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Abstract 

Recently, it is anticipated that high voltage direct current (HVDC) systems will be applied 

to interconnection between the mainland and off-shore wind farms, power flow control for 

alternating current (AC) power girds, long distance transmission, and interconnection of the 

supergrid. For these reasons, controllers and protection systems as subsystems for the 

various HVDC system applications have been developing. It is difficult to test them in the real 

HVDC system practically because the HVDC system is a huge system. In this paper, a 

hardware-in-the-loop simulation (HILS) system based on the eMEGAsim real-time digital 

simulator (RTDS) supplied by OPAL-RT. CIRGE benchmark HVDC system is modeled and a 

CompactRIO-based controller of the HVDC system is designed. The controller is tested in the 

HILS system to show the control performance. 
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1. Introduction 

Recently, interests in high voltage direct current (HVDC) systems has been growing 

due to interconnection between the mainland and off-shore wind farms [1-3], power 

flow control for alternating current (AC) power girds [4-6], long distance transmission, 

and introduction of  the supergrid, which is a large scale power grid interconnected 

between national power grids [7-8]. For these reasons, development of controllers and 

protection systems for the various HVDC system applications has been studying. 

The HVDC system is composed of many subsystems such as controllers and protective 

systems. Since testing the HVDC system or the subsystems of the HVDC system requires a 

lot of costs and constraints, it is difficult to test them in the real HVDC system practically. A 

technique to solve the problems is the hardware-in-the-simulation (HILS). The technique uses 

a real-time digital simulator (RTDS) to emulate a plant and the tested subsystem, where input 

and output signals are telecommunicated between the RTDS and tested subsystem [9-10]. For 

this reason, the HILS technique has been applied to develop and test controllers and 

protective systems for power grids.  

In this paper, controllers of the rectifier and the inverter of the CIGRE benchmark HVDC 

system based on the CompactRIO, which is a general-purpose controller and is designed 

using the LabVIEW [11], are developed. In addition, a HILS system is develop using the 

eMEGAsim RTDS supplied by OPAL-RT to emulating the CIGRE benchmark HVDC 
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system as well as the developed CompactRIO-based HVDC controllers to test performance of 

the controllers. 

In Section 2, the concept and applications of the HILS system are introduced. The 

backgrounds of the CIGRE benchmark HVDC system and its controllers are described in 

Section 3. In Section 4, the implemented HILS system and the CompactRIO-based HVDC 

controllers for this study are explained. The CompactRIO-based HVDC controllers of the 

CIGRE benchmark HVDC system are tested in the HILS system and the performance of the 

controllers is analyzed in Section 5. Finally, we conclude in Section 6. 

 

2. HILS System 

HILS is a technique to develop and test complex and/or large scale systems. The HILS 

technique has many advantages to overcome restrictions on test spaces and to save costs and 

times for test and development [12-14]. Initially, HILS has been used for analysis and test of 

costly systems such as automotive system, aircraft system and so on [15-16]. Since then, the 

development of the HILS has been continued to improve its performance. For these reasons, 

application areas have been expanding into various areas such as robotics, power electronics, 

and power systems.  

In the HILS system, a plant is modeled and is embedded in a RTDS. The tested subsystem 

receives input signals from the RTDS and transmits output signals to the RTDS through the 

interface. As a result, the tested subsystem can be tested in the laboratory like the real 

environment.  

 

3. HVDC System  
3.1. Components of HVDC system 

Figure 1 shows the CIGRE benchmark HVDC model. The 6-pulse converters are 

connected with two transformers whose winding methods are Y-∆ connection and Y-Y 

connection, respectively. AC filters include capacitor banks and harmonic filters to 

compensate reactive power and to eliminate specific harmonics. The DC transmission line is 

modeled by an equivalent line of T-type including resistances, inductances, and a capacitance. 

HVDC control parts are composed of the master controller and pole controllers.  

 

Figure 1. CIGRE Benchmark HVDC Model 

3.2. Operating Principles of HVDC System 

The CIGRE benchmark HVDC system uses thyristors as switching elements. In a practical 

HVDC implementation, it is required for thyristors to be connected in series to obtain the 
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desired voltage rating and operating characteristics. Thyristors can control turn-on point only 

by firing angle (   . Figure 2 shows the equivalent circuit of the rectifier side [17-18].  

