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Abstract 
The paper introduces different types of Fuzzy tunmg 

methods for the Controller parameters of the f m g  and 
extinction angle controller of an HVDC hnk. The test system, 
a point to point DC link has been subjected to vanous small 
and large disturbances to examme the effihveness of the 
proposed schemes The current error and it's denvative 111 case 
of rectifier and the gamma error and it's derivative 111 case of 
the inverter are taken as the two principal signals to generate 
the change in the proportional and the integral gains accordmg 
to a definite rule base The results obtained have been 
compared grapbcally to prove the supenonty of the proposed 
controllers 
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1. Introduction 
For multi-input-multi-output non-hear dynmc 

systems the simplest yet robust controllers are P-I type Very 
often in such systems, under certam circumstances, wth fixed 
values of proportional and mtegral gains, these controllers are 
prone to instability However, wth proper tuning of the 
controller parameters the above stuations can be easily 
overcome Therefore, the pnme objecttve of all the controller 
designs is to adjust the effective integral, proportional and the 
derivative gains for reliable operation of the plant under all 
possible situations 

The operation and control of an HVDC llnk 
connected to weak AC system is too complex to visualise from 
a system pomt of view The mam Objective of i)c lmk 
controllers at either end (rectifier and mverter) is to operate 
the link effciently, under normal and abnormal conditions. 

To circumvent the abnormal problems occuring in 
HVDC links, extensive research has been carried out in the 
area of HVM: control Elaborate literature available m DC 
adaptive control are inconclusive for practical applications. 
The absence of insight mto system's performance wth larg~ 
disturbances where the adaptive control not only may be 
ineffechve, but may degrade performance rather than enhance 
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Reeve et.al have tried a gain scheduling adaptive control 
where the effect of large disturbances has been taken into 
account[3] Hammad et.al have proposed a Robust co- 
ordinated control scheme for a parallel AC-DC system[4]. The 
paper describes the derivation and validation of a coordinated 
controller based as on-lme identification of the AC/DC system. 
Alexandris etal have used Kalman filtering approach for 
designing the rectifier current regulator in the presence of 

Most of the above controllers, although superior to 
the conventional PI type, need either an accurate plant model 
or a reliable instrumentation scheme. The noise rejection 
property of these controllers are rather limited. 

Recently, extensive research in the area of Fuzzy 
logic control throws some light on it's application to large non- 
linear systems such as HVDC links. Till-date such type of 
controllers have proven themselves successful in controlling 
small non-linear plants. For large systems still it remains a 
challenge to replace the conventional contiollers completely. 
However, the adjustment of the gains can be done by a scheme 
based on Fuzzy logic. 

In order to account for sensor noise, model 
uncertainties, and shfts in operatmg points, the linguistic 
characteristics of Fuzzy control provide a very good approach 
to the uncertainty problemI61. Fuzzy logic control proves to be 
highly effective in controlling plants whose detailed and 
accurate mathematical descriptions are not available. On the 
otherhand, Fuzzy rule derivation, by principle, relies on the 
experience of a human expert, which some times limits the 
Fuzzy logic controller to low order system. 

The paper presents a Fuzzy logic based approach foi 
the on-line tuning of the control parameters for a point to point 
HVDC link m a t e d  to weak AC system. In one part of this 
paper normalised values of current error and it's derivative 
(gamma error and it's derivative) have been taken as the =put 
signals for Fuzzy inference. The output derived by a simple 
non-linear defitvification method tunes the VBI~OUS gains of 
the pole controller (gamma controller) In' the other part, a 
Lyapunov energy function has been taken mstead of the DC 
link current. The magnitude and sign of the function and it's 
derivatwe with the changing values of gains determine the 
future path of the change in gains. At last a comparative study 
has k e n  taken up to demonstrate the feasibility and 
effectiveness of the proposed schemes with the conventional 
fixed gain controllers. 

unknown inputS[S]. 



