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Abstract: Transmission of electrical power through High 
Voltage Direct Current (HVDC) has attracted the attention of 
several researchers in the recent years. To investigate the 
performance of HVDC transmission systems, a complete linear 
mathematical model is required. In this paper, a well-developed 
linear continuous model of current source converter based twelve 
pulse HVDC transmission systems is presented. In which, the 
converter AC system is represented by damped LLR equivalents at 
fundamental frequency and at the third harmonic. Also, they are 
equipped with double tuned harmonic filter and second order high 
pass filter to suppress the AC harmonics and a capacitor for 
reactive power compensation. The DC system is secured with 
rectifier current control, inverter current control, inverter voltage 
control and inverter extinction angle control. The HVDC 
transmission system model is implemented in the 
MATLAB/Simulink environment and the performance of the 
system has been investigated by observing the rectifier side AC 
quantities, rectifier DC quantities, inverter side AC quantities and 
inverter DC quantities. 

Keywords: DC control, Double tuned filter, HVDC 
transmission systems, Linear state space model, Steady state 
operation. 

I. INTRODUCTION 

The power transmission through HVDC technology is now 
mature and experiencing rapid increases in the voltage, 
power carrying capacity and length of transmission lines [1]. 
While comparing with three phase HVAC transmission 
systems, HVDC transmission system is commendable in the 
following portions: (i) HVDC transmission line cost and 
operating cost are less (ii) it need not operate synchronously 
between two AC systems linked by HVDC and (iii) it is 
simple to control and adjust the power flow [2]. HVDC 
technology finds application in the transmission of power 
over long unbroken overland distances, significant 
underwater distances, and in the interconnection of separate, 
or partitioned, AC systems [3]. HVDC transmission system is 
composed of three major parts: a) rectifier station to convert 
AC to DC, b) transmission link and c) inverter station to 
convert back to AC [4].  Most of the HVDC systems have 
current source converters.  
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By means of filter and/or capacitor banks connected on the 

primary side of the converter transformer, the reactive power 
is supplied. Various control techniques are employed for the 
control and protection of the line and converter against faults 
[5] [6] [7]. 

The CIGRE benchmark HVDC transmission system 
model [8] is projected for comparison of different simulation 
methods and results, which are also especially related to 
control strategies and recovery routine studies. A linear 
continuous analytical model based on the CIGRE benchmark 
system is derived in [9] for the investigation of most of the 
practically observed issues related with the operation of 
HVDC systems. The importance of that model are the second 
harmonic instability and the problems related to the low SCR 
AC systems connected to a DC system. In that model rectifier 
side is equipped with current control and the actual controller 
for inverter are not taken in to account instead of that constant 
beta control is considered. In actual practice the appropriate 
firing angle is determined by considering the involvement of 
various inverter controls. So, following the similar modelling 
procedure a linear continuous mathematical model of current 
source converter based twelve pulse HVDC transmission 
system is presented in this paper. In which the AC system is 
represented as damped LLR equivalent and the AC filter 
consists of capacitor banks to supply the reactive power 
compensation required, double tuned harmonic filter and 
damped high pass filter to mitigate the AC harmonics. The 
DC system is defended with rectifier current control, inverter 
current control, inverter voltage control and inverter 
extinction angle control. The HVDC transmission system 
model is developed in the MATLAB/Simulink environment. 
The operation of the system has been validated by observing 
the rectifier side AC quantities, rectifier DC quantities, 
inverter side AC quantities and inverter DC quantities. 

The rest of the paper is organized as follows: section 2 
addresses the modelling of current source converter based 
HVDC transmission system with enough mathematical 
illustrations. Section 3 details our simulation results and 
discussion. Finally, conclusions are given in section 4. 

II.  MODELLING OF HVDC TRANSMISSION 

SYSTEM 

The 12-pulse current source converter based monopolar 
HVDC transmission system shown in the Fig. 1. is used for 
the model advancement. 
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Fig. 1.  The HVDC transmission system model 

A. Modelling of DC network 

In general, the DC network consists of smoothing reactor, DC 
filters and the transmission line. Neglecting DC filters, the 
DC line is modelled as a T equivalent. A monopolar line with 
ground return which is terminated by converters stations with 
two six pulse bridge in each station. The rectifier is protected 
by means of current controller alone, but the inverter is 
safeguarded with current control, voltage control and 
extinction angle control. The s-domain equivalent of state 
equations representing the complete DC network considering 
the linearized direct voltages, rectifier current control, 
inverter current control, inverter voltage control, inverter 
extinction angle control [10] is given by,  
 
