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Abstract – The id-iq control method are one of the most widespread control methods for active power filters. Two improvements to this method are presented: the elimination of the PLL (Phase Locked Loop) in active power filters for harmonic current compensation only and a strategy for achieving the best transient time. PLL elimination is an important simplification for reducing the computational effort in a digital implementation as well as for improving transient time. The achievement of the best transient time is essential for an efficient compensation of currents with time-varying harmonic content. The paper describes both improvements and presents simulations and experimental results.
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1. Introduction

The id-iq control method [1-3] are one of the  most widespread control methods for active power filters. When using this method, its very common the use of a PLL for generating a rotating reference frame synchronized with a supply voltage. However, if the active power filter is used for harmonic current compensation only, this synchronism is not necessary and the control method can be applied without a PLL, as it will be seen. 

In this method, it is necessary the determination of the dc components of the direct and in-quadrature currents (id-iq). This dc value extraction operation is usually performed by butterworth filters, that are responsible for the method dynamics.

The id-iq control method, however, can have their dynamics improved and their computational effort reduced by substituting those filters by moving averages. The moving averages are a very simple calculation and produce very short transient times. In the symmetric case, if the load currents and/or the supply voltages present only odd harmonics, the transient time can be 1/6 of T (the fundamental period), otherwise, the transient time would be 1/3 of T. The transient times are equal to the calculation intervals of the moving averages, for example: if the calculation interval is 1/6 of T, the transient time will be that too.

The previous knowledge of the harmonic content of the currents/voltages to be compensated is not usual. The harmonic content of load currents and supply voltages can change all the time in most cases. In the symmetric case, for example, the simplest way to solve this problem it is to adopt 1/3 of T as the calculation interval all the time. With such a solution, the transient time would be always 1/3 of T, even if there were only odd harmonics ins the currents/voltages. So, a shorter transient time (1/6 of T) would be wasted in such cases.

Therefore, in such cases, the best solution is to adopt the shortest calculation interval based on the instantaneous knowledge of the presence or absence of even harmonics.

This paper describes how it can be done.

Section II introduces briefly the id-iq method without PLL. Section III describes the moving average technique. Section IV presents the method for real-time determination of the best calculation interval for moving averages. Section V presents some simulation results of the control method with the proposed improvement. And Section VI concludes the paper.

2. The Id-Iq Control Method Without PLL
The method proposed by Bhattacharya (id-iq method) [1]-[4] is based on the calculation of the id-iq components of the instantaneous three-phase currents. This method creates a reference frame system with two orthogonal axes that rotate at the synchronous speed of the supply voltage (d-q system), that is, a synchronous reference frame. The synchronous reference comes from a phase locked loop (PLL) [5]-[6], that is synchronized with the phase A voltage. In this rotating reference, the fundamental components of the currents become dc levels in the id-iq currents, which are filtered by conventional filters without phase angle problems. The remaining ac components are related to the harmonic content of the load currents and are used as the harmonic current compensation reference.

If power factor correction is not being performed by the active power filter, there is no need of knowing the correct values of Id,DC and Iq,DC in Fig. 3, since they both will be subtracted for generating the harmonic compensation currents. 

So, if the supply frequency is a stiff paramenter, it is sufficient generating a rotating reference frame with this frequency, no matter the phase angle.

Figures 1 and 2 presents experimental results attesting the above explanation.
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Figure 1 – Current at the point of common coupling (pcc) produced by three-phase rectifier (5  A/div , 5ms/div).
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Figure 2 – Current at the point of common coupling (pcc) produced by three-phase rectifier compensated by a shunt active power filter running without PLL (5  A/div , 5ms/div).
3. The Moving Average Technique [2]-[3]
In Fig. 3, the block diagram represents the traditional technique for extracting the fundamental currents/voltages in the id-iq and p-q control methods. For the id-iq control method, the three-phase currents/voltages have already been transformed to the stationary reference frame (a-b-c to α-β-0 transformation) and later to the synchronous reference frame (α-β to d-q transformation). And for the p-q control method, the p and q powers have already been calculated after the a-b-c to α-β-0 transformation. A Low Pass filter (Butterworth) is used to extract the DC components representing the fundamental currents/voltages. 

The dc component extraction using the moving averages is represented in Fig. 4 and their calculation are described in the eq.(1):
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where X is the moving average, x is the input signal being averaged (id, iq, p or q), T is the fundamental period, L is an integer, T/L is the interval of calculation, t is time and τ is the variable of integration.

The digital implementation of a moving average is very simple and can be performed digitally with only a buffer, for keeping T/L and the calculations that follow at each new sample:
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where A is an accumulator, X(k) is the moving average of the input signal x(t), x(k) is the sampled value of x(t), T is the fundamental period, N is the length of the buffer, L is an integer, T/L is the interval of calculation and Ts is the sample period.

Therefore, a moving average can be calculated digitally with only three operations: one sum, one subtraction and one multiplication, making it a simple task for any microprocessor.

Considering a symmetric three-phase system of currents or voltages, Fig. 5 illustrates the effects of the synchronous transformation over their harmonics. From Fig. 5, every transformed harmonic will be multiple of three and the odd harmonics will be also multiples of 6. Therefore, every transformed harmonic has a null average value over T/3. The exception is the fundamental current that becomes dc level determined by the moving averages. Particularly, the transformed odd harmonics have a null average value over T/6.

The following paragraphs describe in depth how the odd order harmonics become multiple of six when they are transformed to the d-q reference frame. After that, the presence of even order harmonics is considered.

