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Abstract -- HVDC control has much faster inherent capability 

of the response than the dynamic response of the AC system. The 
valve firing angle control has a transient response time of only 
few milliseconds with the accuracy of a fraction of an electrical 
degree for firing the converter valves. Consequently, the control 
can have a significant influence on the improvements of system 
stability e.g. fast power recovery after faults and quick response 
against the disturbances around the operating points. This paper 
introduces a new practical control concept to increase the 
performance of HVDC transmission. The studies are performed 
by the use of a back-to-back HVDC to compare the benefits of 
the new control concept with the conventional one during fault 
recovery. Furthermore, the comparisons of AC voltage transients 
between the use of the new and conventional control concept are 
investigated when fixed capacitor (FC) and fixed reactor (FR) are 
switched.  

 
Index Terms -- HVDC, advanced HVDC control, system 

performance 

I.  INTRODUCTION 
VER last decade, the developments in the world’s power 
demand have been rapidly grown. The future system 

development will move in the direction of the further 
interconnections, the transport of the large power blocks from 
the remote locations by the HVDC to the load centers [1]. The 
interconnected systems therefore are becoming extremely 
large with the diminution of the power supply reliability which 
can be observed from a number of large blackouts in Europe 
and America [2]. The interconnections of AC systems become 
partly weak and very weak which reduce the system stability. 
Consequently, the innovative solutions will be necessary to 
avoid the congestion and improve the system stability. 
Improving can be made by the use of the HVDC. Not only 
becoming the valuable alternative for long distance 
transmission, the HVDC has also the advantage of fast 
response for the urgent demand of power change. The HVDC 
can quickly clear the disturbances; therefore there is no 
negative effect to the blackouts in interconnected systems. 
Accordingly, an effective control of the HVDC system 
becomes an important role in improving system performance 
and stability. 
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The widely used conventional control concept termed 
Marginal Current Control Method (MCCM) is the accepted 
concept used at present. It has been applied since 1954. The 
conventional HVDC control uses power control at the rectifier 
where the hierarchical power control supplies the DC current 
reference value (Idref) for the subordinate DC Current Control 
(CC). The inverter usually comprises the DC Voltage Control 
(VC), the DC Current Error Control (CEC), the DC Current 
Control (CC) and the Constant Extinction Angle control 
(CEA); however these inverter controls are not activated 
simultaneously. It can be seen that the inverter consists of a 
number of control modes, the mode shift can therefore occur 
during the disturbances. This mode shift is disruptive and can 
in certain cases harm AC system operation. Moreover, the 
current margin has to be considered in the MCCM [3]. If this 
margin becomes too large, the occurred mode shift will cause 
a severe effect to the systems. On the other hand if this current 
margin becomes small, the current harmonic can provoke the 
mode chatter where the rectifier and the inverter continuously 
shift current control back and forth. These drawbacks will not 
occur in the new control concept termed Combined and 
Coordinated Control Method (CCCM). 

The CCCM was firstly introduced in 1996 [3] , however, 
till now this method was not implemented in the realized 
projects. Using this method the rectifier controls power 
directly (not through the current control) and the equivalent 
resistance (“Ud/Id”) control is functioned at the inverter. The 
transmitted power is therefore controlled directly without the 
delay. Consequently, the control can carry out its function 
against the disturbances faster than the conventional MCCM. 
Obviously, as the inverter comprises only the equivalent 
resistance control, the mode shift can therefore not occur 
during disturbances.  

This paper will start with the basic concept of the MCCM 
in comparison with the CCCM when the AC voltages drop at 
either rectifier or inverter. Furthermore, because of no CEA 
mode in the CCCM, the technique to ensure that γ  at the 
inverter will not sink below the reference value which causes 
the risk of the commutation failure is described as well. The 
advantages of the CCCM in comparison with the MCCM will 
be demonstrated by using a back-to-back HVDC. To compare 
the results of using the MCCM and the CCCM, studies show 
the system recovery after three-phase fault to ground and the 
AC voltage transients when reactive power elements FC/FR 
are switched.  
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II.  BASIC CONCEPT OF MCCM AND ITS BEHAVIORS DURING 
AC VOLTAGE REDUCTION 

The completed Ud-Id characteristic of the MCCM is shown 
in Fig. 1. In normal condition the rectifier and the inverter 
operate in the CC and the VC mode respectively. The 
intersection of the CC and the VC determines the normal 
operating point of the HVDC represented as A0 in Fig. 1. 