2. HVDC System Model 
A two pole point-to-point HVDC system has been 

simulated with the help of EMTDC pakage. The filters and 
transformers on either side of the DC link and the transmission 
line are represented in detail. The system shown in Fig.] is 
divided into four subsystems: 

- 
Fig.l(i) HVDC System Model 

Fig.l (ii)  Details of AC System Representation 
1. Subsystem 1 : The rectifier side subsystem consists of a 
constant voltage and constant kequency source behind an 
impedance that comprises of inductances and resistances to 
represent a simplified AC system. The short circuit ratio 
(SCR) for the system is fairly high as compared to the hverter 
side AC system. AC filters for Sth, 7th, 11th and 13th 
harmonics have been provided. 
2. Subsystem 2 : The rectifier is connected to the DC 
transmission line through a large inductor and a 12th harmonic 
filter has been connected to take care of the npples in the DC 
vo!tage. 
3. Subsystem 3 : It is identical with the subsystem 2 except for 
the fact that it comes in-between the inverter and the DC link. 
4. Subsystem 4 : The inverter side AC system representation 
is identical to that of rectifier side. The same filters are also 
present here. But the voltage ratings and SCR are different. 
The inverter AC side is weaker having an SCR around 2.5 
2.1. Inverter Control System 

The inverter is subjected to constant extinction angle 
(CEA) control Fig.2. The pole controller (i.e. current 
controller) has been provided for rectifier operations under 
transient conditions. However, in steady state normal 
operating conditions it operates with CEA control. 

Figure 2 Inverter Gamma Controller 

2.2. Rectifier Control System 
The DC-link current is maintained constant by 

subjecting the rectifier with constant current control Fig.3. The 
firing angle is adjusted with current error, to maintain the DC 
current constant. It is also provided with a valve controller 
(Gamma controller) to operate it as an inverter during 
transient and abnormal situations. 
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Fig 3 Rectifier Pole Controller 
The SCR at the rectifier end AC system is 

approxmtely 35 representmg a strong system While the 
mverter end AC system is made weaker (SCR=2 5 )  by 
choositlg suitable resistance and inductance parameters 
3. Design Implementation 

The rectifier side current regulator has been replaced 
by a Fuzzy self-tuning controller as shown in Fig4(11) The 
structure remams the same except that the gam GR1 (which 
takes care of both Kp and 4 ) is adjusted through F u y  

Lnference The gains of the inverter side gamma controller has 
also been tuned in a similar way Fig 4(lii) 

I 

Fig 4(i) Fuuy Tuning Strategy 1- 71 Fuzzy Logic Device *G:L 
Aldc Adaption of GRI 

Fig.4(ii) Fuzzy Tuning for the Pole Ccntroller E Adaption Fuzzy Logic of GP Device a GI 

A01 

01' 
Fig 4(iii) Fuzzy Tuning for Gamma Controller 

Part I : Simple Fuzzy Tuner 
The normalised values of the current error and its 

denvative are used as the two pnncipal variables for the 
adjustment of the gains in the rectifier pole controller 
Let 

AZdc = I d q f  - I d c  (1) 

Mdc = ( d d c -  "dcp]' (2) 

Er = GE.( AZ,) (3) 

Rt = GR.(Aidc) (4) 
Where 1,  =Reference current 

Id= = measured current 
A T = Sampling rate 

\ 



AI, = Previous value of error 

GR, GE = gams for normalisation. 
The mputs Er and Rt are fuzzified into three sets i.e. P, Z and 
N (Positive, Zero, Negative). The rule table Table-I is formed 
from the results of the conventional controller. The 
membership grades (Fig.5) are taken as triangular and 
symmetrical. The Fuzzy procedure to adapt GR, starts from 

it’s nominal vdue GR; , and assumes that its vanations span 
111 a limited range. The tuned value of the control parameter 
can be indicated as 

The value of AGR, is worked out in terms of 
GR, = GR; + AGR, (5) 

it’s nominal value GR; 
the value of Kl derived &om the Fuzzy logic device 
Coenicient C, that fix the min-max range of the 

parameter vanations. For example cR = 4 means that 

GR, wdl vary between 0 25GR,* and 4GR;. 
The variation of AGR, is given by 

AGR, = K, . GR; . C, if Kl 2 0 

AGR, = K,.GR,*.- i f K l  SO (7) 
CR 

(6) 
1 
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Fig5 Membership Grade for input and output 
Membership Grade far Output (change in Gain) 

The advantage of this adaptation scheme can be seen from the 
following equations. 
For this controller the integral action is given by 

where as for the conventional controller the integral action is 
giveii by 

c 

Equation (8) represents as to how the gain parameter varies 
with the dc link operating condihons. 