𝑠𝑋1𝐿𝐷𝐶𝐿𝑅 = −𝑋1𝑅𝐷𝐶𝐿𝑅 + 𝐾𝐴𝐶𝑅𝑋16 − 𝐾𝐸𝐴𝐶𝑅𝐸𝐴𝐶𝑅 +
𝐾𝐸𝐴𝐶𝑅𝐸𝐴𝐶𝑅𝐷 − 𝑋7                                                                            (2.1) 
Where, the state 𝑋1   in the above equation represents the 
current flowing in the rectifier side DC link(𝐼𝐷𝐶𝐿𝑅). 
The total inductance at the rectifier terminals is given by 
𝐿𝐷𝐶𝐿𝑅 = 𝐿𝐴𝑉𝑇𝑅 + 𝐿1 + 0.5𝐿𝐷𝐶𝐿, which includes the averaged 
rectifier transformer reactance, the smoothing reactor and the 
DC line inductance,  
The total resistance at the rectifier terminal is given by 
𝑅𝐷𝐶𝐿𝑅 = 𝑅𝐶𝑅𝑅 + 𝑅1 + 0.5𝑅𝐷𝐶𝐿 , which includes the 
commutating overlap equivalent resistance at rectifier side, 
the internal resistance of the smoothing reactor and the DC 
line resistance, 
The linearized coefficients 𝐾𝐴𝐶𝑅 , 𝐾𝐸𝐴𝐶𝑅  and 𝑅𝐶𝑅𝑅  are 
obtained from the non-linear rectifier direct voltage equation 
given by,𝑉𝐷𝐶𝐿𝑅 = 6𝐸𝐴𝐶𝑅√2𝜑𝐷𝐶𝑅/𝜋 + (3/𝜋)𝑋𝐶𝑅𝑅𝐼𝐷𝐶𝐿𝑅 
𝑋𝐶𝑅𝑅  is equivalent rectifier transformer reactance at 
fundamental frequency, 
𝐸𝐴𝐶𝑅 is rectifier AC commutating voltages (𝐸𝐴𝐶𝑅 = 𝐾𝑇𝑅𝑉𝐴𝐶𝑅 
where 𝐾𝑇𝑅is for transformer ratio), 
𝜑𝐷𝐶𝑅 is the appropriate firing angle of rectifier,  
𝐸𝐴𝐶𝑅𝐷  is rectifier AC voltage disturbance.  
𝑠𝑋2 = 𝐾𝐼𝐼𝑅𝑋12 − 𝐾𝐼𝐼𝑅𝐼𝑅𝐸𝐹                                                                                                                                                      
(2.2) 
Where, the state 𝑋2   in the above equation represents the 
output from the integral part of the rectifier PI current 
controller, 
𝐾𝐼𝐼𝑅 is the rectifier current controller integral gain, 