Figure 2. The Equivalent Circuit of the Converter 

Figure 3 shows the waveforms of the commutation voltage with firing delay. Each valve of 

upper row conducts when voltage of each pole is more positive than the voltage of the other 

poles. When a firing angle (  ) is applied as control signal of thyristors, commutation 

voltages, which are equal to line-to-line voltages, are reduced somewhat. Thus, Average DC 

voltage is reduced due to the firing delay. 

 

Figure 3. Commutation Voltages with Ignition Delay 

Using line-to-ground voltages such as   ,   , and   , shown in Figure 3 and the amplitude 

of three-phase voltages,   , the DC voltage can be calculated by the equation (1).  
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Except for firing delay, reduction of DC voltage is also caused by the leakage reactance of 

the transformer (  ). Also, commutation of the valves cannot be completed instantly due to 

the inductance of the transformer. Reduction of the DC voltage depends on reactance and 

direct current. As a result, it is required to include the effect of leakage reactance. It is shown 

in equation (2), where     is the DC voltage of the rectifier side,   0  is the no-load DC 

voltage of the rectifier side,    is the leakage reactance of the transformer,    is the DC 

current.  

 

      0      
3

𝜋
                                                              (2) 

 
In the same way for the rectifier side, the DC voltage of the inverter side can be 

represented as the equation (3), where     is the DC voltage of the inverter side,   0  is the 

no-load DC voltage,   is the extinction angle. In the case of the inverter side, since the valves 

are connected reversely, the firing angle should have an angle between 90  and 180  while the 

extinction angle should have an angle between 0  and 90 . 
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3
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3.3. Control of HVDC system 

In the CIGRE benchmark HVDC model, controllers of the HVDC system are composed of 

a rectifier controller and an inverter controller as shown in Figure 4. The rectifier controller is 

composed of a current controller. The maximum value of the output of the PI controller and 

the output for protection of DC line faults,        , is decided as the firing angle of the 

rectifier side.  

 

(a) The controller of the rectifier. 

(b) The controller of the inverter side. 

Figure 4. The Diagram of HVDC Control Loop 

Both the current control and the gamma control are used for the inverter side. Particularly, 

the reference of the current control of the inverter side is different from the reference of the 

rectifier side. The current margin for the prevention of the crossing of the two characteristics 

is applied to the current control of the inverter side. In case of the gamma control, the 
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excessive rise of the error between the measured gamma and the reference is limited by the 

minimum function. 

 

4. Implementation of HILS System 

In this paper, the plant is the CIGRE HVDC system and the subsystem is controllers of the 

rectifier and the inverter. In addition, the eMEGAsim RTDS supplied by OPAL-RT is 

adopted for the RTDS and a CompactRIO is used for the controllers of the rectifier and the 

inverter in this paper. Figure 5 shows the conceptual configuration of the developed HILS 

system for this study, where, the RT-LAB is a software program used to model the CIGRE 

HVDC system and to operate the HILS system.  

 

Figure 5. The Conceptual Configuration of the Developed HILS System 

The eMEGAsim RTDS interfaces with the CompactRIO-based controllers through the data 

shield cables. The CompactRIO-based controllers acquire the data for the DC current of the 

rectifier side (   ), the DC current of the inverter side (   ), and the gamma angle of the 

inverter side (  ). And then, the firing angles by the CompactRIO-based controllers are 

transmitted to the eMEGAsim RTDS, where    is the firing angle of the rectifier side,    is 

the firing angle of the inverter side. The signals flow between the eMEGAsim RTDS and 

CompactRIO-based controllers and program codes are represented in Figure 6 and Figure 7, 

respectively.    

 

Figure 6. The Signal Flow between eMEGasim RTDS and CompactRIO-based 
Controllers 
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Figure 7. HVDC Controllers Designed by the LabVIEW 

Figure 8 shows the HILS system implementing CIGRE benchmark HVDC system based 

on eMEGAsim RTDS and CompactRIO. In the HILS system, PC#1 is used to design 

controllers of the HVDC system based on the LabVIEW. PC#2 is the host PC of eMEGAsim 

RTDS in which the HVDC system except the controllers is modeled. As you can see, in this 

paper, the control parts are designed and implemented using the CompactRIO as a general-

purpose controller. 