The Fuzzy device output Kl can be derived by 
different defuzzification methods. However, a simple non- 
linear defuzzification is used here : 

where,& =membershp grades of the Z t h  output Fuzzy set, 
y ,  = numerical value of the output for which the 

membership grade for the i th Fuzzy set is 1 
The output membership grades for different Fuzzy sets are 
derived by Zadeh’s AND, OR rules from the rule table 

Table 1 
Error+ 

&Rate ~1 
Z PM Z NM 
N Z N M  NL 

The Fuzzy sets for Inputs are :P-Posihve , N-Negahve, Z-Zero 
The Fuzzy setsfor Output are :PL-Positive Large, PM-Positive 
Medium. Z-Zero,NL-Negative Large & NM-Negative Medzum 

For the tuning of the gamma controller, the mverter 
extinction angle and it‘s denvative have been used In this 
case, mtead of turung only one parameter nnllke the rectifier 
pole controller, both the proportional and integral gains have 
been adjusted with a fixed proportion (FigA(iii)). 
Part II: Lyapunov Fuzzy Tuner 

The following Lyapunov function is formulated kom 
the current error and it’s derivative for adjusting the gains of 
the rechfier pole controller. Unlike smple Fuzzy-tuning, only 
the proportional gain has been tuned here The integral gain 
has been kept at a fixed value The Lyapunov function V is 
defined as 

where, 
Y = F A E ~  (11) 

E =[N, A I k ]  (12) 
:al, 0 1 I is a positive definite matrix for 

and 0 LIZ*, 

P = (v - v,) / AT 

normalising V. 
The rate of change of VIS obtained as, 

(13)  
where, 

Vp =previous value of v 
In order satisfy the stabilisation objective, we require, 

V s 0  or A Y S O  (14) 
To satisfy the condition stated in (14) by tuning K,, 

one must fmd an expression that relates A V  to the desired 
change m K ,  (m,) . A sensitivity fmction is introduced to 
obtain, 
s = a l x p  
which leads to 

AV = (6V I Kp)AKp (16) 

Based on (16), for a given (dy / 8Kp),  the objective of the 

F w y  tuner is to generate an appropriate M,, which m turn 

should produce a AV that satisfies (14). 
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The next value of AK, i.e. AK,(t ,+,)  (the 
output of the Fuzzy tuner) depends only on the present value of 
A\v(t,) (the performance index at time t , )  and on the 

present sign of - t (the sensitivity function at time t , )  (:h 
which can be estimated bv 

The guideline to chose the sign for hK, is given as 

The algorithm to choose the magmtude is as follows : 
(1) If A\v(t , )  is positive, then the magnitude for 
hK, (t,,, ) must be large. The reason behind this achon is 

that if A V ( t ,  ) is positive, then the system is divergmg from 
the destred trajectory and a drastic action must be taken to 
quickly bring the system back to the desired condition. 
(2) If AV(t , )  is negative then the magnitude for 
u,(tk+,) must be medium The reason belund tlus is if 

that A V ( t , )  is negative, then the system is convergmg 
towards the desired trajectory, and only a medium action must 
be taken in order to avoid large overshoot (or undershoot) of 
the trajectory. 
(3) If A V ( t , )  is zero, then the magnitude for 
A K p ( t k + l )  must be small. The reason is that if A V ( t , )  is 

near zero, the system almost reaches the desired trajectoly and 
only a very small action needs to be taken. 
For example the following Fuzzy rule 4 fo?ed : 

4 :  IF AY(2, )  is positive and [g)tk) is negative 

AK,(t ,+,)  is Positive Large 

The complete Fuzzy decision tree for Mp(tk) is shown in 
Fig.6. After the Fuvy inference, a simple non-linear 
defuzzification scheme as given in equation (IO) is used to 
find out L\K, ( t ,  ) . 

