on ac busbars on both rectifier and inverter sides to absorb switching 

frequency harmonics. A constant impedance load is applied on the inverter side. 

Under steady state, 150MW of active power was sent to the load. The system 

operates with the rectifier regulating dc voltage and ac busbar voltage, and the 

inverter controlling transferred power and ac voltage are under control. System 

Parameters are shown in Table 5-1. 
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 Figure.5.1 VSC based back to back HVdc system 

Figure.5.1 V
SC

 based back to back H
V
dc system
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Table 5-1 System information of the back to back VSC-HVdc model 

 As shown in Figure 5.1, in contrast with the rectifier side which is connected 

to strong ac grid with SCR = 6.9, the inverter side connects to a weak ac grid 

with SCR = 1.0. Therefore, the inverter side ac busbar voltage uabci is highly 

sensitive to the system disturbances. To investigate the system dynamic behav-

ior of virtually phase locking onto a stronger Thévenin voltage. In the following 

simulations, the phase locking of the inverter is realized by the Trans-vector 

PLL and IC-PLL respectively. The phase tracking of the rectifier is via the tra-

ditional Trans-vector PLL, as the connected ac system is strong. 

5.1.2 Simulation Results and Analysis 

From the steady state, the inverter ac voltage reference is changed from 1.0 p.u. 

to 0.9 p.u. at t = 0.1s and back to 1.0 p.u. at t = 0.2s. The responses of instan-

taneous phase A voltage at PCC with different PLLs are plotted in Figure 5.2 

Parameter Rectifier Inverter

ac voltage base values 230kV 230kV

Base MVA 250MVA 250MVA

Frequency 60Hz 60Hz

SCR 6.9∠81o 1.0∠78o

Nominal dc voltage ±25kV ±25kV

Transformers leakage impedance 0.1p.u. 0.1p.u.

ac filter cut-off frequency 225Hz 318Hz

2-level switching frequency 1980Hz 1980Hz
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(a) and (b). As a reference value, the dashed line in both figures gives the peak 

value of the single phase line to ground voltage corresponding to 1p.u. 

(187.77kV). With the Trans-vector PLL, there is a significant oscillation of the 

ac voltage magnitude on recovery as can be seen from Figure 5.2 (a). With the 

IC-PLL, as shown in Figure 5.2 (b), the voltage recovers to its steady state 

magnitude quickly with minimal overshoot and oscillation. 

  
Figure.5.2 PCC phase A voltage 

 The simulation results of the tracking of the two PLLs are shown in Figures 

5.3 (a) and (b). With the Trans-vector PLL in the system, as shown in Figure 

5.3 (a), the tracking performance is poor and oscillatory. With the IC-PLL, as 

shown in Figure 5.3 (b), due to phase locking onto a strong voltage in the sys-
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tem, the IC-PLL is remarkably stable in tracking, and the impact from the sys-

tem disturbance is negligible. 

  
Figure.5.3 PLLs’ tracking frequency 

 The inverter side PLL gains for both cases in the previous simulations are 

tuned to kppll =40 and kipll = 5kppll. In the following section, the simulations are 

performed with the same disturbance applied as in the previous cases, but the 

gains are increased to kppll = 50 and kipll = 5kppll, and the simulation results of 

the PCC voltage are shown in Figure 5.4 (a) and (b). The two PLLs’ tracking 

performance are shown in Figure 5.5 (a) and (b). 
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Figure.5.4 PCC phase A voltage with increased PLL gains 

  
Figure.5.5 PLL tracking frequency with increased PLL gains 
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 Note that the scales of Figure 5.4 (a) and (b) are different. As shown in the 

Figure 5.4 (a) and (b), system with the IC-PLL performs much better voltage 

regulation. It can be seen from Figure 5.5 (a) that the Trans-vector PLL gradu-

ally loses tracking and delivers incorrect angle signal, which is the upper limit in 

the Trans-vector PLL, to the control system. This leads to a permanent limit 

cycle as can be seen from in Figure 5.4 (a). As for the IC-PLL, IC-PLL remains 

tremendously stable in its tracking performance as shown in Figure 5.5 (b). 

 The waveforms in Figures 5.2 (b) and 5.4 (b) look similar, hence the in-

creased PLL gains do not significantly impact the system with IC-PLL. On the 

other hand, a comparison of PCC voltage responses in Figure 5.2 and 5.4 

demonstrates that the dynamic behavior of system with Trans-vector PLL is 

much more sensitive to the PLL gains. 

