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ABSTRACT 
The concept of the capacitive direct current injection was presented in previous papers. 

The aim is to test HVDC equipment simultaneously with e.g. ±422 kV DC and 3150 A 

DC. First prototypes based on the concept showed good service experience, so that a

generator with rated values 660 kV and 5000 A was built. This contribution presents the

final overall assembly of this generator and its technical details. First long-term service

experience with this concept was gained during a trial run of the test equipment with

±422 kV and 3150 A. This generally proves that such generators can be implemented for

high equipment ratings and that reliable operation is possible. Further commissioning of

the generator to its rated values of 660 kV and 5000 A is planned for the future.

   Index Terms — testing HVDC equipment, long-term testing, DC current 

injection generator  

1  INTRODUCTION 

THE design of HVDC equipment like gas insulated systems 

or cables has always take into account space-charge 

accumulation in the insulation material [1]. A main reason is 

the temperature dependency of the insulation material’s 

electrical parameters, which can cause space-charges and, 

therefore, locally high electrical field stresses. In conclusion, 

long-term tests on HVDC equipment like prequalification tests 

for HVDC cables or prototype installation tests for gas insulated 

systems have always to consider simultaneous high current and 

high voltage testing [1, 2] in order to stress the device under test 

not only by voltage but also by temperature. Typically, heating 

during such tests is realized by AC current with reversely 

operated current transformers. AC current heating of HVDC 

equipment is in principle adequately possible [3], however, 

there are some technical limits. Particularly, injection of high 

AC currents into very large test loops requires high amounts of 

reactive power and thereby larger test set-ups. Another aspect 

are customers’ requirements for tests as close as possible to 

practice. Injection of DC current at magnitudes according to the 

later operation in the HVDC grid is thereby beneficial in such 

cases. However, no commercial generators are available for this 

kind of testing so far [4].  

The lack of testing equipment has become obvious during an 

ongoing research project at the Technical University of 

Darmstadt. In this research project, a prototype installation test 

on a 100 m DC GIS/GIL loop is performed, which means a 

simultaneous DC voltage and current operation for one year [5]. 

AC current heating of such a large gas-insulated assembly 

would have required several encapsulated AC current 

transformers. Another possibility would have been a cable 

assembly in the test loop in order to allow application of regular 

AC current test transformers. Both options were disregarded, 

and it was decided to evaluate DC current injection sources in 

the frame of the research project. Several generator concepts 

were investigated [6]. In conclusion, the capacitive DC current 

injection concept [4] was chosen to be implemented, because 

first prototypes showed good performance, and high equipment 

ratings are possible by stacking of components [7]. 

Figure 1 shows the general task for DC current injection. A 

resistor represents the test object. The current source has to 

generate the high DC current at high voltage potential. The 

power supply of the current source has to fulfill two tasks. First, 

it has to transmit power to the current source. Second, it has to 

insulate the high voltage stress between the test object and 

ground [4]. 

Figure 1. DC current injection at high voltage DC voltage potential. [4] 
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2  GENERATOR OPERATION 

Figure 2 shows the basic circuit diagram and the current and 

voltage values during the first operation of the capacitive 

current injection generator. Losses are neglected in Figure 2. 

Oscillograms during its operation are shown in section 2.2, 2.3 

and 2.4. The solution is based on capacitive transmission of 

high frequency current at moderate amplitude from ground to 

high voltage potential (“2” – transmission path). An AC/AC 

converter (“1” – feeding unit) provides a high-frequency power 

supply for the transmission path. The transmission path consists 

of serial capacitors and inductances, which form a serial 

resonance circuit. Its resonance frequency is found by adjusting 

the output frequency of the converter. Thereby the high-

frequency current transmission is comparable to a direct 

connection at resonance frequency, while the DC voltage is 

simultaneously insulated via the capacitors. At high-voltage 

potential the high frequency current is stepped up and rectified 

(“3” – rectifier). The result is a DC current of several kilo-

amperes at a voltage of only a few volts.  

