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Abstract 
This paper compares drfferent transfer function 

models used for calculating ac and dc current 
harmonics produced by six-pulse addc converter 
under unbalanced and or distorted supply conditions. 
The paper describes the functions and how they are 
used to calculate ac and dc current harmonics. 
Calculated and simulated results obtained @om 
Power System Blockset (PSB) in the Simulink 
environment are presentedfor comparison purpose. 
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1. INTRODUCTION 

The proliferation of variable-speed drives in many 
industrial and commercial applications is contributing 
significantly in decreasing electrical distributions 
power quality. It is well known that acidc converters, 
the most important sources of power system 
harmonics, generate harmonics both on the ac and dc 
side. In the last years, a great number of models have 
been proposed to evaluate harmonic currents injected 
in the power system networks by acidc converters. 
The assessment of the harmonic effects of acidc 
converters by means of converter transfer functions is 
an effective and proven method. The transfer function 
method is simple to use, fast and allows insight into 
how the harmonics are generated [l-61. With this 
method, it is possible to simultaneously estimate 
voltage distortion on the dc side and current distortion 
on the a c ~  side of the converter. However, authors 
have raised the problem that harmonic distortion 
estimates obtained by simplified transfer function 
models may result in unacceptable errors under some 
working conditions [5 ,  61. Therefore, it is noteworthy 
to compare accuracy of the results obtained fiom 

available converter transfer function models with 
those obtained from time domain simulations for 
different working conditions. This papers presents a 
comparative study of two converter transfer function 
models used to evaluate current harmonics 
amplitudes injected in the ac network by six-pulse 
acldc converters working under distorted andor 
unbalanced supply conditions and different values of 
plant parameters. Some calculated and simulated 
results obtained from Power System Blockset (PSB) 
in the Simulink environment are presented for 
comparison purpose. 

2. CONVERTER DESCRIPTION 

The simplified model of the three-phase thyristor 
converter analyzed in this paper is shown in Fig. I .  
The ac and dc resistances are neglected since their 
effect on the harmonic spectrum is not important [7]. 
The mean value of the dc voltage drop on these 
resistances can be included in Ed, so that only the 
effect of ripple on them is neglected. The average 
value, Ed, of the dc side voltage, and the fUng angle 
a are used to determine the converter operating point. 

- 4  

Fig. 1 : Three-phase thyristor converter ' model 
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The three-phase supply voltages may he unbalanced 
and/or distorted. The phase voltages are then 
expressed as follows: 
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e.=& XEansin(not+p,) ( 1 4  

e*=& zEbnsin(nof+rbn)  

e,=& ZEE,sin(not+p,) (IC) 

where E,, Ebn and E, are the rms values of each 
phase voltage harmonics; eon, &, and & are the 
phase angles of each phase voltage harmonics. 

The iiring instants of fuing of the thyristors are 
dependent on the selected control method. There are 
basically two types of firing methods namely 
individual and equidistant fuing methods. Individual 
fuing control requires that each thyristor gating pulse 
he referenced with respect to the zero crossing of its 
commutation voltage. The gating pulse is given to 
each thyristor after a delay a measured fiom the zero 
crossing of its commutation voltage. The 
commutation voltages of the six thyristors shown on 
Fig. 1 and numbered in iiring sequences 1, 2, 3, 4, 5 
and 6 are e,, e&, eb., e,, eCb and eaa, respectively. 
Equidistant fuing control requires that gating pulses of 
one of the six Graetz bridge thyristors be referenced 
with respect to its commutation voltage. The remainiig 
gating pulses related to other thyristors are generated 
with a 60' delay. The individual fuing control method 
which is a more general method is used in this paper. 
Thus, the angle of statting of conduction a, of 
thyristor i is derived fiom the zero crossing yi of its 
commutation voltage and control angle a of the 
converter (i.e. a, = yi + a). The six angles of end of 
commutation (Si) are deduced kom the angles of 
starting of conduction (&) based on the approach 
presented in [7]. 

