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Abstract. This paper deals with the tap changer design for 
line-commutated HVDC converter transformers. It examines the 
impacts of tap changer switching to provide criteria for selecting 
an optimal step size. When switching the tap changer the firing 
angles in the converter change and with them the reactive power 
consumption. The dependence of the changes on the step size of 
the tap-changer is linear, so that a maximum step size of the tap 
changer can be calculated based on criteria for maximum 
allowable changes of firing angle and reactive power. For 
implementation into an existing AC system the analysis of tap 
changer switching has to consider the interaction between 
converter reactive power and AC voltage iteratively to derive a 
stable operating point of the HVDC after switching. Both effects 
are influenced by the reaction of the AC-voltage. 
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1. Introduction 
The aim of this paper is to provide a method for selecting 
the right step size for tap changers in converter 
transformers for line-commutated HVDC-systems. HVDC 
transmission has a long history and is currently gaining 
higher importance in power transmission. Although the 
tap changer is an important part of the HVDC control 
mechanisms and maybe “the most critical mechanical 
device in use in HVDC terminals” [1], little attention is 
being paid to the design aspects and its performance in 
most HVDC literature (see [1], [2], [3] or [4]) or power 
transformer literature (see [5] or [6]). The activities of the 
tap-changer influence the performance of the whole 
HVDC system (see Fig. 1). When switching the tap 
changer the converter reaches a new operating point and 
thus firing angle α and reactive power demand Q change. 
The tap changer interacts with the AC-grid. Depending on 
the short circuit power SSC the changes affect the AC 
voltage Uac which again leads to an adjustment of the 
operating point. 

 
Fig. 1 Schematic layout of a typical bipolar 12-pulse HVDC 

station 

 
The other parameters of the HVDC station also influence 
the tap changer operation, like the transformer impedance 
uk, the reactive power compensation scheme (Qmargin, see 
chapter 3) and the DC-power, represented by the current 
Idc and the voltage Udc. The step size of the tap changer 
determines how big the changes due to the switching are 
and is a crucial part of the tap changer design. Usually 
step sizes between 0.8% and 1.5% are chosen. This paper 
takes a closer look at the tap changer. It examines the 
impacts of tap changer switching (= “tapping”) as a 
function of the step size and develops criteria for 
dimensioning the step size. It provides a way to find the 
maximum possible step size for the tap changer in a given 
HVDC project. To use a bigger step size has practical 
advantages. The bigger the step size is the less tapping 
actions are necessary. This prevents wearout of the tap 
changer and facilitates the performances of the HVDC as 
there are fewer jumps in firing angle or reactive power 
demand during the operation. 
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2. Background: Tap Changers in HVDC 
Stations 

The tap changer allows changing the transfer ratio of the 
converter transformer in order to provide the required 
valve side voltage at every load point. Thus compensation 
of voltage drops of the converter or compensation of 
deviations of the AC voltage from the design value is 
possible. Tap changers are usually used for angle control 
and keep firing and extinction angle within a specified 
band between a maximum and a minimum angle. 

For the design of the tap changer it is important to 
know the exact effects of tap changer switching. Due to 
the tapping the transfer ratio of the transformer changes 
and the secondary voltage reaches a new value that is 
dependent on the tap changer position and the step size. 
With the new valve side voltage comes a new firing angle 
α, where the cosine of the angle is dependent on the 
secondary voltage. The new firing angle means a new 
operating point for the converter what goes in line with a 
new reactive power demand Q.  

The change in reactive power due to the tapping causes 
a change in the AC voltage, where the amount of change 
is dependent on the short circuit power of the AC grid SSC. 
Due to the AC-voltage change a new secondary voltage is 
derived. This also means a new firing angle and reactive 
power consumption. The reactive power change again 
affects the AC-voltage leading to iteration until a stable 
operating point is reached. The changes become smaller 
and settle down at a certain value. When determining the 
impacts due to tap changer switching the change in AC-
voltage always has to be considered. It counteracts the 
effects of the switching. 

The change of angle and reactive power due to the 
tapping are directly dependent on the step size of the tap-
changer. Angle step and reactive power step can be 
calculated for each HVDC project in dependence on the 
specific project data, like the transferred power, the short-
circuit impedance of the transformer, installed equipment 
for reactive power compensation, AC voltage and the 
short circuit power of the AC grid (see Fig. 1). The 
necessary equations for the calculations can be found e.g. 
in [1], [3] or [4]. 