5.2 Small Signal Stability Analysis 

As noted in Chapter I, if the perturbation in the system is sufficiently small, 

the dynamic behavior of the system can be considered as linear around the op-

erating point for the purpose of analysis. Small signal stability analysis provides 

an effective tool for identifying the influence of system’s specific parameters on 

system dynamic behavior. It is presented in Chapter III that the PLL gains, 

cut-off frequency wc and impedance compensation level are three influencing fac-

tors affecting the dynamic performance of the IC-PLL. In the following section, 

studies are conducted to examine the impacts of these factors individually on 

the VSC-HVdc system dynamic behavior. A single terminal VSC model is used 

for the purpose of simulations in small signal stability analysis. The establish-
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ment, linearization and validation of the corresponded state space model are 

also covered in the following sections. 

5.2.1 Introduction of Fundamental Concepts 

The behavior of a dynamic power system is commonly described in the form of: 

 Equations 5.1-5.2 are the state space equations representing system, in which 

x is a column vector whose elements are referred to the state variables. The de-

rivative of state variable x denoted by  , and column vector u gives the inputs 

to the system [4]. 

 Equation 5.1 presents the system output column vector y expressed by the 

state variables and input signals. Under steady state, the derivatives of all the 

state variables are zero, and the solution is described as one operating point:  

 Assume x, y, u are column vectors of dimension n, m and r respectively. With 

a small deviation applied upon the operating point, a new equilibrium will be 

established, and after Taylor’s series expansion and remains only first order 

component, we have: 

(5.1) − (5.2)

8
<

:

ẋ = f(x, u)

y = g(x, u)

ẋ

(5.3)ẋ = f(x0, u0) = 0
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 Substitution with Equation 5.3, we have: 

 where i = 1,2,…,n. The output vector can be derived in the similar manner in 

the form of: 

 where j = 1, 2, …, m. linearization of Equations 5.5 and 5.6 can be general-

ized in the form of: 

 Equations 5.7 and 5.8 mathematically describe the system’s deviation around 

the original operating point, in which A,B,C,D are four constant matrices con-

taining all those partial derivatives and their dimension is in accordance with 

their multipliers [4]. The state matrix A determines system dynamic character-

istics. The stability information of the entire system is determined by the ei-

(5.4)

ẋi = ẋi0 +�ẋi = fi[(x0 +�x), (u0 +�u)]

= fi(x0, u0) +
@fi

@x1
�x1 + · · ·+ @fi

@xn
�xn

+
@fi

@u1
�u1 + · · ·+ @fi

@ur
�ur

(5.5)�ẋi =
@fi

@x1
�x1 + · · ·+ @fi

@xn
�xn +

@fi

@u1
�u1 + · · ·+ @fi

@ur
�ur

(5.6)�ẏj =
@gj

@x1
�x1 + · · ·+ @gj

@xn
�xn +

@gj

@u1
�u1 + · · ·+ @gj

@ur
�ur

(5.7) − (5.8)

8
<

:

�ẋ = A�x+B�u

�y = C�x+D�u
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genvalues of matrix A. For stability, the real part of each eigenvalue must be in 

LHP (left hand plane). and the relationship between the eigenvalue and the 

mode is generalized as [4]: 

• “A real eigenvalue corresponds to a non-oscillatory (aperiodic) mode. A 

negative real eigenvalue represents an aperiodic stable mode. The larger its 

magnitude, the faster the decay. A positive real eigenvalue represents ape-

riodic instability.” 

•“Complex eigenvalues occur in conjugate pairs and each pair corresponds 

to an oscillatory mode. The real component of the eigenvalues gives the 

damping, and the imaginary component gives the frequency of oscillation. 

A negative real part represents a damped oscillation whereas a positive 

real part represents oscillation of increasing amplitude.” 

5.2.2 State Space Modeling of VSC-HVdc System 

The test model for the purpose of small signal analysis is shown in Figure 5.6, 

which is the same model used in [23]. The ac system is modeled as a voltage 

source Vs in series with Thévenin impedance Zs = Rs + jwLs, the SCR can be 

changed by changing Rs, Ls. The shunt filter is represented as Cf and the phase 

reactor is denoted as Lc. Converter internal voltage is represented by a con-

trolled voltage Vc, and its input voltage vabc is generated from a decoupled con-

trol system which is used to regulate the active power P and ac voltage Vt. 
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Figure.5.6 Test model of small signal analysis 