γ

 
Fig. 1.  MCCM Ud-Id characteristic including VDCOL 

 
It can be observed in Fig. 2 that when AC voltage reduction 

at the rectifier being greater than e.g. 5% of the rated voltage 
occurs, the rectifier will stay at the minimum firing angle ( )α  
e.g. 5º and the minimum firing angle characteristic will drop 
along with the AC voltage reduction. As the result the inverter 
will become responsible for the CC instead of the rectifier. At 
this moment the system will operates at the temporary 
operating point defined as A1 in Fig. 2. The change of the 
inverter control from the VC to the CC mode causes power 
deviation although the CEC is used for the smooth transition.  

Moreover, if the current margin is large, the mode shift can 
result in a large power change which is an undesirable 
condition particularly in the weak AC systems where the 
systems are very sensitive to the change of the active and 
reactive power from the HVDC system. However if the 
current margin becomes small, it could happen that that the 
rectifier and inverter continuously shift current control back 
and forth due to the current harmonics which may be 
superimposed onto the DC current. The current margin is 
therefore typically about 10% of the rated current which is 
large enough to avoid the interaction of the CC.  

γ

 
Fig. 2.  MCCM Ud-Id characteristic without VDCOL when Rectifier AC 
Voltage Drop 

 
Considering the AC voltage reduction at the inverter in Fig. 

3, its VC observes the reduction in the DC voltage. The 
control increases α  (reducing γ ) to keep the voltage 
constantly. If the inverter AC voltage remains reduced, the 
inverter shifts from VC to CEA mode and stays at the 
minimum γ  reference. However if the AC voltage fall cannot 
be compensated by reducing γ  to its minimum reference, then 
the DC voltage will drop along with the falling AC voltage. 
As a result the operating point will move transiently from A0 
to A1 shown in Fig. 3. 

 

γ

 
Fig. 3.  MCCM Ud-Id characteristic without VDCOL when Inverter AC 
Voltage Drop 
 

 The hierarchical power controller at the rectifier keeps on 
providing the constant Idref due to its slow dynamic, therefore 
α  at the rectifier will increase e.g. 30º to fulfill the Idref. 
Consequently, the operating point moves from A1 to A2 shown 
in Fig. 3 and the present power is less than the desired power 
at the normal operating point indicated by A0. This means the 
control cannot do anything till a few seconds or less in 
duration the inverter AC voltage recovers, the operating point 
will move upwards to A0. However if the inverter AC voltage 
remains lower for longer time, the tap changer control will be 
activated to rise AC voltage on secondary side of the 
transformer connecting the converter to fulfill the normal 



 3

operating conditions again. Nevertheless, the small portion of 
DC power reduction occurs for some times. This however 
does not occur in the new control concept.   

Furthermore, when the disturbances e.g. the AC voltage 
reduction at the rectifier or the inverter station occur, it is not 
helpful to maintain the full load DC current particularly in a 
very weak AC system because of relative high demand of the 
reactive power consumption which increases further the 
reduction in the AC voltage causing also difficult recovery. 
Therefore the modification of the Ud-Id characteristic is used 
by adding the Voltage Dependent Current Order Limit 
(VDCOL) to reduce the DC current when the DC voltage falls 
to a certain level shown in Fig. 1.  

Evidently, there are the disadvantages in using the MCCM 
due to the mode shift, possible mode chatter, slow dynamic of 
power control and loss of portion of power during the 
continuous AC voltage reduction at the inverter. The CCCM 
explained below offers the enhancement of these difficulties. 

III.  BASIC CONCEPT OF CCCM AND ITS BEHAVIORS DURING 
AC VOLTAGE REDUCTION 

According to the new method, the rectifier controls power 
directly and the inverter functions as the equivalent resistance 
control only. Without the hierarchical power control, the fast 
dynamic of the power control can be achieved. Moreover, as 
the inverter consists of the equivalent resistance control only, 
the mode shift cannot occur. Furthermore, there is no mode 
chatter because the current margin is not considered. The 
completed Ud-Id characteristic of the CCCM is shown in Fig. 
4.  

Theoretically, the DC power is the product of the DC 
voltage and the DC current. If there is no different between the 
measured values and the reference values, the HVDC will 
fulfill its setting power. Therefore, the rectifier and inverter in 
CCCM control simultaneously consider both voltage and 
current. 

The rectifier power control characteristic combining the 
current and voltage errors is represented in (1) 

 

 
Fig. 4.  CCCM Ud-Id characteristic including VDPOL 
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dI  = measured DC current 

dU  = measured DC voltage 

drefI  = reference DC current 

drefU  = reference DC voltage 

 
The summation of the current and the voltage errors is fed 

into the PI controller of the rectifier station. It can be seen that 
(1) is always a tangent of rectangular hyperbola DC power 
reference for all operating points shown in Fig. 4.  