The generator installation in the high-voltage laboratory is 

shown in Figure 3. The feeding unit “1” (section 2.2) is 

installed at ground level in between the two capacitors “2”, 

which form the transmission path (section 2.3). The 

construction of the capacitors is similar to that of high-voltage 

dividers. Housings with outer sheds are used to improve the DC 

long-term insulation performance against pollution. Capacitors 

and inductances are installed alternately to reduce the technical 

ratings of each component, such as the high-frequency voltage 

due to the resonance operation at each capacitor and inductance. 

The rectifier “3” (section 2.4) with its weight of approx. 2.5 t is 

directly installed at two feeding bushings for the high current 

loop. The voltage difference between both bushings is in the 

range of only a few volts during DC current and voltage 

operation. Electrically, both bushings are connected via the 

100 m long DUT. During fast transient events, however, it has 

to be regarded that a high voltage difference for a short time 

period will occur between both bushings due to travelling wave 

effects along the 100 m DUT. For instance, the voltage 

breakdown of an external flashover due to pollution near one of 

the bushings needs approximately 333 ns to appear at the other 

bushing. In conclusion the rectifier terminals are stressed with 

the full test voltage for 333 ns. This requires special 

considerations for overvoltage protection at the output 

terminals of the rectifier (section 2.4).  

All components installed consider transient events and are 

equipped with protection devices. To evaluate the system and 

its protection devices against transient events, three outer 

flashovers at operation with ±422 kV and 3150 A were 

performed. The generator continued its operation without any 

disturbances. 

2.1  SERVICE EXPERIENCE 

The novel generator was successfully commissioned. So far, 

the generator has been operated with 3150 A output current at 

a 100 m DC GIS/GIL assembly. The resistive load was in the 

range of 1 mΩ, which results in a total power output of approx. 

10 kW to heat the inner conductor with DC current. The power 

efficiency of the overall generator is approx. 70 %. The losses 

mainly occur in the feeding unit and the rectifier, rather than in 

the transmission path. The efficiency would increase for longer 

test arrangements, because the losses inside the generator are 

proportional to the output current, not its output voltage.  

So far, a trial run of the test equipment with 3150 A and 

±422 kV was performed. Each DC polarity was applied for 

14 days. The trial run was successfully completed with an 

interruption time of only 4.5 h in total, which was related to 

external influences. Polarity reversals within 120 s were 

possible with the used combination of capacitors and resistors 

(refer Figure 2). Until now, the DC current injection generator 

Figure 2. Capacitive current injection generator during its operation – 

losses neglected. [4] 
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Figure 3. Installation of the capacitive current injection generator. 
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was disconnected from the DUT (“device under test”) during 

impulse voltage tests to prevent damages. Basically the 

generator concept is hardly suitable for such stresses. The high 

capacitance of the DC current injection generator strongly 

increases the load during impulse voltage testing. Pre-studies 

[13] on small size prototypes showed that the impulse voltage 

shape gets distorted by the overvoltage protection elements 

installed at the inductances in the transmission path.  

At DC high voltage operation with ±422 kV the generator 

itself was free of partial discharges.  However, at DC current 

operation the installed UHF monitoring system of the DUT 

detected PD signals at all its channels. The origin of these 

signals are not partial discharges inside the generator or the 

DUT, but electromagnetic interferences (EMI) by the 

harmonics generated by the generator’s feeding unit at the UHF 

PD system. A spectrum analysis of the EMI signal from the 

converter at one installed UHF sensor is shown in Figure 4. The 

signal was measured during 3150 A DC current output of the 

generator. Its bandwidth reaches up to 350 MHz. Since the 

UHF PD system installed operates between 100 MHz and 1800 

MHz, these EMI signals are detected by the system. The 

disturbance of the UHF PD system could be suppressed by 

installing 500 MHz analog high-pass filters at each channel of 

the PD system. The influence of this measure on the 

measurement of real typical PD signals is rather small. Figure 4 

shows that regular PD signals at gas insulated assemblies have 

also high signal attenuations above 500 MHz [8]. These signal 

components are sufficient for PD detection. A repetition of the 

PD sensitivity verification test step 2 [9] showed that the filters 

damp the signal by only approximately 1 dB, which is uncritical 

for the signal to noise sensitivity of the PD system in the range 

of 20 dB. 