  The state-space representation of the system is presented in Appendix A, 

Section A1 to A4. Based on the equations in Appendix A, the A and B matrix 

of the linearized state space equations are shown in Appendix B. For the VSC 

system with Trans-vector PLL, the state variables and input column vectors are 

shown in Equations 5.9 and 5.10. (Also see figures and equations in Appendix A 

for the definition of state variables) 

 With IC-PLL introduced into the system, as shown in Figure A4, additional 

state variables evq and eq
* in IC-PLL are introduced, the state variables and in-

put column vectors are: 

       (5.9)  
      − 

(5.10)�

x = [i1d, i1q, i2d, i2q, vtd, vtq, vtq, id, iq, ud, uq,↵,�,�d,�q, ", ✓pll]
T

y = [Pref , Uref ]
T
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 The fidelity test of the small signal model is conducted by comparing the 

time domain response of the proposed small signal model calculated in MAT-

LAB and the nonlinear model simulated in the electromagnetic transient simu-

lation program PSCAD/EMTDC. The system parameters are given in Ap-

pendix C. 

 Starting from the rated operating point (Pref = Uref = 1), a 5% step change is 

applied on the power and voltage reference respectively, and the simulation re-

sults are shown in Appendix D, Section D1 to D4. By comparing simulation 

waveforms for the small signals ΔP, ΔU, Δud, Δuq, Δid, Δiq for the detained 

simulation and small signal model, it shows excellent agreement. This proves 

that the derived small signal model is accurate. 

5.2.3 Results and Analysis 

To evaluate the impact of PLL gains of both Trans-vector PLL and IC-PLL on 

system dynamic behavior, the critical eigenvalue trajectories with PLL gains 

varying from low to high values (kppll = 1 − 200, kipll = 5kppll) are plotted in Fig-

ure 5.7. The eigenvalue loci are drawn for the system rated operating point (Pref 

= Uref = 1) and controller gains for remainder of the control system are provid-

ed in Table C2. 

 As shown in Figure 5.7, the first column shows critical eigenvalue locus of the 

system containing Trans-vector PLL with different ac system strength of SCR 

(5.11)  
     − 
 (5.12)

x = [i1d, i1q, i2d, i2q, vtd, vtq, vtq, id, iq, ud, uq,↵,�,�d,�q, evq, e
⇤
q , ", ✓pll]

T

y = [Pref , Uref ]
T
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=1.3, 1.6 and 4.0, and system impedance angle remains as 80o. The second col-

umn corresponds to system with the IC-PLL. The arrows point in the direction 

of the oscillatory modes’ movement as the PLL gains are increased. 

 For system with the Trans-vector PLL, for SCRs of 4.0 and 1.6, the system is 

stable for all gain values, and the critical oscillation mode moves away from the 

imaginary axis as the increase of PLL gains, and system benefits from that 

since the damping is increased. However, as the SCR reduces to 1.3, for high 

PLL gains (kppll > 60), oscillation mode moves into RHP (Right Hand Plane) 

where system presents instability. Same observations have also been reported in 

[23]. 

 As for the IC-PLL, an obvious difference from the observation described 

above is at SCR = 1.3, the critical eigenvalues always stay on the LHP (Left 

Hand Plane) regardless of the variation of PLL gains. From a comparison of ei-

genvalue loci of different SCRs, the movement of eigenvalues presents similar 

looking trajectory with the increase in PLL gains. The interpretation of this 

phenomenon is, with the implementation of IC-PLL, the ac system strength no 

longer greatly impacts the system dynamic behavior. Moreover, as PLL gain kppll 

increases beyond 20, the oscillatory modes of system with the IC-PLL have 

larger negative real parts than that of the Trans-vector PLL. Therefore, with 

the given parameters, IC-PLL increases the small signal stability of the system. 
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Figure 5.7 Critical eigenvalue trajectories with different PLLs 

kppll = 60

kppll = 60 kppll = 20

kppll = 20

kppll = 20

kppll = 20

kppll = 20

kppll = 20

SCR = 1.3

SCR = 1.6

SCR = 4.0

(a) Trans-vector PLL (b) IC-PLL
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Figure 5.8 Critical eigenvalue trajectories with different cut-off frequencies 

 Further studies are conducted to examine the sensitivity of system dynamic 

behavior to the cut-off frequency wc and compensation level in the IC-PLL. At 

SCR = 1.3 under rated operating point, the critical eigenvalue trajectories for 

four different compensation levels (0%, 30%, 70%, 100%) with cut-off frequency 

sweeping from low to high values (wc = 1 − 200 rad/s) are plotted respectively 

in Figure 5.8 (a) to (d). The solid arrow lines indicate the direction of ei-

genvalues’ movement with the increase of wc. 

