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Abstract. This paper presents a novel strategy on how to
design a sophisticated HVDC controller by using a decoupling
filter. At first a simple mathematical model of the HVDC system
will be derived. The HVDC is a multivariable system; hence the
rectifier and inverter voltages and currents are coupled and
therefore it is not trivial to design a controller for one converter
station without taking the influence of the opposite converter into
account. Subsequently this paper will show how to eliminate this
coupling in a mathematical way and as a consequence it will be
presented how a controller and its appropriate parameters will be
determined. The novel controller will be compared with a
standard PI controller of a HVDC system and therefore the
dynamic behaviour will be obtained.
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1. Introduction

Recently the desire to use HVDC systems — especially
multiterminal HVDC systems — has gained interest in
Germany due to the German grid development plan [1].
Hence the interest in novel control strategies for HVDC
systems has increased since the controlling structure
design differs from a classical two-point HVDC system,
which is shown in Figure 1.
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Figure 1: Schematic design of a six pulse HVDC system

The control system plays an important role in the entire
HVDC system in order to control the load flow in the AC
grids, to minimize losses, to improve the operational
behaviour and the system stability, etc. [2]. Usually the
rectifier operates in current control mode and the inverter
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can operate in one of the following control modes: It
contains a current controller, a voltage controller and an
extinction angle controller [3]. During normal operation,
the inverter is in voltage control mode as shown in Figure
2, where u4*(f) and ig*(¢) are the setpoints for the inverter
voltage and the rectifier current respectively. uy(f) and
i4(f) are the actual inverter voltage and rectifier current, o;
and a; are the firing angles of the inverter and the rectifier
respectively.

PI-
ug*(7) controller o qu( )
ig*(f) :; ¥ . TNr,iS +1 a > HVDC ld(t)>
P TS system

Figure 2: Principle control scheme of an HVDC system during
normal operation

Due to AC-Faults at the rectifier side the voltage will
drop very fast and the inverter will switch to current
control mode in order to prevent that the DC current
drops to zero. If the firing angle of the inverter reaches its
limitation the inverter switches to extinction angle
control mode in order to prevent a tripping of the inverter
and the consequently involved risk of a HVDC fall out.
In practice, PI controllers are usually employed to control
the rectifier and inverter variables of HVDC systems and
approaches already exist to select parameters of these
controllers [4], [5]. Also a method for controlling
multiterminal HVDC Systems was proposed by F.
Karlecik-Maier in 1996 [6].

But typically the controller parameters are obtained by
trial and error and therefore this paper will present a
method on how to choose a controller and its appropriate
parameters in a sophisticated way. It is important to
mention that this method will also be applicable to
multiterminal HVDC systems due to the decoupling
method. At first it will be shown how a simple
mathematical model of the HVDC system can be derived.
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Afterwards the control design process based on this
mathematical model will be shown and the performance of
the developed controller will be presented.

2. Modelling of the HVDC system

As already mentioned in the previous section, the first step
is to analyse the HVDC system in order to obtain a simple
mathematical model. At first the transmission equation can
be directly obtained from Figure 1.

d/
Ide+de—;‘=Udl—Udz (1)

The voltage drop along the DC line, between the rectifier
and inverter, can be replaced by equation (2) and (3),
which show the correlation between the DC voltages Uy,
and Uy, the DC current [y, the firing angle a,, the
extinction angle y; and the corresponding phase to phase
voltages of the AC grids U, and U,; [3].

32 3

U, = BiUnr cosa, —B= X1, 2)
T T
32 3

U, = BiUni cosy, —B= X1, 3)
T T

Where X, and X(; are the short-circuit reactances of the
AC grids. As the extinction angle y; is not an actuating
variable of the system it can be replaced with its
appropriate firing angle ;. For a six-pulse converter the
constant B is fixed to one (B=1). Inserting equations (2)
and (3) in equation (1) yields equation (4).

dr
Ide+de—;:

4
32 @
T

=——(U, cosq, +U,, cosoci)—z(XCr + X )1,
n

This equation describes a nonlinear system and needs to be
linearized. This can be done through use of the Taylor
series decomposition method, where the differential terms
with orders greater than one are neglected. After the
linearization the equation can be transferred to the Laplace
domain.

1, ()R, +sL,I,(s)= —ﬂ(Umar (s)sine,, +
T

3 Q)
+U,.a;(s)sinay,) —— (X, + X )1, (s)
Vs

ni i

o, and ay; are the operating points of the firing angle of the
rectifier and the inverter respectively. Hence the transfer
function of the DC current can be obtained:

https://doi.org/10.24084/repqj11.264

2U_si
1) = VWS, o
sZL+ZR + X, + X,
37473
G,
11 (6)
2 sina,.
— \/7 ni SlnaOl ai(s).

sng +§Rd + X+ X

GIZ

The next step is to deduce the relation between the firing
angles and the inverter side DC voltage Uyg,. Therefore
equation (3) will be linearized and transformed to the
Laplace domain.

