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ABSTRACT

Harmonics generated by power electronic converters cause disturbances on the main grid. EC regulation nowadays provides limits on the generation of harmonics. The design of power electronic converters which are directly connected to the main grid becomes more difficult. A method to ease the design, is to use modeling and simulation.

In this paper a three-phase rectifier is the subject of a simulation study. Although the simulation of such a rectifier was presented by different authors, the paper shows that modeling and simulation are of special importance for the design process, where reduction of generated harmonics is of special interest.

INTRODUCTION
Building a power converter and performing measurements is an expensive and time consuming activity. Developing a model of the power converter and performing simulations is an easier task. Especially during the design of a power converter, simulation can be a valuable tool. The design can be tested for all functions, voltage and current levels, dynamic responses and performance. 

The harmonics in supply systems caused by household appliances and similar electrical equipment is the subject of discussion in this paper. The newly imposed standard is one of a series which deals with disturbances in public supply systems. This paper deals with part 2 of the standard, being limits concerning harmonic currents for equipment having an input current up to and including 16 A per phase (IEC Publication 555-2).

Newly build equipment has to comply to the IEC 555-2 standard. The produced harmonics can be measured from a build prototype. However, if the disturbance of the produced harmonics is not within the supposed limits, the design has to be reconsidered. The cycle in the design process can be time consuming and costly. If modeling and simulation is applied, the produced harmonics have to be measured from the simulation. The cycle in the reconsideration of the design, if the produced harmonics are extending the limits, if less time consuming and costly, compared to rebuilding a prototype. Therefore modeling and simulation is a valuable tool in the design process, to reduce time and costs.

The simulation has to be fast enough to reach the steady-state in a reasonable time. This requires a special way of modeling and special algorithms for the simulation. There are mainly two problems when modeling power electronics. First the power converter consists of a power conversion circuit and an analog or digital control system. Both require a different way of modeling [Duijsen, 1994]. Second, the simulation of a power switch with a regular electronics simulation program can be time consuming during zero-crossings [Duijsen, 1994]. This problem can be avoided by using a dedicated model and simulation algorithm, which are especially designed for the simulation of power electronics.
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Figure 1:
Rectifier modeled in a circuit model.

In [Duijsen, 1994] the multilevel model-ing and simulation package CASPOC is described, which is specially developed for the modeling and simulation of power electronics and drive systems. Use is made of a multilevel mod-el, which includes a circuit model for the power converter, a block-diagram model for the analog controllers or components and a modeling language for digital controllers. The package CASPOC is enhanced with a Fast Fourier Transformation routine, which calculates the produced harmonics from any current or voltage given by the simulation. The calculated harmonics can be compared with any limit on harmonics. The limits as given by IEC publication 555-2 are stored as data files with the package and can be displayed on top of the calculated harmonics. In this way the harmonics exceeding the limit can be detected. The results can be displayed either in absolute value or in dB.

The three-phase rectifier as shown in figure 1 is modeled using the multilevel approach. The circuit components are modeled in the circuit model. The control of the thyristors is modeled in the block-diagram. The modeling of the rectifier will be more elaborated in the following section. This example is chosen, because it shows the influence of the inductances at the input of the rectifier. The commutation process which causes the harmonics is simulated in detail, giving the time responses of the input current. From these currents the harmonics are calculated and compared with the imposed limit.

PROBLEM

The analysis includes the following steps:

  -
Set-up of a model of the power converter.

  -
Simulation until a steady-state is reached.

  -
Fast Fourier Transformation of the input current for one phase.

  -
Comparison with the limit on harmonics.
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Figure 2:
Commutation.