wc = 11 rad/s

wc = 11 rad/s

wc = 6 rad/s

wc = 6 rad/s wc = 5 rad/s

wc = 5 rad/s

wc = 30 rad/s

wc = 30 rad/s
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 A comparison of Figures 5.6 (a) through (d) shows that the closer the com-

pensation to 100%, the smaller the restriction on wc. For example with 100% 

compensation, any wc > 5 rad/s results in stable operation, while for 0% com-

pensation wc has to be greater than 30 rad/s to preserve stability. As shown in 

the (a) to (d), both oscillatory and non-oscillatory modes move toward LHP 

with the increase of cut-off frequency wc. However, this does not imply that a 

very large value of wc is always suitable for the system, since it may deteriorate 

the IC-PLL response with a large signal disturbance. 

5.3 Summary and Conclusion 

The enhancement of dynamic behavior and the reduction of the effect of PLL 

gains for large signal disturbance with the inclusion of IC-PLL in VSC-HVdc is 

demonstrated, and the improved performance with the IC-PLL is demonstrated 

by comparing with the response in system with the Trans-vector PLL.  

 The impacts of influencing factors on IC-PLL, i.e., PLL gains, cut-off fre-

quency and compensation level on small signal stability are also evaluated using 

a validated small signal model of the VSC-HVdc system. From the small signal 

stability point of view, it shows that the effect of high ac system impedance is 

minimized with the incorporation of IC-PLL, and shows that the system operat-

ing at low SCR with high PLL gains is feasible. On the other hand, increase in 

PLL gains and compensation toward 100% are helpful in increasing damping in 

the system. 
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Chapter VI Conclusions and Future Work 

Conclusions and Future Work 

Through the accumulated experience on the HVdc system operation, one pro-

nounced issue associated with the HVdc dynamic stability is the impact of 

phase-locked loop. In the HVdc system, the PLL is used to generate a reference 

waveform in phase with the positive sequence of the fundamental voltage, from 

which the firing pulses can accurately be issued at the appropriate times. It is 

found that maintaining a good tracking performance of the PLL in the HVdc 

system is challenging, since its input PCC voltage signal is very susceptible to 

distortion. 

 Recently published research [24], [25] offered a simple but effective solution to 

enlarge the stability range of the VSC-HVdc system. It is achieved by introduc-

ing a virtual Thévenin voltage compensation term in the conventional Trans-

vector PLL that makes the PLL synchronize to a stronger voltage in the sys-

tem. However, the effect of this method on system dynamic performance is not 

fully investigated in existing literature. Therefore, this thesis investigated the 

benefits of this type of PLL (It is referred to as the IC-PLL in this thesis), 

which appears to be more immune to system distortions and transients. 
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6.1 General Conclusions and Scientific Contributions 

Based on the simulation results obtained from the research described in this 

thesis, the major contributions and general conclusions are summarized below: 

1) The thesis demonstrated the feasibility of improvement on dynam-

ic performance in HVdc system with the IC-PLL: 

 Based on the research presented in [24], [25], the idea of phase locking onto a 

virtual Thévenin voltage in HVdc system, was further extended to the inves-

tigation on its impact on the HVdc system dynamic performance. According 

to the simulation results from both LCC-HVdc and VSC-HVdc system, as a 

comparison with the conventional Trans-vector PLL, it turns out this method 

is feasible and superior to Trans-vector PLL. 

•  In the LCC-HVdc system, it is shown that the incorporation of IC-PLL 

could significantly reduce the system’s effective resonant impedance, and 

it was demonstrated that such method is effective for suppressing the 

low order harmonic resonances, such as 2nd harmonic resonance resulting 

from asymmetrical transformer saturation following faults. 

•  In the VSC-HVdc system, the inclusion of IC-PLL enhances the sys-

tem’s dynamic performance to the large signal disturbance, and reduce 

its sensitivity to the PLL gains. 
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2) The thesis presented the operational characteristic of the IC-PLL 

and its implementation in an HVdc system: 

 Through analysis of the IC-PLL operational characteristic in terms of accura-

cy and robustness, the enhanced tracking performance of the IC-PLL over 

Trans-vector PLL in the HVdc system is demonstrated. Implementation as-

pects of the PLL in LCC and VSC are also presented. In LCC, the firing 

pulses are issued at a firing angle measured from the zero crossing of the line 

to line commutating bus voltage. However, as the IC-PLL tracks the hypo-

thetical Thévenin voltage, the phase angle difference between the commutat-

ing voltage and the estimated Thévenin voltage has to be determined and 

added to the phase measurement signal coming from the IC-PLL. In VSC-

HVdc, the IC-PLL can directly be applied without any angle correction as 

the control actions are not necessarily based on an absolute reference. 