If the calculations of the impacts of tapping are done for 
different currents (i.e. for different DC power), it is 
figured out that the largest step in the firing angle occurs 
for low current. This is due to the AC voltage-change that 
has more influence at high power. The step in the reactive 
power demand is biggest for high current. 

3. Criteria for calculating the maximum step 
size 

In order to calculate the maximum step size the 
dependency of the tapping impacts on the step size has to 
be determined. Therefore the changes in firing angle and 
reactive power are calculated for different step sizes to 
derive a function that describes the dependencies. 

The dependencies of the tapping impacts on the step 
size are calculated at the extreme impact points. This is at 
low power for the firing angle and at high power for the 

reactive power demand. From these dependencies the 
maximum step size can be determined. There are two 
criteria to setting limits for the angle step and the reactive 
power step: 

a. The angle criterion says that the change of the 
firing angle α must not be bigger than the overall 
angle band, i.e. the difference of maximum and 
minimum angle. 
Otherwise tapping would immediately lead to 
another tapping process in reaction to the first 
one. This so-called hunting has to be avoided. 
Therefore the tapping does usually not use the 
whole angle band to leave some reserve for e.g. 
voltage deviations. Fig. 2 shows the scheme of 
angle control for an up-ramp (tap at αmin) and a 
down-ramp (tap at αmax) process. 

 
 (1) 

 
Fig. 2 Firing angle control scheme 

 
Fig. 3 Reactive power control scheme 

 
b. The reactive power criterion says that the change 

of the reactive power demand Q should not 
exceed a specified value Qmargin. 
Qmargin is usually a value for filter switching to 
cause a hysteresis in the reactive power exchange 
curves for up- and down-ramping (see Fig. 3). As 
the reactive power standards must also be 
complied by the tap-changer, Qmargin is defined as 
the maximum step in reactive power due to 
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tapping. Thus it is assured that the reactive power 
exchange stays within the allowed limits and the 
tapping does not provoke further filter switching. 

 
 (2) 

4. Calculation Process 
In order to find the maximum step size the dependencies 
of angle change and reactive power change on the step 
size must be calculated. Therefore the changes are 
calculated for different step sizes to derive a function that 
describes the dependencies.  

The dependencies can be calculated as 
 ∑∆ ∙

∑
				and			

∑∆ ∙

∑
	,	 (3) 

where mQ and mα are the slopes of the lines that describe 
the dependencies and ΔQ and Δα are the calculated 
changes for a specific step size step. The functions should 
be fitted as lines through the origin since a step size of 0% 
will not derive any changes. 

From the function  
 

∙  (4) 

it is possible to calculate the maximum step size that 
guarantees that the angle step after tapping does not lead 
to a violation of the angle limits. The angle step can be the 
difference between αmax and αmin at most. 

The change in the reactive power demand after tapping 
should not exceed a specified value Qmargin. From this 
condition a maximum step size can be calculated from the 
function 
 

∙  (5) 

as well.  
It is important to do the calculations of angle step and 

reactive power step for realistic tapping-points. Tapping 
will take place when the firing angle reaches its lower (up-
ramp) or upper (down-ramp) limit. Based on this angle the 
tap changer position and DC-current have to be 
determined. At this point the tap changer position can be 
raised (down-ramp) or decreased (up-ramp). The angle 
step is then calculated as the difference between angle 
before tapping and angle after tapping (same for the 
reactive power demand). Here also the impacts of the AC 
voltage change have to be considered. 

It is crucial to use a realistic tapping-point as starting-
point as the firing angle is calculated through its cosine 
and a change of the cosine has different impacts on the 
angle change depending on the angle range, i.e. tapping at 
12° will lead to another angle step than tapping at 18°. 
Only the calculation for tapping at real maximum or 
minimum angles will derive results that are relevant for 
the practical operation of the HVDC. 

There are four cases to consider when calculating the 
impacts of tapping: up-ramp and down-ramp of the 
HVDC and rectifier and inverter operation.  