 

Figure 8. The Developed HILS System 
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5. Controller Test and Results 

In order to test control response of the HVDC system, the following scenarios are applied 

[19].  

 

∙ 20% change of the current reference at the rectifier side 

∙ 5° change of the gamma reference at the inverter side 

∙ 10% change of the current reference at the inverter side 

 

5.1. 20% change of the current reference at the rectifier side 

In order to test the response of the current controller at the rectifier side, 20% change of the 

current reference is applied by force. Figure 9 shows current and the firing angle at rectifier 

and inverter sides as a result. The current reference is decreased to 0.8 pu at 1 sec and is 

returned to 1 pu at 1.5 sec. When the reference of current is changed, the firing angle is 

increased to decrease the DC current. Although constant gamma controller controls the DC 

voltage, the terminal voltage at the inverter side is increased due to the reduced voltage drop 

by the overlap. As a result, the firing angle is controlled at the somewhat reduced angle. 

Likewise, the firing angle at the inverter side is also increased due to the reduction of overlap 

angle. From the test result, we can see that the HVDC system is controlled well. 

 

5.2. 5° change of the gamma reference at the inverter side 

Voltage is controlled by controlling the constant gamma reference. To evaluate the 

performance of the voltage controller by changing the gamma reference, the gamma reference 

of the steady state is increased from 15° to 20° at 1 sec by force. This gamma reference is 

continued for 0.5 sec. Figure 10 shows the response characteristics the DC current at the 

rectifier side, DC voltage, gamma angle, and alpha angle at the inverter side when the gamma 

reference is changed by force. As shown in Figure 10, when the gamma angle is increased, 

the terminal voltage at the inverter side is decreased. However the DC current is maintained 

by the current controller at the rectifier side and the firing angle is decreased. As a result, the 

overlap angle is increased about 2.5° due to the decrease of the firing angle. From the test 

result, we can see that the HVDC system is controlled well. 

 

5.3. 10% change of the current reference at the inverter side 

Figure 11 shows response characteristics of DC current and the firing angle at rectifier and 

inverter sides by 10% change of the current reference. In order to control DC current by the 

current controller at the inverter side, the firing angle is maintained as the minimum value by 

changing the minimum firing angle at the rectifier side to 26° by force as shown Figure 11 (c). 

As shown in Figure 11 (b), the current reference of the inverter is decreased to 0.8 pu at 1 sec, 

and then it is recovered to 0.9 pu. In addition, DC current is well controlled in approximately 

100ms during the 10% change of the current reference. The firing angle of the inverter is 

increased by the reduction effect of the overlap during the decrease of DC current as shown in 

Figure 11 (d). As a result, DC voltages of the rectifier and the inverter are increased by the 

increase of firing angle of the inverter. 
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(a) Current of the rectifier side. 

 
(b) Current of the inverter side. 

 
(c) The firing angle of the rectifier side. 

 
(d) The firing angle of the inverter side. 

Figure 9. Response Characteristics by the Current Reference 
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(a) Current of the rectifier side. 

 
(b) Voltage of the inverter side. 

 
(c) The gamma angle of the inverter side. 

 
(d)  The firing angle of the inverter side. 

Figure 10. Response Characteristics by the Gamma Reference 
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(a) Current of the rectifier side. 

 
(b) Current of the inverter side. 

 
(c) The firing angle of the rectifier side. 

 
(d) The firing angle of the inverter side. 

Figure 11. Response Characteristics by the Current Reference 
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6. Conclusion 

In this paper, a HILS system has been developed to test controllers of the CIGRE 

benchmark HVDC system in laboratory environment. The HVDC controllers has been 

designed using CompactRIO, a general-purposed controller and the HVDC system have been 

modeled using the eMEGAsim RTDS supplied by OPAL-RT to emulate the CIGRE 

benchmark HVDC system. The performance of developed controllers of the CIGRE 

benchmark HVDC system has been tested and the test results have been analyzed. 

For the future work, the protective system of the CIRGE benchmark HVDC system will be 

designed and will be tested using the developed HILS system. 
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