𝐼𝐼𝑅𝐹  is the rectifier direct current feedback signal, 
𝐼𝑅𝐸𝐹  is the current reference as an external input. 
𝑠𝑋4𝐿𝐷𝐶𝐿𝐼 = −𝑋1𝑅𝐷𝐶𝐿𝐼 + 𝑋7 − 𝐾𝑆𝐼𝑋19 − 𝐾𝐸𝑆𝐼𝐸𝑆𝐼 + 𝐾𝐸𝑆𝐼𝐸𝑆𝐼𝐷                                                                                                 
(2.3)         
Where, the state 𝑋4   in the above equation represents the 
current flowing in the inverter side DC link(𝐼𝐷𝐶𝐿𝐼). 
The total inductance at the inverter terminals is given by 
𝐿𝐷𝐶𝐿𝐼 = 𝐿𝐴𝑉𝑇𝐼 + 𝐿2 + 0.5𝐿𝐷𝐶𝐿, which includes the averaged 
inverter transformer reactance, the smoothing reactor and the 
DC line inductance,  
The total resistance at the inverter terminal is given by 
𝑅𝐷𝐶𝐿𝐼 = 𝑅𝐶𝑅𝐼 + 𝑅2 + 0.5𝑅𝐷𝐶𝐿 , which includes the 
commutating overlap equivalent resistance at inverter side, 
the internal resistance of the smoothing reactor and the DC 
line resistance, 
The linearized coefficients 𝐾𝐴𝐶𝐼 , 𝐾𝐸𝐴𝐶𝐼 and 𝑅𝐶𝑅𝐼 are obtained 
from the non-linear inverter direct voltage equation given by 
𝑉𝐷𝐶𝐿𝐼 = 6𝐸𝐴𝐶𝐼√2𝜑𝐷𝐶𝐼/𝜋 + (3/𝜋)𝑋𝐶𝑅𝐼𝐼𝐷𝐶𝐿𝐼  
𝑋𝐶𝑅𝐼  is equivalent inverter transformer reactance at 
fundamental frequency. 
𝐸𝐴𝐶𝐼  is inverter AC commutating voltages (𝐸𝐴𝐶𝐼 = 𝐾𝑇𝐼𝑉𝐴𝐶𝐼 
where 𝐾𝑇𝐼is for transformer ratio), 
𝜑𝐷𝐶𝐼  is the appropriate firing angle of inverter, 
𝐸𝐴𝐶𝐼𝐷 is inverter AC voltage disturbance.  
𝑠𝑋4 = 𝐾𝐼𝐼𝐼𝑋13 − 𝐾𝐼𝐼𝐼𝐼𝑅𝐸𝐹 + 𝐾𝐼𝐼𝐼𝐼𝑀𝐴𝑅                                                                                                                                    
(2.4) 
Where,  
the state 𝑋4  in the above equation represents the output from 
the integral part of the inverter PI current controller, 
𝐾𝐼𝐼𝐼  is the inverter current controller integral gain, 
𝐼𝐼𝑅𝐹  is the inverter direct current feedback signal, 
𝐼𝑀𝐴𝑅 is the current margin as an external input. 
𝑠𝑋5 = −𝐾𝑉𝐼𝐼𝑋14 + 𝐾𝑉𝐼𝐼𝑉𝑅𝐸𝐹 − 𝐾𝑉𝐼𝐼𝑉𝑀𝐴𝑅                                                                                                                                           
(2.5) 
Where,  
the state 𝑋5  in the above equation represents the output from 
the integral part of the inverter PI voltage controller, 
𝐾𝑉𝐼𝐼  is the inverter voltage controller integral gain, 
𝑉𝐼𝑅𝐹 is the inverter direct voltage feedback signal, 
𝑉𝑅𝐸𝐹  is the voltage reference as 
an external input, 
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𝑉𝑀𝐴𝑅  is the voltage margin as an external input. 
𝑠𝑋6 = 𝐾𝛾𝐼𝐼𝑋15 − 𝐾𝛾𝐼𝐼𝛾𝑅𝐸𝐹 − 𝐾𝐼𝐼𝛾𝛾𝑀𝐴𝑅                                                                                                                
(2.6) 
Where,  
the state 𝑋6  in the above equation represents the output from 
the integral part of the inverter PI extinction angle controller, 
𝐾𝛾𝐼𝐼   is the inverter extinction angle controller integral gain, 
𝛾𝐼𝑅𝐹 is the inverter extinction angle feedback signal, 
𝛾𝑅𝐸𝐹  is the extinction angle reference as an external input. 
𝑠𝑋7𝐶𝐷𝐶𝐿 = −𝑋1 − 𝑋3                                                                                                                                                             
(2.7) 
Where,  
the state 𝑋7 in the above equation represents the voltage 
across the capacitance in the DC link(𝑉𝐶𝐷𝐶𝐿) 
The s-domain equivalents of state equations representing the 
rectifier and inverter side phase locked loop controller are 
𝑠𝑋8 = −𝐾𝐼𝑃𝐿𝑅𝑋9 + 𝐾𝐼𝑃𝐿𝑅𝜙𝐴𝐶𝑅                                                                                                                                               
(2.8) 
𝑠𝑋9 = −𝐾𝐶𝑃𝐿𝑅𝐾𝑃𝑃𝐿𝑅𝑋9 + 𝐾𝐶𝑃𝐿𝑅𝑋8 + 𝐾𝐶𝑃𝐿𝑅𝐾𝑃𝑃𝐿𝑅𝜙𝐴𝐶𝑅                                                                                                       
(2.9) 
𝑠𝑋10 = −𝐾𝐼𝑃𝐿𝐼𝑋11 + 𝐾𝐼𝑃𝐿𝐼𝜙𝐴𝐶𝐼                                                                                                                                          
(2.10) 
𝑠𝑋11 = −𝐾𝐶𝑃𝐿𝐼𝐾𝑃𝑃𝐿𝐼𝑋11 + 𝐾𝐶𝑃𝐿𝐼𝑋11 + 𝐾𝐶𝑃𝐿𝐼𝐾𝑃𝑃𝐿𝐼𝜙𝐴𝐶𝐼                                                                                                    
(2.11) 
Where, 
the state 𝑋8  and 𝑋10 in the above equations represents the 
output from the integral part of the rectifier and inverter 
phase locked loop controller, 
The state 𝑋9 and 𝑋11 in the above equations represents the 
output angle from the rectifier (𝜃𝐴𝐶𝑅)  and inverter (𝜃𝐴𝐶𝐼) 
phase locked loop controller, 
𝐾𝐶𝑃𝐿𝑅 ,𝐾𝑃𝑃𝐿𝑅  and 𝐾𝐼𝑃𝐿𝑅  are the gains of the rectifier side 