Generally a MMC (“modular multi-level converter”) [10] 

would improve the behaviour of the current generator. Figure 4 

shows also EMI signal measurements, which were performed 

with an MMC prototype [11, 12] at 400 A current output. A 

spectral analysis at 400 A output current should be comparable 

to an analysis of a full size MMC with 3150 A DC output 

current. This is assumed, because the EMI signals magnitude 

and bandwidth of the rectangular converter at 3150 A was 

comparable to lower current outputs as well. With the MMC 

prototype the disturbances in the UHF system were generally 

lower. Its main frequency spectrum reaches up to 150 MHz. 

Besides that harmonics near 220 MHz generated signals, which 

slightly disturbed the UHF PD system. Such disturbances could 

be again filtered or the MMC’s EMI spectrum could be further 

optimized.  

Conventional PD measurement according to IEC 60270 in 

the frequency range from 100 kHz to 400 kHz are not possible 

with the implemented converter in the feeding unit. The MMC 

prototype shows a much better performance. First conventional 

PD measurements parallel to the MMC operation indicate, that 

parallel measurements with less than 5 pC background noise 

might be possible, especially by avoiding measurements near to 

harmonics and by use of sharp bandwidths and variation of the 

center frequency. Nevertheless, a certain amount of 

disturbances during PD measurements cannot be avoided by 

use of the capacitive current injection concept.    

2.2  FEEDING UNIT 

The feeding unit operation frequency was nearly 55 kHz. The 

unit is built as rectangular AC/AC converter, which results in 

high amounts of harmonics to the 55 kHz power signal. The 

basic circuit diagram and oscillograms during its operation are 

shown in Figure 5.  

The 55 kHz output consists of the rectangular voltage as well 

as a sinusoidal current (refer Figure 5). Latter is strongly 

filtered by the snubber elements in the transmission path 

(section 2.3). The 9th harmonic is strongly represented in the 

55 kHz output. FFTs show, that the voltage magnitude of the 9th 

harmonic is 33 % compared to the magnitude of the 55 kHz 

base signal. The 5th, 7th and 11th harmonic content is near 10 %, 

the 3rd and 13th still 5 %. Overall, the feeding unit injects high 

amounts of strong harmonics in the system. An improvement 

was observed by using the MMC prototype [11, 12], which 

highly reduced the harmonic signal content.  

To avoid further harmonics in the system it was decided not 

to use a PWM modulation to control the current output 

magnitude. Therefore, the unit is supplied by a regulating 

transformer from the grid. Its current and voltage stress is 

shown in Figure 5. The 50 Hz current signal is not sinusoidal, 

 
Figure 4. Spectral analyses of EMI and PD signals at the UHF PD system. 

[8] 

 
Figure 5. Feeding unit of the capacitive current injection generator and 

oscillograms during its operation (losses neglected - measured at 500 A 

output current). 
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because of the load behaviour of the B6U rectifier.  This leads 

to harmonics in the voltage signal as well.  

The DC input for the converter is generated with a B6U 

rectifier. Several converters operate in parallel to handle the 

overall ratings. The summation of the converter outputs is 

achieved via transformers, with the transformer outputs 

connected in series. Capacitors are installed in series to the 

connection to each transformer, as well as to the output of the 

unit to suppress DC offsets. One output terminal is connected 

to earth potential.      

The first operation was performed with 10 parallel 

rectangular converter modules. Measurements of the current 

distribution showed deviations of less than 1 %. A nearly 

perfect current distribution at each converter module during 

load feeding can be inferred. Each converter input is protected 

by a circuit breaker to “fail-safe” protect the parallel operation. 

If one circuit breaker detects an overcurrent, the total feeding 

unit is switched off to prevent further damage of the modules.   

Rectifier and converter are fan-cooled, the transformers are 

passive-cooled. Temperature rises of all components were 

measured with thermal cameras. The maximum values stayed 

below 20 K. 

The overall unit and its control use high amounts of 

electronics. The used electronics, their layout and installed 

protection elements were able to withstand the applied external 

flashovers (refer section 2.1).  