3. TRANSFER FUNCTION METHOD 
Transfer function method is a powerful tool for 

the derivation of ac and dc current harmonics 
produced by acldc converters. From the application of 
the traditional transfer functions, the fictitious dc 
voltage and ac currents of the converter can be 
expressed as follows [l-51: 
e& = e.S,+ebSub+e,S, (2) 
i, = iLSia (3a) 

(3b) i - .  

i, = idESis (3c) 
where, S,, S& and S, are the voltage transfer 
functions relating the fictitious dc voltage to the ac 
voltages and Si., Sib and Si, are the current transfer 
functions relating the dc current to the ac currents. 

b - l h s i b  

The traditional voltage and current transfer functions 
of phase a are shown in Fig. 2. 

IR 

e=w 

Fig. 2 : Traditional voltage and current transfer 
functions (for phase a) 

The multiplication of any two functions f(t) and 
g(t) in the time domain is equivalent to a convolution 
of the related spectra FGw) and GGw), respectively, in 
the frequency domain. If the nth Fourier coefficients 
of f and g are assumed to be Cf,. and ChD, 
respectively, their Fourier transforms can be 
expressed as follows: 

(4) 

where, cy is the fundamental frequency o f f  and g; f 
represents the ac voltage or the dc current; g 
represents the voltage or the current transfer function; 
their product h(t) = f(t)g(t) represents the dc voltage 
or the ac current. 

The Fourier coefficient, C,, of a time domain 
function x is expressed as follows: 

cm = - jx(w t )exp(-jn w t)d(w t) 
1 2n 

2n 0 
(6) 

where, x represents h, fo r  g. 
In conformity with the convolution theorem [8], 

the Fourier transforms, H, of h(t)-f(t)g(t)), follows 
&om the convolution of the Fourier transform o f f  and 
g: 

H = F @ G = Z a  X Z c&cpS(w-nos-ko,) (7) 

The Fourier coefficients of h result fiom the 
following algebraic expression: 

- -  
n=.-k=- 
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x, 

By applying Fourier series analysis, the dc side 
equivalent reactance, %, shown in Fig. 3, can be 
expressed as follows [4]: 

&=L + L M Z  (9) 

where M, is the modulation function of the reactance; 

It follows that the dc side current harmonics can 
be obtained from the dc side equivalent circuit shown 
on Fig. 4 where the dc voltage, ed, the equivalent 
reactance, &, the reactance X ,  = LdEw and the 
average value, Ed, of the dc-side voltage are known. 

is the average value of &; X, = L,w. 

ed.o 1 T Ed - Fig. 4 : Equivalent dc side circuit with time 
varying reactance X, 

The dc side current harmonic component & , in 
Fig. 4, can be obtained from the following equation 
which can be solved by an iterative method: 

where, E$c and (ia@,w,)' are the harmonic 
components of the dc side voltage, ed, and the product 
idcxMz, respectively. 

4.2. Constant dc side reactance approach 

In [7], modified voltage transfer functions have 
been proposed to determine a new fictitious dc 
voltage that enables to model the dc side circuit using 
a constant reactance. The new fictitious dc voltage, 
endo is expressed as follows [7]: 

en& = e&m+%smub+ecs,uc+ E& (1 1) 

where, S,,, Smub and S,, are the modified voltage 
transfer functions applied to the ac voltages and S,, is 
a new transfer function linked to the average dc value, 
Ed, of the dc-side voltage. Fig. 5 illustrates the 
transfer functions S,, (for phase a) and S,. 

It has been established in [7] that during 
commutation, the new fictitious dc voltage is given as 
follows: 
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Fig. 6 : Equivalent de side circuit with constant 
reactance 

The dc side current harmonic component I ) ,  , 
deduced eom Fig. 6, is expressed as follows: 

Harmonic 
order 

1 

where, Ekdc are the harmonic components of the new 
fictitious dc voltage, %&, in Fig. 6. 

The determination of the average value of the dc 
side current results from the calculations of the ac 
side current through ac side reactance and the ripple 
component of the dc side current deduced ftom (14). 

e. ea 
ms phase rms phase 
(v) angle (v) angle (v) 

(“) (“1 
230.10 1.72 236 - 

5. CALCULATION OF AC SIDE 
CURRENT HARMONICS 

The overlap period strongly influences the 
spectrum of the current converter functions. 