phase locked loop controller,  
𝐾𝐶𝑃𝐿𝐼 ,𝐾𝑃𝑃𝐿𝐼   and 𝐾𝐼𝑃𝐿𝐼  are the gains of the rectifier side phase 
locked loop controller, 
𝜙𝐴𝐶𝑅  and 𝜙𝐴𝐶𝐼 is the rectifier and inverter AC voltage phase 
angle. 
The s-domain equivalent of state equations representing the 
rectifier current transducer, the inverter current transducer, 
the inverter voltage transducer and the inverter extinction 
angle transducer (Fig.2. and Fig. 3.) are, 
𝑠𝑇𝐼𝐶𝑅𝐼𝑋12 = −𝑋12 + 𝑋1                                                                                                                                                       
(2.12) 
𝑠𝑇𝐼𝐶𝑅𝐼𝑋13 = −𝑋13 + 𝑋3                                                                                                                                                      
(2.13) 
𝑠𝑇𝐼𝐶𝑅𝐼𝑋14 = −𝑋14 + 𝐾𝐴𝐶𝐼𝜑𝐷𝐶𝐼 + 𝐾𝐸𝐴𝐶𝐼𝑋20 + 𝑅𝐶𝑅𝐼𝑋3                                                                                                          
(2.14)                 
𝑠𝑇𝐼𝐶𝑅𝐼𝑋15 = −𝑋15 + 𝐶𝐴𝐷𝐶𝐼𝜑𝐷𝐶𝐼 + 𝐶𝐵𝐷𝐶𝐼𝑋3 + 𝐶𝐶𝐷𝐶𝐼𝐸𝐴𝐶𝐼                                                                                                   
(2.15) 
Where,  
𝑇𝐼𝐶𝑅𝐼   is the peculiarly added time constant to structure the 
s-domain equations,𝛾𝐷𝐶𝐼 is the extinction angle. 
The linearized coefficients𝐶𝐴𝐷𝐶𝐼 ,𝐶𝐵𝐷𝐶𝐼  and𝐶𝐶𝐷𝐶𝐼 are obtained 

from the equation 𝑐𝑜𝑠𝛾𝐷𝐶𝐼 =𝑐𝑜𝑠𝜑𝐷𝐶𝐼 +
√2𝑋𝐶𝑅𝐼𝐼𝐷𝐶𝐿𝐼

𝐸𝐴𝐶𝐼
, which 

gives the relation between the inverter firing angle and the 
extinction angle. 
The s-domain equivalent of state equations for the 
appropriate firing angle of rectifier 𝜑𝐷𝐶𝑅  and inverter 𝜑𝐷𝐶𝐼  
are expressed as, 
𝑠𝑇𝑅𝐼𝐹𝑋16 = −𝑋16 + 𝑋2 + 𝐾𝐼𝑃𝑅𝑋12 − 𝐾𝐼𝑃𝑅𝐼𝑅𝐸𝐹 + 𝜙𝐴𝐶𝑅 − 𝑋9                                                                                            
(2.16) 
𝑠𝑇𝑅𝐼𝐹𝐼𝑋17 = −𝑋17 + 𝑋4 + 𝐾𝐼𝑃𝐼𝑋13 − 𝐾𝐼𝑃𝐼𝐼𝑅𝐸𝐹 + 𝐾𝐼𝑃𝐼𝐼𝑀𝐴𝑅                                                                                                
(2.17) 