32

U =20, 0 ()sinay > Xely(s) ()
V4 V4
Replacing the DC current /y in equation (7) with (6)
yields equation (8).
Uy (8) =
Vs T
3\/5 sng+§Rd+XCr

=——-U,; sinq,,
p/s

a(s) (8)
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Gy,
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-—U, sing,,
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Summarizing equation (6) and (8) yields in the transfer

matrix G.
( 1,(s) jz[Gn Glzj(ar(s)j 9)
Uy (8) Gy Gy )\ a(s)
G
As the transfer matrix shows, the model is a two-variable

system where all the variables are influenced by each
other. The structure of the system is shown in Figure 3.

Figure 3: Structure of the simplified HVDC Model
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It is not possible to design an appropriate controller for
such a system due to the fact that both, actuating and
control variables, are coupled. Applying a so called
decoupling filter to the system makes it possible to
consider the coupled system mathematically decoupled
[7]. The filter compensates the influence of the secondary
diagonal elements G, and Gy;. Its matrix is shown in

equation (10).
o7 )
By Fy

The structure of the system with the applied filter and the
controllers Cy; and C,; is shown in Figure 4.

(10)

Figure 4: Structure of the HVDC system with inculded filter and
controllers

The controllers Cy; and C,; and its parameters are a degree
of freedom and can be selected in order to guarantee a
certain dynamic behaviour of the HVDC system. Selecting
the filter parameters in the right way, the system can be
considered completely decoupled and has a structure as
shown in Figure 5.
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Figure 5: Structure of the HVDC system with the applied
decoupling filter

The first step in the creation of the filter matrix is to reveal
the undesired influence of the DC current /; on the inverter
end DC voltage Uy, and to zero it in.

AIdCu (F21G22 +F11G21) =0
A4U,Cy, (FIZGII + FzzGlz) =0

(In
(12)

Solving these equations yields in the following expressions
for the secondary diagonal elements of the decoupling
filter:
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The direct influences from the input to the output, shown
in Figure 4, shall remain and therefore the equations can
be presented.

I, =A41,C, (F21G12 +E1G11)
Uy, =AU, G, (Eszl +Fzszz)

(15)
(16)

Comparing those to the decoupled structure scheme,
shown in Figure 5, yields in the following equations:

G, =F,G,+£,G,, (17)
G,, = F,G,, + F,,G,,. (18)

Inserting equation (13) in (17) and equation (14) in (18)
respectively and solving the equations for Fy; or Fp
respectively one obtains equation (19).

GG
Fy=F,= —= (19)
G11G22 - G]szl
Hence the decoupling filter matrix is given through
equation (20).

;o G
F :M G” (20)
G11G22 _G12G21 _& 1
Gy

The system can now be considered as a mathematically
uncoupled system and control design can be applied
much easier.

3. Control Design

For designing a sophisticated controller for the HVDC
system, a simple test network was build up in MATLAB®
Simulink® with some standard values for Back-to-Back
HVDC systems from [4] and [8], shown in Table 1.

Table I - HVDC Values

U, 200 KV
U, 200 KV
X, 0,7Q
Xei 0,7Q
Ry 0,1Q
Ly 0,085H
Uspret 255 kV
Tyt 3000 A
oy 10°

Qi 160°
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The transfer functions of the Gy, and Gy, of the decoupled
system can now be presented in equation (21) and (22).

 -3,264-10°

- 21

" 0.05916s+1 S

G,, = 4.94.10° 0.11063s+1 )
0.05916s+1

Figure 6 shows the bode chart of the transfer function of
-Gy (blue) and G,; (green).
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Figure 6: Bode chart of the transfer function -Gy, (blue) and
G (green)

Gy, shows delay first order behaviour with a negative gain.
The negative sign of Gj; is not taken into account for
further studies since the control direction is simply adapted
with a negative sign in the controller gain. G5, is a PDT1
element.

The next two sections will show how control design is
applied for the mathematically separated systems G;; and
G22.

A. Control design for Gy,
Since the transfer functions Gy, is already pretty fast due to
its large gain crossover frequency, it is sufficient to use a

PI controller, which will handle the steady-state accuracy.
The equation of a PI controller is shown in (23).

NS (23)

Where K, is the gain and 7y is the time constant of the PI
controller. The time constant of the PI controller is chosen
in order to eliminate the pole in the transfer function Gy;.
The gain of the controller has to be chosen in order to
guarantee a certain dynamic behaviour. A limiting factor is
the firing delay of 60° on average. The firing frequency
can be calculated as shown in equation (24).

360°-50Hz
7[—

W, =2 60°

=1885rad/ sec (24)
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If the controller provides a lower gain crossover
frequency than @, the DC current control is delayed.