AV 

Fig.6 Fuzzy Decissioh Tree for Lyapunov Type Fuuy  Tuning 

Finally the change in GRl is given by 

AGRl = AKp.GR:.CR if h K , ( t k )  20 

= AKp.GR:.I/C~ if AKp(tk)  < O  (19) 

3.1. Procedure 
From the sampled values of the DC link current 

error, the denvative A I d c  is calculated A filter can be used 
to remove the high frequency components in the derivative 
signal The DC current which is measured in subsystem 2 is 
passed through a lag network to make it npple free After 
calculating the derivatives, the signals are normalised by 
multiplying by two gains "GE' and "GR" (for simple Fuzzy 
Tuning) 

The optimal values of these gams are found out from 
the ITSE (mtegral time square error) cntenon A performance 
index given by 

has been minimised by the multiple run feature of EMTDC. 
Prior to it, the steady state optimal values of the conventional 
control gains have been found out 

4. Case Sttudied 
The followmg cases have been studied for the four 

different controller actions. They are 
(a) Lyapunov Fuzzy Tunmg of GRl (Rectifier Pole Controller) 
(b) Simple Fuzzy Tuning of GRl(Rectifier Pole Controller), 

(c) Simple Fuzzy Tuning of GRI (Rectifier Pole Controller) 
(d) Conventional Controller 
Pole Controller : 
For the conventional pole controller on the either side 
GRl=5 88, G& = 0 0136, 

Rectifier pole controller amin = 5", amax = 155" 
Inverter pole controller amn = 108O, amax = 178" 
For the rectifier side Fuzzy tuned pole controller normalized 
mput values of the M: current and its derivative have been 
used 
The value of C, is 2 m this case 
For valve control conventional PI type ganuria controller on 
either side of the Dc llnk is used 

The rectifier side AC-system bemg strong, recovers 
very fast aRer any disturbances, ovemding the effect of most 
of the controller actions Therefore, for any fault on the 
rectifier AC or DC bus, much difference is not observed in the 
current and voltage wavefonns for most of the controller 
actions 

For the faults m the inverter side the proposed 
controllers make the system recover much faster than the 
conventional PI controller does Especially the Lyapunov type 
Fuzzy Tunmg displays extremely good results while recovenng 
from the Inverter Dc line to ground fault The commutation 
failures, power oscillations and high dddt whch are 
detnmental to the converter operation have been nununised in 
case of the proposed controllers 
The relevant waveforms m Figs 7 and 8 demonstrate this 

GP & GI(Inverter Gamma Controller) 

4.1 Single line-to-ground fault at Inverter AC bus 
The wave forms resulting from a 5 cycle single Ime- 

to-ground fault at inverter AC bus have been shown in Fig 7 
Being a weaker system, the oscillations in the voltage and 
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(a)Lyapunov Fuzzy Tuning of Rectifier Pole Cmtrolla @)Sunple Fuzzy Tumng of Redier & Inverter Controllers 
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(c)Sunple Fuzzy Tnnmg of Rectifier Pole Controller (d)Conventional Control 
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(d)Conventional Control :c)Simple Fuzzy Tuning of Rectifier Pole Controller 
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Fig8 DC Current and Voltage waveforms after DC Line-to-Ground Fault at Inverter 



current are primarily decided by the controller action. The 
current wave form in case of a conventional controller has a lot 
of crests and dents and suffers from prolonged oscillations, 
whereas, for a simple Fuzzy controller the DC current fast 
returns to it’s nominal value. For Lyapunov type Fuzzy 
Controller the oscillations are further minimised. Similarly 
from the M: voltage waveform at the inverter side it is clear 
that the valves undergo commutation failure several times in 
case of a convenbonal controller, whereas for other types of 
controllers it has been minimised. 

4.2 DC line-to-line fault at the Inverter 
Fig.8 shows the waveforms after a 5 cycle DC line- 

to-line fault at the inverter. A large number of oscillations has 
been observed i n  DC link current and voltage magnitudes in 
case of a conventional control!er. From the inverter DC voltage 
plots it is clear that in case of conventional control the inverter 
valves undergo commutation failure several times as compared 
with the simple Fuzzy & Lyapunov type Fllzzy Controllers. 

5. Conclusion 
For HVDC links where very large transient 

conditions are involved in the plant operation, it is more 
convenient to improve the PI control strategy rather than to 
work out complicated dynamic models which require 
sophisticated control strategies. The application of the 
linguistic rules is in fact sirrlpler than sophisticated 
identification and optimization procedures. The 
implementation of Fuzzy controllers is also less complicated 
than that of optimization algorithms. The results obtained 
display the superiority of such controllers over the 
conventional one. A little modification in the simple Fuzzy 
tuning methodology makes the controlkr perfommce better. 
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