 
Fig. 2. Control for Rectifier 

 
Fig. 3. Control for Inverter 
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𝑠𝑇𝑅𝐼𝐹𝐼𝑋18 = −𝑋18 + 𝑋5 − 𝐾𝑉𝑃𝐼𝑋14 + 𝐾𝑉𝑃𝐼𝑉𝑅𝐸𝐹 − 𝐾𝑉𝑃𝐼𝑉𝑀𝐴𝑅                                                                                           
(2.18) 
𝑠𝑇𝑅𝐼𝐹𝐼𝑋19 = −𝑋19 + 𝑋6 + 𝐾𝛾𝑃𝐼𝑋15 − 𝐾𝛾𝑃𝐼𝛾𝑅𝐸𝐹 − 𝐾𝛾𝑃𝐼𝛾𝑀𝐴𝑅                                                                                           
(2.19)                                                
𝑠𝑇𝑅𝐼𝐹𝑋20 = −𝑋20 + 𝜑𝐷𝐶𝐼𝐴𝑃𝑃 + 𝜙𝐴𝐶𝐼 − 𝑋11                                                                                                                      
(2.20) 
Where,  
𝐾𝐼𝑃𝑅   is the rectifier current controller proportional gain, 
𝐾𝐼𝑃𝐼   is the inverter current controller proportional gain, 
𝐾𝑉𝑃𝐼   is the inverter voltage controller proportional gain, 
𝐾𝛾𝑃𝐼   is the inverter extinction angle controller proportional 
gain, 
𝜑𝐷𝐶𝐼𝐴𝑃𝑃 = 𝑚𝑖𝑛( (𝜑𝐷𝐶𝐼𝐼), (𝜑𝐷𝐶𝐼𝑉), (𝜑𝐷𝐶𝐼𝛾)), 
𝜑𝐷𝐶𝐼𝐼  is the firing angle for inverter derived from current 
controller output, 
𝜑𝐷𝐶𝐼𝑉  is the firing angle for inverter derived from voltage 
controller output, 
𝜑𝐷𝐶𝐼𝛾 is the firing angle for inverter derived from extinction 
angle controller output, 
𝑇𝑅𝐼𝐹  and 𝑇𝑅𝐼𝐹𝐼  are the peculiarly added time constants to 
structure the s-domain equations. 
The s-domain equivalent of state equations representing 
rectifier AC current angle is 𝜓𝐴𝐶𝑅  and inverter AC current 
angle 𝜓𝐴𝐶𝐼 are expressed as 
𝑠𝑇𝐹𝑅𝐼𝑋21 = −𝑋21 + 𝜙𝐴𝐶𝑅 − 𝐶𝐵𝐴𝐶𝑅𝑋16 − 𝐶𝐶𝐴𝐶𝑅𝑋1 +
𝐶𝐷𝐴𝐶𝑅𝐸𝑆𝑅 + 𝐶𝐷𝐴𝐶𝑅𝐸𝑆𝑅𝐷                                                                    
(2.21) 
𝑠𝑇𝐹𝑅𝐼𝑋22 = −𝑋22 + 𝜙𝐴𝐶𝐼 − 𝐶𝐵𝐴𝐶𝐼𝑋20 − 𝐶𝐶𝐴𝐶𝐼𝑋3 +
𝐶𝐷𝐴𝐶𝐼𝐸𝑆𝐼 + 𝐶𝐷𝐴𝐶𝐼𝐸𝑆𝐼𝐷                                                                          
(2.22) 
Where, 
 𝑇𝐹𝑅𝐼  is the peculiarly added time constant to structure the 
s-domain equations, 
The linearized coefficients 𝐶𝐵𝐴𝐶𝑅 , 𝐶𝐶𝐴𝐶𝑅  and 𝐶𝐷𝐴𝐶𝑅 , for 
rectifier side are obtained from the equation for AC current 
angle is𝜓𝐴𝐶𝑅 = 𝛷𝐴𝐶𝑅 − 𝜙𝐴𝐶𝑅  . In this equation the angle 
between voltage and current vector is based on the expression 

of rectifier converter, 𝑐𝑜𝑠𝛷𝐴𝐶𝑅 =𝑐𝑜𝑠𝜑𝐴𝐶𝑅 −
𝑅𝐶𝑅𝑅𝐼𝐷𝐶𝐿𝑅𝜋

6√3𝐸𝐴𝐶𝑅
 and 

the coefficients 𝐶𝐵𝐴𝐶𝐼𝐶𝐶𝐴𝐶𝐼  and 𝐶𝐷𝐴𝐶𝐼 for inverter side are 
obtained from the equation for AC current angle is𝜓𝐴𝐶𝐼 =
𝛷𝐴𝐶𝐼 − 𝜙𝐴𝐶𝐼 . In this equation the angle between voltage and 
current vector is based on the expression of rectifier 

converter,𝑐𝑜𝑠𝛷𝐴𝐶𝐼 =𝑐𝑜𝑠𝜑𝐴𝐶𝐼 −
𝑅𝐶𝑅𝐼𝐼𝐷𝐶𝐿𝐼𝜋

6√3𝐸𝐴𝐶𝐼
  

𝛷𝐴𝐶𝑅   and 𝛷𝐴𝐶𝐼 is the rectifier and inverter side AC power 
phase angle.  
The complete state space model for the DC systems is given 
by, 
𝑠𝑋𝐷𝐶𝐿 = 𝐴𝐷𝐶𝐿𝑋𝐷𝐶𝐿 + 𝐵𝐷𝐶𝐿𝑅𝑈𝐷𝐶𝐿𝑅 + 𝐵𝐷𝐶𝐿𝐼𝑈𝐷𝐶𝐿𝐼