Hence the gain was chosen to K,=-0,006 in order to
exceed this limiting value for the open loop gain
crossover frequency and to adapt the control direction
with the negative sign. Consequently the DC current
controller has the following structure:

G, =-0.006 12029165, (25)
0.05916s

Figure 7 shows the bode chart of the closed loop system
and it can be easily seen that the system is speeded up.
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Frequency (rad/s)

Figure 7: Bode chart of the closed loop system Ci;- Gy,

B.  Control design for Gy,

As already mentioned Gy, is described by a PDT2
element, which is similar to an all-pass filter. This means,
that all frequencies are barely damped. Therefore also
PDT2 controller can be deployed where the equation is
presented in (26).

C :Kﬂ (26)
2P s(1+ Ty s)

The time constants 7y and Ty of the PDT2 controller are
chosen in order to eliminate the pole in the transfer
function G, and the zero respectively. Hence the closed
loop transfer function is described by a delay first order
element. Therefore the gain of the PDT2 controller can
be chosen in order to guarantee a fast dynamic response
as well as a sufficiently damped transient behavior. The
gain was set to K, =0,006. Hence the appropriate PDT2
controller Cy, can be presented in equation (27).

140.05916s
0.059165 (1+0.11063s)

C,, =0,006 27)

The bode plot of the closed loop system is shown in
Figure 8. It can also be seen that the system is speeded

up.
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Figure 8: Bode chart of the closed loop system Cy,* Gy,

4. Results

In this section the results of the aforementioned control
design process will be presented. Therefore the novel
approach will be compared with a classical HVDC control
scheme. This comparison will include normal operating
conditions as well as operation during fault conditions.
The classical HVDC controller consists of two controllers,
a PI controller at the rectifier end for the DC current and a
PI controller at the inverter end for the DC voltage.
Therefore standard HVDC PI parameters are considered
and shown in Table II.

Table II: Parameters of standard HVDC PI controllers [4]

PI at rectifier side PI at inverter side
K, N K, I
0,4 0,015 sec. 0,2 0,02 sec

A. No fault operation

The first simulation shows a power-up process of the
HVDC system with the different controllers deployed; it is
presented in Figure 9.

It is very conspicuous that the decoupling filter controller
is much faster than the classical controller. It reaches its
reference level for the DC voltage approximately four
times faster than the classical controller. In order to
achieve this goal one has to accept overshoots in the DC
current.
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Figure 9: Power-up process of the HVDC system with a) the
classical controller b) the decoupling filter controller

This behaviour differs from the predicted delay first
order; the reason is a simplification in the system model.
As already mentioned the HVDC is a nonlinear system
due to the sinusoidal dependence of the system variables
on the firing angle and also due to the firing delay of 60°
on average [9]. This firing delay is equal to a dead-time
element. During this interval of 60° the HVDC is not
capable to interact and therefore the overshoot arises. The
transfer function of such a dead-time element can be
described as follows.

F(s)=e"* (28)

Another positive impact is the smoothness of the firing
angels, which implies that there aren’t any additional
filters for the DC current and voltage values in the
controlling software required; the firing angles are
presented in Figure 10.
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Figure 10: Firing angles of the HVDC system with a) the
classical controller b) the decoupling filter controller
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B.  Operation during AC faults

The AC fault applied to the HVDC system is a 50%
voltage jump at the AC side of the inverter; it is presented
in Figure 11.
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Figure 11: 50 % voltage jump from #=0.5 sec to #=0.7 sec
applied to the inverter AC side of the HVDC system with a) the
classical controller b) the decoupling filter controller

0 0.2

During the AC fault, the rectifier firing angle decreases
and is controlled to its average reference value. The DC
current drops to zero. Applying the classical control the
current overshoot after the fault is much higher than
applying the decoupling filter controller. The decoupling
filter reacts much faster than the classical controller and
reaches its reference level much earlier regarding the DC
voltage.

5. Conclusion

In this paper a novel approach for the selection of HVDC
controller parameters was presented. First the
mathematical modelling of an HVDC was shown, thus it
was revealed that the HVDC is a coupled system due to
the firing of the rectifier influences the DC current and the
DC voltage at the inverter; the same applies for the firing
of the inverter respectively and was presented in Figure 3.
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Accordingly a decoupling filter was designed for the
HVDC system and it was shown, that the system can be
considered as mathematically uncoupled.

This method offers the possibility to select the HVDC
controllers and their parameters in a sophisticated way
that takes the HVDC parameters of the mathematical
model into account. Therefore an appropriate controller
for each HVDC system can be designed; unlike the
parameters of classical controllers which were obtained
by trial and error.

The controller was tested in a realistic environment and it
was shown, that the developed controller operates well
and that it behaves even better under certain operating
conditions than the classical HVDC controller.

It was also shown that the curves of the firing angles are
very smooth, therefore no additional software smoothing
filters would be necessary in the controller like it is
necessary for the classical controller.
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