For the up-ramp tapping takes place at minimum angles 

αmin as the angles decrease with increasing current. For the 
down-ramp the maximum angle αmax is the limit for the tap 
changer. The distinction between rectifier and inverter 
operation is important to take the different DC-voltage at 
the inverter due to the influence of the DC line resistance 
into account. Furthermore there are usually different angle 
limits for the firing angle at the rectifier than for the 
extinction angle at the inverter. On the one hand this 
means a different maximum value of angle change 
following the angle criterion. On the other hand it also 
directly affects the angle step and reactive power step 
because a change in the cosine of the angle has different 
impacts on the angle in different angle ranges. From all 
cases the total maximum step size can be derived. It is the 
smallest maximum step size from all examined cases. 

 

5. Results 
The functions and equations described in the last two 
sections were implemented in MATLAB® in order to 
obtain a tool for an automated calculation of the tapping 
impacts and the maximum step size for a specific HVDC 
station. For a test of the program the data of a typical 
bipolar HVDC station (Table I) was used. 

 
Table I HVDC parameters for calculation 

UdcN 500 kV 
UacN 500 kV 
IdcN 2000 A 
αN 15° 
αmax 17.5° 
αmin 13° 
γN 18.5° 
γmin 18° 
γmax 20.5° 
uk 0.15 pu 
SSC,min 7000 MVA 
dr 0.002 pu 
Rdc 5 Ω 
QFilter at Pmax 500 MVar 
QFilter at Pmin 50 MVar 
Qmargin 30 MVar 
step 0.25% to 2.0% (7 values) 

 
From this data the dependencies of the step in the firing 
angle and the step in the reactive power demand on the 
step size can be calculated. Calculations were made for 
the four different cases of rectifier operation, inverter 
operation and up- and down-ramp. The plotted functions 
can be seen in Fig. 4 and Fig. 5. 

The results for the dependencies differ slightly 
according to the various cases. Part of these differences 
can be explained by the different currents at the point of 
tapping. As all calculations are made for realistic tapping 
points, i.e. for the minimum or maximum angle, the 
currents may be a little bit higher or lower for one case 
than for the others. To calculate with identical currents for 
all cases would not solve this problem, since then the 
firing angles would differ. Total comparability is not 
possible. Of course, there is also a systematic difference 
between the cases. This is due to the different angle ranges 
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in the calculation (higher angles for down-ramp and for 
inverter operation than for up-ramp and for rectifier 
operation). However, this systematic difference may not 
be reflected by the results due to the dominating influence 
of the chosen operating points. For that reason it is 
impossible to determine a universal worst case. It is 
recommended to calculate for realistic tapping points and 
to consider all cases to find the maximum step size. 

 

 
Fig. 4 Angle change due to tapping 

 

 
Fig. 5 Reactive power change due to tapping 

 

The maximum step sizes for the angle and the reactive 
power criterion for each case are summarized in Table II. 
The smallest maximum step size is the step size that 
complies the criteria for all cases. It is 1.82 % for the 
chosen HVDC station. 

 

Table II Maximum step size for the different cases 
 rect, 

up 
rect, 
down 

inv, 
up 

inv, 
down 

maximum step size (%) 
angle criterion 

2.90  2.85 2.10 1.82 

maximum step size (%) 
reactive power criterion 

2.65 2.67 2.69 2.76 

 

 

6. Conclusion 
This paper showed a way to determine the step size for the 
tap changer in the converter transformer for a line-
commutated HVDC system. In order to calculate a 
maximum step size a function has to be derived showing 
the dependency of the changes in firing angle and reactive 
power demand on the step size. This is done by 
calculating the changes for different step sizes and then 
fitting a line through the values. The results will differ in 
dependence on the specific project data, like the 
transferred power, the short-circuit impedance of the 
transformer, installed equipment for reactive power 
compensation, AC voltage and the short circuit power of 
the AC grid. 

Two criteria must be complied to allow a proper 
operation of the tap changer in the HVDC system: the 
change in the firing angle must not exceed the angle band 
between maximum and minimum angle and the change in 
reactive power demand must be smaller than the value 
Qmargin defined for the reactive power exchange. The 
maximum step size that fulfills these criteria for all cases 
of operation from rectifier operation in up-ramp to 
inverter operation in down-ramp is the limiting value in 
the selection of the step size. 
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