+ 𝐵𝐷𝐶𝐿𝐼𝑁𝑈𝐷𝐶𝐿𝐼𝑁 
𝑌𝐷𝐶𝐿𝑅 = 𝐶𝐷𝐶𝐿𝑅𝑋𝐷𝐶𝐿    
𝑌𝐷𝐶𝐿𝐼 = 𝐶𝐷𝐶𝐿𝐼𝑋𝐷𝐶𝐿 
Where,  
𝐴𝐷𝐶𝐿 , 𝐵𝐷𝐶𝐿  and 𝐶𝐷𝐶𝐿are obtained from the state equations of 
the DC network, 
𝑈𝐷𝐶𝐿𝑅 = [𝐸𝐴𝐶𝑅 𝜙𝐴𝐶𝑅]𝑇  and 𝑈𝐷𝐶𝐿𝐼 = [𝐸𝐴𝐶𝐼 𝜙𝐴𝐶𝐼]

𝑇 are the 
inputs to the DC network from the converter side AC systems 
which are obtained as given in section B. 
𝑈𝐷𝐶𝐿𝐼𝑁 = [𝐼𝑅𝐸𝐹 𝐸𝑆𝑅𝐷 𝐼𝑀𝐴𝑅 𝑉𝑅𝐸𝐹 𝛾𝑅𝐸𝐹 𝐸𝑆𝐼𝐷 𝛾

𝑀 
 ]𝑇

 
𝑌𝐷𝐶𝐿𝑅 = [𝐼𝐴𝐶𝑅 𝜓𝐴𝐶𝑅]𝑇 
𝑌𝐷𝐶𝐿𝐼 = [𝐼𝐴𝐶𝐼 𝜓𝐴𝐶𝐼]

𝑇

 

𝑋𝐷𝐶𝐿 =

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

𝐼𝐷𝐶𝐿𝑅

𝐾𝐼𝐼𝑅(𝐼𝐼𝑅𝐹 − 𝐼𝑅𝐸𝐹)/𝑠
𝐼𝐷𝐶𝐿𝐼

𝐾𝐼𝐼𝐼(𝐼𝐼𝐼𝐹 − 𝐼𝑅𝐸𝐹 + 𝐼𝑀𝐴𝑅)/𝑠

𝐾𝑉𝐼𝐼(𝑉𝑅𝐸𝐹 − 𝑉𝑉𝐼𝐹 − 𝑉𝑀𝐴𝑅)/𝑠

𝐾𝛾𝐼𝐼(𝛾𝛾𝐼𝐹 − 𝛾𝑅𝐸𝐹 − 𝛾𝑀𝐴𝑅)/𝑠

𝑉𝐶𝐷𝐶𝐿

𝐾𝑃𝐿𝑅(𝜑𝐴𝐶𝑅 − 𝜃𝐴𝐶𝑅)/𝑠
𝜃𝐴𝐶𝑅

𝐾𝑃𝐿𝐼(𝜑𝐴𝐶𝐼 − 𝜃𝐴𝐶𝐼)/𝑠
𝜃𝐴𝐶𝐼

𝐼𝐼𝑅𝐹

𝐼𝐼𝐼𝐹
𝑉𝑉𝐼𝐹

𝛾𝛾𝐼𝐹

𝜑𝐷𝐶𝑅

𝜑𝐷𝐶𝐼𝐼

𝜑𝐷𝐶𝐼𝑉

𝜑𝐷𝐶𝐼𝛾

𝜑𝐷𝐶𝐼

𝜓𝐴𝐶𝑅

𝜓𝐴𝐶𝐼 ]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

It is required to further transform the input and output 
matrices from polar coordinate to DQ coordinate frame 
because DC  
system model uses magnitude-angle representation of AC 
system variables, whereas AC system model is developed in 
DQ  
coordinate frame. 

B. Modelling of converter side AC systems 

In modelling, the rectifier side AC system is represented 
by damped L-LR equivalents [11] at fundamental frequency 
(60 Hz or 50 Hz) and at the third harmonic and the Passive 
filter of the double tuned type [12] is connected in the source 
side to eliminate the 11th and 13th order current harmonics 
along with a second order high pass filter (24th order) and a 
capacitor for reactive power compensation. The per phase 
illustration of rectifier side AC system is depicted in Fig. 4. 
For any phase (R, S and T) of AC system, the states are 
chosen as the instantaneous values of currents through the 
inductors and voltages across the capacitors. 
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Fig. 4. The per phase equivalent of AC systems. 
 