For the equivalent resistance control at the inverter, the 
current and the voltage errors are considered simultaneously 
but the current error is subtracted by the voltage error then the 
difference is fed into the PI controller. The characteristic of 
the equivalent resistance control at the inverter shows in (2). 

 

(1 ) (1 ) 0d d

dref dref

I U
I U

− − − =                                       (2) 

 
It can be seen that the CCCM has no need for CEA mode 

like the MCCM. The inverter in the CCCM however will not 
be harmed from commutation failures since it uses the 
calculated maximum α  determined by (3) and (4) to ensure 
that γ at the inverter will not be lower than a reference 
extinction angle e.g. 18º in steady state condition. 

 
1 2 2 2

min mincos cos ( ) cos ( ) cos ( ) 2( )dref dP Pβ γ γ α−= − + − −   (3) 

 
max min180α β= −                                                      (4) 

 
where 

minβ = minimum advance angle 

minγ  = reference extinction angle 
γ  = measured extinction angle 
α  = measured firing angle 

drefP  = reference DC power 

dP  = measured DC power 
 

Furthermore, the calculation of the inverter will determine 
a suitable DC reference voltage (Udref) shown in (5) which is 
not only be used for the inverter but also sent to the rectifier to 
operate at this Udref to avoid the commutation failure at the 
inverter. It is evident that the inverter always coordinates with 
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the rectifier. As a result the CCCM has less instability in 
comparison with the MCCM. 

 
min mincos cos

cos cosdref dU U
γ β

γ α
+

=
−

                                     (5) 

 
To explain the behavior of the rectifier and the inverter in 

the CCCM, the AC voltage reduction at either rectifier or 
inverter is considered.  

The AC voltage reduction occurring at the rectifier is 
explained in Fig. 5. Power control performs its function by 
decreasingα  to keep the DC voltage at the reference value. 
Once the α  touches the minimum value e.g. 5º, it cannot 
further reduce itself and stays at the minimum value. If the AC 
voltage falls further, DC voltage at rectifier will drop resulting 
in the reduction in the DC current. The rectifier characteristic 
moves downwards from the normal operating point (A0) to the 
temporary operating point (A1) as shown in Fig. 5.  

Comparing with the MCCM concept (Fig. 2), the CCCM 
control has no mode shift which could possibly cause the 
instability.  

Considering back-to-back HVDC when the AC voltage 
drops at the inverter explained in Fig. 6, the equivalent 
resistance control will try to keep the DC voltage at the 
inverter by increasing α  (reducingγ ). When the minimum γ  
is reached,α  cannot be increased further. Therefore if the AC 
voltage decreases further, the DC voltage at inverter will drop 
following the inherent characteristic of the extinction angle 
which results in the transiently increasing the DC current 
shown as the point A1 in Fig. 6. The inverter calculates the 
suitable reference voltage and send to the rectifier. This causes 
the change in the rectifier slope and gets the temporary 
operating point defined as A1 which is still located on the 
same rectangular hyperbola of the DC power reference as A0. 
This means the transmitted power does not change.  

 

 
Fig. 5.  CCCM Ud-Id characteristic without VDPOL when Rectifier AC 
Voltage Drop 
 

Comparing with the MCCM concept in Fig. 3, the power in 
case of the CCCM is constant and no mode shift like in the 
MCCM. 

 

 
Fig. 6.  CCCM Ud-Id characteristic without VDPOL when Inverter AC Voltage 
Drop 
 

Furthermore, when the large reduction of AC voltage 
occurs, the CCCM has the Voltage Dependent Power Order 
Limit (VDPOL), instead of VDCOL in MCCM, to decrease 
the DC power and, subsequently, the DC current. This is the 
benefit for system recovery. Fig. 4 shows the CCCM Ud-Id 
characteristic including the VDPOL. 

IV.  COMPARISON OF MCCM AND CCCM                                       
IN BACK-TO-BACK HVDC 

The reactive power is required for the commutation process 
in the line-commutated converter e.g. the HVDC using 
thyristors. The sources of the reactive power can be provided 
from the AC filters, the synchronous compensators, the static 
compensators and the fixed capacitors. As the demand of the 
reactive power is based on the HVDC operating point, the 
reactive power must therefore be supplied at the right time and 
also during power ramping. 