 First, it is important to notice the type of phase sequence presented by each harmonic component. Let us consider a symmetric three-phase system of currents or voltages. The three-phase currents/voltages will present a phase difference of 2.π/3 rad, that is, the phase angles will be: (a = 0, (b = -2.(/3 and (c=+2.(/3. Therefore, the phase angles presented by a n order harmonic component will be:
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Triplen harmonics will be that with order equal to 3.i, with i=0,1,2,3…. If n is substituted by 3.i in equations (4), (5) and (6): (a=(b=(c, that is, triplen harmonics presents zero phase sequence. Therefore, those harmonics will be closed in the i0 current. Of course, this analysis is not necessary when the considered system does not present neutral wire.

The 6.i+5 order harmonics, with i=0,1,2,3…(that is, 5th, 11th, 17th, 23th…) presents negative phase sequence. Substituting n by 6.i+5 in equations (4), (5) and (6), the phases will be: (a = 0, (b = +2.(/3 and (c=-2.(/3, in other words, the phase sequence will be a-c-b. 

The 6.i+1 order harmonics, with i=0,1,2,3…(that is, 1th, 7th, 13th, 19th, 25th…) presents positive phase sequence. Substituting n by 6.i+1 in equations (4), (5) and (6), the phases will be: (a = 0, (b = -2.(/3 and (c=+2.(/3, in other words, the phase sequence will be a-b-c.

After the synchronous transformation, positive sequence harmonics will have their order decreased by one and negative sequence harmonics will have theirs increased by one. Therefore, 6.n+1 and 6.n+5 order harmonics will have their orders transformed to 6.n and 6.n+6 (=6.(n+1)), respectively, after the synchronous transformation. In other words, they will be multiples of six and, therefore, the unique component that will present a non-null average value over 1/6 of the period will be the zero order harmonic components corresponding to the fundamental.

When the positive and negative parts of the current/voltage wave are not symmetric, there will be even harmonics in the currents/voltages. After the synchronous transformation, those harmonics will be multiple of three by reasons similar to those described above.

4. The Real-Time Determination Of  The Best Interval For Calculation Of The Moving Averages
The determination of the best interval of calculation for the moving averages can be done based on their slope, as it can be seen in the block diagram of Fig. 12. For the sake of simplicity, the method will be analyzed for a shunt active power filter, compensating a symmetric system of load currents (id, iq); the control method used is the id-iq control method.

In the block diagram of Fig. 12, the first step is the calculation of the moving averages using both intervals: T/3 and T/6. So after the first step, the outputs are the moving averages of id and iq taken over T/3 and T/6: Id,1/3, Iq,1/3, Id,1/6 and Iq,1/6.

The second step is to determine the absolute value of the slope information of the moving averages, as following:
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where k is the index of the present sampled value.

· Finally, the determination of the best interval of calculation is done based on the following criterion:

· If (ΔId,1/6+ ΔIq,1/6 <= ΔId,1/3+ ΔIq,1/3), then choose Id,1/6 and Iq,1/6; else choose Id,1/3 and Iq,1/3;
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Figure 3 – Block diagram representing the DC component extraction process used in the conventional id-iq 
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Figure 4 – Moving average representation
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Figure 5 – Effects of the synchronous transformation over  the harmonics of a symmetric three-phase system  of currents/voltages. 
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Figure 6 - Moving averages for simulation of Fig. 7
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 Moving averages for simulation of Fig. 9
Figure 10 - Moving averages for simulation of Fig. [image: image15.wmf] 
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Figure 7 – Step response of the id-iq method using moving averages and the real-time determination of the best interval.
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 Sudden appearance of even harmonics and step response of the id-iq method using moving averages and the real-time determination of the best interval.
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- Sudden disappearance of even harmonics and step response of the id-iq method using moving averages and the real-time determination of the best interval.
The criterion mentioned above is based on the following observations:

· If there are even harmonics in the load current, the moving averages of id and iq taken over T/6, that is Id,1/6 and Iq,1/6, will oscillate, as illustrated in Fig. 8 and Fig. 10, but if they are taken over T/3, they will stabilize after T/3, their slope information will be zero and, therefore: ΔId,1/3+ ΔIq,1/3 <= ΔId,1/6+ ΔIq,1/6.

· If there are only odd harmonics in the load currents, the moving averages of id and iq taken over 1/6 will stabilize after T/6[s], as illustrated in Fig. 6, Fig. 8 and Fig. 10. The moving averages of id and iq taken over 1/3 will stabilize only after T/3[s] and, therefore, after T/6[s]: ΔId,1/6+ ΔIq,1/6 <= ΔId,1/3+ ΔIq,1/3.
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Figure 12 – Block diagram of the real-time determination of the best interval for calculation of the moving averages.
5. Simulations

In Fig. 7, Fig. 9 and Fig. 11, the id-iq control of a shunt active power filter is simulated. The method of determination of the best interval of calculation for the moving averages is applied.

All simulations present very good results, attesting the efficiency of the proposed method. In Fig. 11, it can be noticed that there is some ripple in the final half of the first transient time, but since that ripple occurred within the transient, the performance of the method is not affected.

6. Conclusions
Experimental results attesting the use of the id-iq control method without PLL were presented.

A method for real-time determination of the interval of calculation for moving averages was presented. Moving averages can be used for DC value determination in active power filter control methods. The adoption of the best interval of calculation ensures the shortest transient time.

Simulations were performed and very good results were achieved. Although the analysis and simulations were performed for a symmetric three-phase system of currents or voltages, the results can be extended for asymmetric three-phase systems. The only difference is the inclusion of two other intervals:

· T/2, for asymmetric three-phase systems without even harmonics;

· and T, for asymmetric three-phase systems with even harmonics;

Under some conditions, the method presents a ripple during the transient time, which does not affect its performance.
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