3) The thesis identified the impact of IC-PLL parameters on the dy-

namic behavior of VSC-HVdc system: 

 The eigenvalue based analysis has shown that, with the implementation of 

IC-PLL, the impact of SCR is minimized. Unlike the case of the Trans-vector 

PLL, the increase of PLL gains for low SCR (SCR=1.3) no longer result in 

instability. 

  The increase of the compensation level toward 100% reduces the constraint 

on the cut-off frequency wc. For example, with a 100% compensation, any wc 

> 6 rad/s could result in stable operation. On the other hand, increase of the 
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cut-off frequency wc is helpful in increasing damping of the system. However, 

to finalize the selection of wc, the IC-PLL response on large signal disturbance 

also need to be considered, since large wc might degrade the tracking perfor-

mance of the IC-PLL. 

6.2 Future work 

The future work of the thesis can be extended in the following two aspects: 

1) Using small signal analysis to analytically determine the relation between the 

system resonance and IC-PLL parameters in LCC-HVdc system. 

2) Evaluation of IC-PLL in HVdc system in regard to the improvement of dy-

namic performance with other types of pre-filtering PLLs, such as the adap-

tive PLL and EDSC-PLL (Extended Delays Signal Cancellation PLL). 
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Appendix 

A State-space Representation 

The system configurations and their state space representations are given in 

Appendix A, where the equivalent circuit of the system electrical network is 

given in Figure A1, and the state space equations are given by Equations A1 to 

A8. Figure A2 gives the diagram of decoupled control system, and the state 

space representation is given by equations A9 to A22. Figures A3 and A4 show 

the diagrams of the Trans-vector PLL and IC-PLL, and the corresponding state 

space equations are Equations A23 to A24 and A25 to A28. 

 In all equations vb and ib are the peak value of the single phase line to ground 

voltage and current and used as base value for converting variables to per unit 

system. 

  
Figure A1 Diagram of electrical network 
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The state space representations of Figure A1 are: 

 where: 

  
Figure A2 Diagram of decoupled control system 
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The state space representations of Figure A2 are: 

 where: 
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Figure A3 Diagram of Trans-vector PLL 

The state space representations of Figure A3 are: 

  

Figure A4 Diagram of IC-PLL 

The state space representations of Figure A4 are: 
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B Small Signal State Space Model 
Matrix B1 A matrix of VSC with Trans-vector PLL
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Matrix B2 A matrix of VSC with IC-PLL
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 Long elements not presented explicitly in matrices B1 and B2 are shown be-

low, in which δ0 is calculated according to δ0 = w0t0 − θpll 0. 
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Matrix B3 B matrix of VSC with Trans-vector PLL
Matrix B4 B matrix of VSC with IC-PLL
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Appendix

C System Information 

Table C1 System information 

Table C2 Decoupled controller parameters 

Table C3 PLL parameters 

ac system source Es 230kV (60Hz)

SCR 2.5∠80o

Base voltage 230kV

Base power rating 500MW

Converter reactance Lc 0.15pu

Passive filter 0.15pu

Measurement time constants (Tvd, Tvq) (0.02, 0.02)

Measurement time constants (Tid, Tiq) (0.0012, 0.0012)

Power controller gains (kpp, kip) (0.5, 50)

Voltage controller gains (kpv, kiv) (0.5, 50)

d-axis current controller gains (kp1, ki1) (2, 100)

q-axis current controller gains (kp2, ki2) (2, 100)

PLL gains (kppll, kipll) (10, 50)

Voltage estimator parameter (Rv, Lv) (3.6744, 0.0553)

Voltage estimator parameter (Gv, Tv) (0.0553, 0.0001)

Cut-off frequency (wv) 20 rad/s
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Appendix

D Model Validation 

  
Figure D1 Power order step change (Trans-vector PLL) 
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Appendix

  
Figure D2 Voltage order step change (Trans-vector PLL) 
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Appendix

  
Figure D3 Power order step change (IC-PLL) 
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Appendix

  
Figure D4 Voltage order step change (IC-PLL)
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