The s-domain equivalent of the state equations for one of the 
three phases R are given by,

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
𝑠𝑋1𝐿2 = −𝑋2𝑅1 + 𝑋1𝑅1 − 𝑋3 + 𝑈2                                                                                                                                      
(2.23)

 
𝑠𝑋2𝐿1 = −𝑋1𝑅1 + 𝑋2𝑅1                                                                                                                                                        
(2.24)

 
𝑠𝑋3𝐶1 = −𝑈1 + 𝑋2 − 𝑋6 − 𝑋8 −

1

𝑅2
(𝑋3 − 𝑋9)

                                                                                                                    (2.25)
 

𝑠𝑋4𝐿3 = 𝑋5                                                                                                                                                                            
(2.26)

 
𝑠𝑋5𝐶2 = 𝑋6 − 𝑋4                                                                                                                                                                   
(2.27)

 
𝑠𝑋6𝐿4 = −𝑋5 − 𝑋7 + 𝑋3                                                                                                                                                       
(2.28)

 
𝑠𝑋7𝐶3 = 𝑋6

                                                                                                                                                                           (2.29)
                                                                                                        

 
𝑠𝑋8𝐿5 = 𝑋3 − 𝑋9

                                                                                                                                                                  (2.30)
 

𝑠𝑋9𝐶4 = 𝑋8 +
1

𝑅2
(𝑋3 − 𝑋9)

                                                                                                                                                  (2.31) 

 
The state-space model for phase R is      
𝑠𝑋𝐴𝐶𝑅𝑅 = 𝐴𝐴𝐶𝑅𝑅𝑋𝐴𝐶𝑅𝑅 + 𝐵𝐴𝐶𝑅𝑅𝑈𝐴𝐶𝑅𝑅

 𝑌𝐴𝐶𝑅𝑅 = 𝐶𝐴𝐶𝑅𝑅𝑋𝐴𝐶𝑅𝑅

 Where,  
𝑋𝐴𝐶𝑅𝑅

= [𝐼𝐿2 𝐼𝐿1 𝑉𝐴𝐶𝑅𝑅 𝐼𝐿3 𝑉𝐶2 𝐼𝐿4 𝑉𝐶3 𝐼𝐿5 𝑉𝐶4]
 𝑈𝐴𝐶𝑅𝑅1 = 𝐼𝐴𝐶𝑅𝑅  

 and 𝑈𝐴𝐶𝑅𝑅2 = 𝐸𝑆𝑅𝑅   are the inputs to 
the model. 

𝑌𝐴𝐶𝑅𝑅 = 𝑉𝐴𝐶𝑅𝑅  is the output of AC bus voltage 

𝐴𝐴𝐶𝑅𝑅 , 𝐵𝐴𝐶𝑅𝑅   and 𝐶𝐴𝐶𝑅𝑅  are obtained from the state 
equations of the AC system.

 The similar approach extended to the remaining phases S and 
T to obtain the state space model. The complete state space 
model for the converter side three phase AC systems is given 
by, 

𝑠𝑋𝐴𝐶𝑅 = 𝐴𝐴𝐶𝑅𝑋𝐴𝐶𝑅 + 𝐵𝐴𝐶𝑅𝑈𝐴𝐶𝑅 
𝑌𝐴𝐶𝑅 = 𝐶𝐴𝐶𝑅𝑋𝐴𝐶𝑅  

Where, 
𝑋𝐴𝐶𝑅 = [𝑋𝐴𝐶𝑅𝑅 𝑋𝐴𝐶𝑅𝑆 𝑋𝐴𝐶𝑅𝑇]𝑇 

𝑈𝐴𝐶𝑅 = [𝐼𝐴𝐶𝑅𝑅 𝐼𝐴𝐶𝑅𝑆 𝐼𝐴𝐶𝑅𝑇]𝑇 
𝑌𝐴𝐶𝑅 = [𝑉𝐴𝐶𝑅𝑅 𝑉𝐴𝐶𝑅𝑆 𝑉𝐴𝐶𝑅𝑇]𝑇 

𝐴𝐴𝐶𝑅 = [

𝐴𝐴𝐶𝑅𝑅 0 0
0 𝐴𝐴𝐶𝑅𝑆 0
0 0 𝐴𝐴𝐶𝑅𝑇

] 

𝐵𝐴𝐶𝑅 = [𝐵𝐴𝐶𝑅𝑅 𝐵𝐴𝐶𝑅𝑆 𝐵𝐴𝐶𝑅𝑇]𝑇 
 
                                                                         𝐶𝐴𝐶𝑅 =
[𝐶𝐴𝐶𝑅𝑅 𝐶𝐴𝐶𝑅𝑆 𝐶𝐴𝐶𝑅𝑇]