2.3  TRANSMISSION PATH 

The overall transmission path and oscillograms during its 

operation are shown in Figure 6. Current and voltage at earth 

potential are highly stressed with harmonics. The 9th harmonic 

is dominant. The general voltage shape is rectangular. At zero 

crossing of the voltage, spikes at the current signal are 

measured. At high voltage potential other transients are 

dominant. The current signal is nearly sinusoidal. The general 

voltage shape is also sinusoidal, but strongly stressed by the 5th 

harmonic. 

All installed inductances need protection against transients, 

since their voltage drop increases strongly for short rise times 

and thereby high frequencies. This can be accomplished by 

installing surge arresters and spark gaps at all transformers or 

resonance coils in the transmission path. Primary and secondary 

terminals of the transformers are also protected by spark gaps, 

so that transient overvoltages do not destroy the transformer 

insulation. The earth connection and the high voltage reference 

connection is made by a 1 MΩ resistor to electrically decouple 

the ±422 kV DC current flow and the 6.5 A current flow at 

55 kHz. The protection against transients at these resistors is 

performed by spark gaps only, since surge arresters would 

become conductive for high frequency harmonic currents. The 

reference potential connection of the 450 V, 33 A circuit at high 

voltage is implemented inside the rectifier (refer Figure 7).  

Damages were observed at the earth potential transformer 

during operation. It is assumed that the high amounts of 

harmonics are responsible for these observations (section 2.2). 

The physical dimensions of the transmission path are relatively 

large, resulting in notable parasitic stray capacitances and 

inductances. Stray parameters and harmonics form LC-circuits 

as well. These parasitic LC-circuits have nearly no resistive 

damping, which may cause local resonance overvoltages and 

therefore damages in the system. A low inductance RC-snubber 

(1 nF, 660 Ω) was installed at each secondary terminal of the 

earth potential transformer to reduce the amounts of harmonics 

in the transmission path. The RC-snubber is not required at high 

voltage potential.  

The parasitic LC-circuits become also visible in Figure 6 at 

the voltage shapes of the LC-elements in the transmission path. 

Mainly the inductances L are stressed by harmonics, which 

indicates parasitic LC-circuits with stray capacitances. The 

voltage shape at the capacitors is nearly sinusoidal. As an 

 
Figure 6. Capacitive transmission path and its protection elements and oscillograms during operation (losses neglected - measured at 250 A...500 A output 

current).  
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example, in Figure 6 the inductance at stage 2 is dominantly 

stressed by the 5th, 7th and 9th, while stage 4 is highly stressed 

by the 5th and 7th harmonic. In conclusion, the voltage shape is 

assumed to depend on the local position and the parasitic 

capacitance being present there. 

The resonance frequency of the transmission path stays 

constant during current operation, so that no regulation of the 

55 kHz frequency was required. The thermal hot-spots in the 

system were the RC-snubbers. These components therefore 

required fan-cooling. All other components were cooled 

passively. Besides the RC-snubbers, the highest temperature 

rises were observed at the transformers and inductances with 

approximately 15 K.  

2.4  RECTIFIER 

The rectifier operation is shown in Figure 7. The current 

input of the rectifier is nearly sinusoidal, and the voltage shape 

as well, but with a high stress of the 3rd, 5th and 7th harmonic. 

The resulting output current and voltage shapes are also shown 

in Figure 7. The used M2 rectifier theoretically causes a ripple 

of twice the input frequency. Besides the 2nd harmonic, a 

noticeable ripple at the 1st harmonic is measured as well. It is 

assumed that this signal content is produced by asymmetries in 

the M2 rectifier. Differences of the forward voltage of the 

diodes for positive and negative half wave would e.g. cause a 

certain ripple at the 1st harmonic. The voltage has a ripple of 

15 % (absolute value 0.4 V), which is plausible because the sum 

of the inductive and resistive voltage drop at the DUT is 

measured. The output current was measured with Rogowski 

coils (to measure the ripple) and a zero-flux current transformer 

(to measure the mean of the DC current). The current shape has 

a relatively low ripple far below 3 %, which seems plausible 

when considering the voltage ripple and the inductance of the 

100 m DUT in the range of 25 μH.  