Proposals were made to consider the commutation 
period accurately. In [3, 61, it was assumed that the 
converter current transfer functions are rising 
according to a linear function whereas in [1,2,41 it 
was assumed that they are rising according to a (1- 
cos(x)) function during the commutation periods. A 
more accurate current transfer function that takes into 
account dc current distortion during commutation has 
been used in [ 5 ] .  In this paper, current transfer 
functions are approximated by (I-cos(x)) function 
during commutation (see Fig. 2) and equations (3) are 
used to compute ac current harmonics. 

6. NUMERICAL EXAMPLES 

In order to compare the transfer functions 
methods described above, a number of cases were 
tested. The parameters of table 1 are used. The circuit 
is supplied by unbalanced and distorted three-phase 
voltages given in tahle 2. 

Table 1: Parameters for the thvristor converter 

f =  15 

4.5 0.3 

I I I 1 120.84 I 
5 111.5 10 I 11.5 1 120 I 11.5 

The values of the fundamental and the first eight 
odd harmonics of the ac side current are given in 
tables 3 for comparison purpose. 

‘MTF: modified transfer function; **TTFhP traditional transfer function with modulation reactance 
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The simulation of the circuit was carried out using 
the Power System Blockset (PSB) in the Simulink 
environment and the results obtained are also given in 
table 3. There are some discrepancies between 
calculated and simulated results. The PSB, like any 
other time domain simulation approach is limited by 
the implicit error associated with the integration time 
step, the use of an approximated steady state and the 
fast Fourier transform to evaluate harmonics. On the 
other hand, it can be observed that the two approaches 
provide comparative results in the calculations of the 
ac side current harmonics. 

7. CONCLUSION 

In this paper, the comparison of two voltage 
transfer function models has been carried out, namely 
the traditional and the modified voltage transfer 
functions. With the traditional transfer function, time 
varying dc side impedance is used whereas with the 
modified transfer function, constant reactance is used. 
Both models provide comparative results in the 
calculations of the ac side current harmonics. 
However, the modified voltage transfer function is 
easier to implement than the traditional transfer 
function approach since the later requires an iterative 
process for the determination of the dc side current 
harmonics components. 

Acknowledgements 
This research was funded by NATEQ and 

National Research Council of Canada. 

References 

[l] M. Sakui and H. Fujita, “Calculation of Harmonic 
Currents in a Three-phase Convertor with Unbalanced 
Power Supply Conditions,” IEE Proc.-B, Vol. 139, No. 
5, pp. 478484, Sept. 1992. 
[2] E. Ngandui, G. Olivier, G.-E. April, A.O. Ba, 
“Harmonics Analysis in Multipulse Thyristors 
Converters Under Unbalanced Voltage Supply Using 
Switching Functions,” Can. J. ELECT & COW. 
ENC. vol. 24,No. 4, 1999,pp. 137-147. 
[3] L. Hu and Robert Yacamini, “Harmonic Transfert 
through Converters and HVDC Links,” IEEE Trans. on 
Power Elect., vol. 7, No. 3, pp. 514-525, July 1992. 
[4] L. Hu and R E. Morrison, “The use of Modulation 
Theoly to Calculate the Harmonic Distortion in HVDC 
Systems Operating on an Unbalanced Supply,” IEEE 
Trans. on Power Systems, Vol. 12, No. 2, pp. 973-980, 
May 1997. 
[5] J. Rittiger, B. kulicke, “Calculation of HVDC- 
Converter Harmonics in Frequency Domain with 
Regard to Asymmetries and Comparison with Time 

Domain Simulations,” IEEE Trans. on Power Deliv., 
Vol. 10,No. 4, October 1995, pp. 19441949. 
[6] A. R. Wood, J. Arrillaga, “HVDC Converter 
Waveform Distortion: a Frequency-Domain Analysis,” 
IEE Proc.-Gener. Transm. Distrib., Vol. 142, No. 1, pp. 
88-96, Jan. 1995. 
[7] J.M. Cano, G.A. Orcajo, J.G. Mayordomo, R. 
Asensi, M.F. Cabanas, M.G. Melero, “New Transfer 
Function for an Accurate Estimation of Harmonic 
Distortion in AC/DC Converters Working Under 
Unbalanced Conditions,” IEEE Transactions on 
Indushy Applications, Vol. 37, no. 2, MarsiAvril 
2001, p. 642-649. 
[8] M. T. Jong, “Methods of Discrete Signal and 
System Analysis,” New York McGraw-Hill, 1982. 

- 495 - 