 
To signify the AC system jointly with DC system in the 

same frequency structure, all the three-phase AC system 
variables are converted to DQ variables through Park’s 

transformation. The final form of rectifier side AC system 
model is given by  

𝑠𝑋𝐴𝐶𝑅𝑃 = 𝐴𝐴𝐶𝑅𝑃𝑋𝐴𝐶𝑅𝑃 + 𝐵𝐴𝐶𝑅𝑃𝑈𝐴𝐶𝑅𝑃  
𝑌𝐴𝐶𝑅𝑃 = 𝐶𝐴𝐶𝑅𝑃𝑋𝐴𝐶𝑅𝑃  

Where, 
𝑈𝐴𝐶𝑅𝑃 = [𝐼𝑅𝐷 𝐼𝑅𝑄]𝑇 
𝑌𝐴𝐶𝑅𝑃 = [𝑉𝑅𝐷 𝑉𝑅𝑄]𝑇 

The above model takes DQ components of corresponding 
current and voltage as inputs and outputs, respectively. The 
model inputs are obtained from the AC system model, 
whereas the model outputs are used as inputs for the DC 
system model. The complete state space model for the 
inverter side three phase AC systems is obtained by the 
similar procedure used for the modelling of rectifier side AC 
systems. 

III. SIMULATION RESULTS AND DISCUSSION 

The HVDC transmission systems model is implemented in 
the working platform of MATLAB/Simulink adapting above 
mentioned range of features based on the data in [13] with 
essential modifications, and it is simulated for duration of 2 
second to observe the steady state performance. There   were   
some initial transients that subsided within about 0.5 sec and 
the system reached steady state. The rectifier side AC voltage 
and current, the rectifier DC voltage and current, the rectifier 
firing angle (alpha) are shown in the Fig. 5. 
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Fig. 5(a). Rectifier side AC voltage and its harmonics spectrum 

 

Fig. 5(b). Rectifier side AC current and its harmonics spectrum 

Fig. 5(c). Rectifier DC voltage 

Fig. 5(d). Rectifier DC current 

Fig. 5(e). Rectifier firing angle (alpha) 
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From the rectifier side AC waveforms and their harmonic 
spectrum, it is found that voltage and current are equal to 1 
p.u. and the 11th and 13th harmonics are the dominant 
harmonics on rectifier side. From the DC waveforms on the 
rectifier, the DC voltage and current show small oscillations 
around the reference value (1 p.u.). The mean of output DC 
voltage and current are 1.0 p.u. At steady state, the measured 
firing angle is around 16.5 degrees on the rectifier side. The 

rectifier side firing angle is purely depending on the current 
controller since the rectifier is controlled by the current 
controller alone. 

The inverter side AC voltage and current, the inverter DC 
voltage and current, the inverter angle extinction angle, the 
inverter firing angle from various controls, the inverter firing 
angle alpha are shown in the Fig. 6. 

 

 
Fig. 6(a). Inverter side AC voltage and its harmonics spectrum 

 

 
Fig. 6(b). Inverter side AC current and its harmonics spectrum 

 
Fig. 6(c). Inverter DC voltage 

 
Fig. 6(d). Inverter DC current 

 
Fig. 6(e). Inverter extinction angle 
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Fig. 6(f). Inverter firing angle from various controls 

 
Fig. 6(g). Inverter firing angle (alpha) 

From the inverter side AC waveforms and their harmonic 
spectrum, it is found that voltage and current are equal to 1 
p.u. and the 11th and 13th harmonics are the foremost 
harmonics on inverter side. As of the DC waveforms on the 
inverter, the DC voltage and current show small oscillations 
around the reference value (1 p.u.). The mean of output DC 
voltage and current are 1.0 p.u. At steady state, the measured 
firing angle is approximately 143 degrees on the inverter 
side. Since the inverter is controlled by three controllers 
namely current controller, voltage controller and extinction 
angle controller. so, the inverter firing angle is decided by the 
minimum value of firing angle from the three individual 
controllers. From the inverter firing angle waveform, it is 
evident that voltage controller has significant role in 
determining the inverter firing angle. 

IV. CONCLUSION 

This paper has evidently established a well-developed 
linear continuous model of current source converter based 
twelve pulse HVDC transmission systems. This involvement 
can be very useful for designing and safeguarding persons, 
for analyzing the operation of the HVDC system under 
different operating environment to optimize the performance. 
The HVDC transmission system model is implemented in the 
MATLAB/Simulink environment and operation of the 
system is investigated by observing the rectifier side AC 
quantities, rectifier DC quantities, inverter side AC quantities 
and inverter DC quantities. Simulation results show that 
linear continuous model has tolerable accuracy. 
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