To transform the 450 V, 33 A supply voltage to 4.7 V and 

3150 A, in total 112 transformers are used. The primary 

terminals of the transformers are connected in series, and the 

secondary terminals in parallel via an M2 diode rectifier. 

Thereby the transformation, as well as the rectification are 

performed simultaneously. Measurements of the current 

distribution at accessible components during load operation 

showed deviations in the range of 1 % between the parallel 

rectifiers. A nearly perfect current distribution at each rectifier 

module during load feeding can therefore be assumed. In case 

of short circuit of one rectifier the 3150 A current will be partly 

injected in the damaged module. Each rectifier is therefore 

equipped with a fuse to protect the circuit against such failures. 

The primary terminals of the 112 transformers are not 

directly connected by wires, but by RC-elements. In resonance 

operation the high inductance of all series connected 

transformers would strongly detune the resonance frequency. 

The capacitance of the RC-elements compensates this 

inductivity, so that the rectifier itself operates at 55 kHz 

resonance frequency as well. The resistance of the RC-elements 

ensures an ohmic connection to the high voltage reference 

potential of all installed elements. The reference potential of the 

450 V, 33A circuit is connected to the high-voltage potential at 

the middle of the transformer cascade via a 10 Ω resistor, so that 

the primary-secondary insulation stress with high-frequency 

voltage is reduced.  

As mentioned in section 2, the connection terminals of the 

rectifier can be stressed by high overvoltages. Therefore high 

energy surge arrestors are installed directly at the rectifier 

output as close as possible to the bushing. Besides that, each 

M2 rectifier also has surge arresters at its output terminals. Plus 

and minus terminals of the rectifier are connected via a 10 Ω 

resistor, so that all parts have a connection to high voltage 

potential.  

The diodes of the rectifier are fan-cooled, all other parts are 

passive-cooled. Temperature rises at all components were 

below 10 K. The power supply for the fans, as well as for other 

electronic sensors at high voltage potential, is generated by a 

separate circuit. The electrical consumers get their power from 

several current transformers in the 450 V, 33 A circuit. The 

output of each current transformer is rectified, and constant DC 

levels via electronics are generated to supply the fans and 

further electronics. The burden of these current transformers is 

highly important to avoid overvoltages under no-load 

conditions. The burden is realized with capacitors to reduce the 

power losses. 

The electronics inside the unit like fans, M2 rectifier etc., are 

able to withstand the applied external flashovers (refer 

section 2.1).  

3  CONCLUSIONS 

This contribution shows the final design and the operation of 

a novel current injection generator with rated values 660 kV DC 

and 5000 A DC. First operation experience was gained during 

trial runs of the test equipment with ±422 kV and 3150 A, each 

 
Figure 7. Rectifier circuit at high voltage potential and oscillograms 

(losses neglected - measured at 500 A, output current at 3150 A). 

+
-

4
5

0
 V

, 3
3

 A

M2

M2

M2

M2

4 V, 33 A

2 x (4.7 V, 14 A)

4
.7

 V
, 3

1
5

0
 A

4.7 V, 14 A



 

polarity for 14 days. Thereby the technical feasibility of the 

generator concept was proven. Further tests have confirmed that 

the overall concept is robust enough to withstand transient 

events like flashovers during operation. Polarity reversal tests 

are uncritical for the generator. Pre-studies have indicated that 

the generator concept is less suitable for impulse voltage 

testing, because the wave shape of the impulse voltage will be 

affected. Therefore, the generator was disconnected during 

impulse voltage testing so far. Besides that damages at the 

generator were prevented. 

Major challenges during operation resulted from high 

frequency harmonics from the feeding unit. These harmonics 

interfered with the installed UHF PD measurement system. 

Spectral analyses have shown, however, that proper operation 

of the UHF PD system is possible by filtering the interferences. 

Furthermore, damages at generator components due to 

harmonics are possible. Therefore, a reduction of the harmonic 

content in the circuit by use of snubber elements or sinusoidal 

multi-level converters is strongly recommended. 

Future work aims at further increasing the operation levels of 

the current generator to its rated values of 660 kV DC and 

5000 A DC. Furthermore, impulse voltage tests are to be 

performed in order to evaluate if the used generator principle 

can withstand such stresses in principle and how the impulse 

voltage shape is influenced in the real size assembly.   