The studied back-to-back HVDC connects the systems “A” 
and the “B”. The reactive power is provided by FC/FR 
switching on/off when the power transmits from the A to the 
B. However, the switching of the FC/FR elements can cause 
large AC voltage transients which lead to the undesirable 
conditions, in particular in the weak AC systems. 

Two studies have been performed on the basis of the digital 
computer simulation approach with the PSCAD/EMTDC 
software package. The first one shows the comparison of the 
power recovery using MCCM and CCCM controls after three-
phase to ground fault. The second one shows the comparison 
of the AC voltage transients caused by FC/CR switching when 
MCCM and CCCM control are used. 

The first study investigates the performance of the HVDC 
control to recover the systems after three-phase to ground 
fault. Power flows from the A to the B. The fault occurs on the 
reading at 1s, on the B system close to the inverter station with 
successful three-phase auto-reclosure of the faulty line. The 
auto-reclosure dead-time is set to 0.5s.    

It can be observed from Fig. 7 that during the recovery 
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starting at 1.5s the transmitted powers of both MCCM and 
CCCM do not ramp smoothly because of the switching of 
FC/FR to supply the reactive power for commutation process. 
The recovery time is normally specified when power reaches 
to 90% of pre-fault power. This time is 1.9s (from 1.5s to 3.4s) 
for the CCCM and 3.3s (from 1.5s to 4.8s) for the MCCM. It 
is worth mentioning that the given AC system conditions are 
weak and the ramping set in the simulation is slow to avoid 
the problems caused by reactive power elements switching, 
the recovery time after the fault is therefore longer than 
normal in both cases. Nevertheless, the advantage of the new 
control at power recovery compared with the conventional 
control is evident. 

 

 
Fig. 7.  Comparison of MCCM and CCCM for power recovery after three-
phase to ground fault 

 
For the second study, power is transmitted from the A to 

the B system where FC/FR will switch on/off to supply the 
reactive power for the inverter. However, the switching of the 
FC/FR can cause AC voltage transients. The control therefore 
has to react fast to attenuate the voltage transients which may 
cause an undesirable condition e.g. flicker.  

When power ramps up, the FR will switch off first to 
increase the reactive power. If needed, the systems will 
however request for additional reactive power, and the FC1 
and the FC2 will sequentially switch on. 

The results show the B voltage transients when the FC/FR 
of B switching on/off. Fig.8-10 and Fig.11-13 show the results 
using the MCCM and the CCCM, respectively. The graphs 
shows DC power, DC current, DC voltage, AC voltage in the 
system B and the status of the FR, FC1 and FC2 on the B 
system. 

 

 
Fig. 8.  FR of B switches off with MCCM 
 

 
Fig. 9.  FC1 of B switches on with MCCM 

 
Fig. 10.  FC2 of B switches on with MCCM 
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Fig. 11.  FR of B switches off with CCCM 
 

 
Fig. 12.  FC1 of B switches on with CCCM 
 

 
Fig. 13.  FC2 of B switches on with CCCM 
 

The comparison of the maximum peak-to-peak AC voltage 
transients in the B system during FC/FR on/off when used the 
MCCM and the CCCM are shown in Table I.   
 

 

TABLE I 
COMPARISON OF AC VOLTAGE TRANSIENTS ON B SYSTEM WHEN 

USED MCCM AND CCCM DURING FC/FR ON/OFF 
 

 

Max. peak-to-peak (pu) % Max. peak-to-peak (pu) %

FR off 1.065-1.005 5.9 0.999-0.984 1.5

FC1 on 1.083-1.009 7.3 1.014-0.978 3.6

FC2 on 1.089-1.016 7.2 1.009-0.973 3.4

MCCM CCCM

 
 
It can be seen that the use of CCCM is more effective than 

MCCM to damp the AC voltage transients at FC/FR 
switching. Using the CCCM the AC voltage transients are 
reduced by 74.6%, 50.7% and 52.8% respectively compared 
with the use of the MCCM. 

V.  CONCLUSIONS 
It has been shown that the new CCCM control concept can 

improve the disadvantages occurring in the conventional 
control concept: mode shift, possible mode chatter, slow 
dynamic of power control and loss of power during the 
continuous AC voltage reduction at the inverter. 

The studies with the back-to-back HVDC scheme show that 
the faster power recovery after three-phase to ground fault is 
observed when the new control concept is used. The studies 
further confirm the benefits of the new control concept to 
diminish the disturbances due to the switching of the FC/FR. It 
is shown that the new control concept can react fast and 
effectively damp the AC voltage transients caused by the 
switching. 
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