 

ACKNOWLEDGMENT 

The authors gratefully acknowledge support of this work by the 

IWB-EFRE-Program by the State of Hessen (Funding Code 

20002558). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

REFERENCES 
[1] C. Neumann et al, “Some thoughts regarding prototype installation tests 

of gas-insulated HVDC systems” Cigré Winnipeg 2017 International 
Colloquium & Exhibition, 2017 

[2] High voltage direct current (HVDC) power transmission - Cables with 

extruded insulation and their accessories for rated voltages up to 320 kV 
for land applications - Test methods and requirements, IEC Standard 

62895:2017, 2017-05. 

[3] M. Hallas et al, “Determination of AC test currents for thermo-electric 
laboratory stresses on gas-insulated HVDC systems” 2020 Virtual CIGRE 

Canada Conference & Expo, 2020 

[4] M. Hallas, T. Wietoska, V. Hinrichsen, “Construction of a DC Current 
Injection Generator for HVDC Long-term Tests up to 5000 A DC at 660 

kV DC Potential” 21st International Symposium on High Voltage 

Engineering (ISH), Budapest, 2019. 
[5] M. Hallas et al, “Cigré Prototype Installation Test for Gas-Insulated DC 

Systems – Testing a Gas-Insulated DC Transmission Line (DC-GIL) for 

±550 kV and 5000 A under Real Service Conditions” CIGRE Session 
2020, virtual Conference, 2020. 

[6] M. Hallas, and V. Hinrichsen, “General overview of AC and DC current 

injection on high voltage potential for HVDC long-term tests” CIGRE 
Science & Engineering, vol. 14, pp. 118–124, Jun. 2019. 

[7] M. Hallas, T. Wietoska, V. Hinrichsen, “Generator for Current Injection 

on High DC Potential to Test HVDC Equipment” 20th International 
Symposium on High Voltage Engineering (ISH 2017), Buenos Aires, 

2017. 
[8] C. Neumann et al, “PD measurements on a DC gas-insulated transmission 

line (DC GIL) conducted in the frame of the Prototype Installation Test 

according to recommendation of CIGRE JWG D1/B3.57” ETG Journal, 
vol. 01/2021, pp. 6–11, Jan. 2021. 

[9] CIGRE D1.25, “UHF partial discharge detection system for GIS: 

Application guide for sensitivity verification” CIGRE TB 654, 2016.  

[10] K. Sharifabadi et al, Design, Control, and Application of Modular 

Multilevel Converters for HVDC Transmission Systems, Power 

Electronics, Wiley-IEEE Press, 2016. 
[11] S. Moog, “Development of a 30 kW / 60 kHz modular multilevel 

converter: test setup, control and design” in German, Bachelor-thesis No. 

2019, High voltage Laboratories, Technical University of Darmstadt, 
Germany, 2020. 

[12] S. Vogelsang, “Construction and commissioning of a 5 kW / 60 kHz 

Multi-Level Converter for current injection at high voltage potential” in 
German, Bachelor-thesis No. 2026, High voltage Laboratories, Technical 

University of Darmstadt, Germany, 2021. 

[13] F. Hofmann, “Development of surge voltage protection concepts for the 
capacitive current injection at 660 kV DC during HVDC tests” in German, 

Master-thesis No. 2008, High voltage Laboratories, Technical University 

of Darmstadt, Germany, 2019. 

 

 

 
 

 

M. Hallas was born in Kędzierzyn-Koźle, Poland, in 
1987. He received the Diploma degree from the 

Technical University of Darmstadt, Germany, in 2012. 

From 2012 to 2015 he worked as R&D engineer for 
GIS up to 170 kV at ABB AG Germany. Since 2015, 

he has been working at the high voltage laboratories of 

the Technical University of Darmstadt with the aim of 
a “Dr.-Ing.” degree. His research interest includes gas-

insulated HVDC systems, their testing and 

commissioning. Aside from his research he is a “young 
expert” of the CIGRE JWG D1/B3.57 “Dielectric testing of gas-insulated 

HVDC systems”. 

.  
 

Investing in your future 