PRIVATE 
*  Main grid voltages

Br     inr         starin      vr

Bs     ins         starin      vs

Bt     int         starin      vt

*  Main grid inductance

Lr     inr         ina         1mH

Ls     ins         inb         1mH

Lt     int         inc         1mH

*  Main grid impedance

D1     ina        dc         Dthyr Sgate=gate1

D2     inb        dc         Dthyr Sgate=gate2

D3     inc        dc         Dthyr Sgate=gate3

D4     ground     ina        Dthyr Sgate=gate4

D5     ground     inb        Dthyr Sgate=gate5

D6     ground     inc        Dthyr Sgate=gate6

*  Load

R1     dc          dc1         100

L1     dc1         ground      100mh

.Model Dthyr   Thyr  Ron=1m Vthon=0.7

* Output of results

.draw 1  V(inr,starin)  

.draw 2  V(ins,starin)

.draw 3  V(int,starin)

.draw 4  I(Lr)

.draw 5  V(ina,inb)

.draw 6  I(Ls)

.draw 7  I(Lt)

*  Commands for managing the simulation

.options Tscreen=40ms method=gear

.tran 100u  1000

.end

Table 1:
Circuit model.

The model of the rectifier is given in table 1 and table 2. The multilevel modeling technique is used to set-up the model. This means that the power circuit and the control of the thyristors is separated in two different models. Both models are, automatic-ally by the simulation package, combined into one multilevel model, from which, by using simulation, the time-responses are calculated.

Circuit Model:
The circuit model is given in table 1 and models the electric power circuit, which includes the voltage sources and impedances/inductances of the main, the thyristors and the load consisting of a resistor and inductor. All these circuit components are described in a netlist as given in table 1. The model of the thyristors is ideal. The advantage of this ideal model, is a fast simulation, which is required to reach the steady-state with a short simulation time. The disadvantage is that the exact semiconductor behavior, such as turn-on and turn-off times and charge storage, are not modeled. However the generation of harmonics is nearly independent of these parameters. The power dissipation and a forward voltage is modeled in the ideal model.

The circuit model is extended with some commands to manage the simulation, for example, the time step and commands for displaying results from the simulation.

PRIVATE 
t        time

*

* Input 3‑phase voltages

* y signal t  dc ampl fr  phase  d  y0  t0  type

Vr  SIGNAL t  0  220  50  0      0  0   0   3

Vs  SIGNAL t  0  220  50  2.09   0  0   0   3

Vt  SIGNAL t  0  220  50  4.18   0  0   0   3

* Constant value of firing angle alpha

alpha     showcon    10, 10 30 alpha

* Phase shift of the firing angle

alpha1    lim       alpha    0.523 2.617  0.0174

alpha2    add       alpha1   2.09

alpha3    add       alpha2   2.09

* Firing signals for the thyristors

Gate1  SIGNAL  t  1  1  50  alpha1  0.5  0  0  1

Gate2  SIGNAL  t  0  1  50  alpha2  0.5  0  0  1

Gate3  SIGNAL  t  0  1  50  alpha3  0.5  0  0  1

Gate4  SIGNAL  t  0 ‑1  50  alpha1  0.5  0  0  1

Gate5  SIGNAL  t  0 ‑1  50  alpha2  0.5  0  0  1

Gate6  SIGNAL  t  0 ‑1  50  alpha3  0.5  0  0  1

.END

Table 2:
Block-diagram model.

System model:
The control of the rectifier is done in a block-diagram. Here, with the use of blocks a dynamic system (analog or digital) can be build. In this example only the thyristors have to be controlled on basis of firing angle (. The model for the control is given in table 2. With a signal generator block a square wave is generated, which is dependent on the firing angle (. This square wave is used as a firing signal for the thyristors.

Simulation:
The generation of harmonics is independent of the behavior of the semiconductor switches, but dependent on the size of the inductances in the input line. During commutation, see figure 2, the inductance of line 1 and 2 are connected in series. The resulting commutation current is flowing through both inductors. This requires special attention in a simulation, because the current is forced by two independent inductors. During simulation the currents through inductors are calculated separately, as imposed by their numerical integration method. Both currents have to be equal, which requires a special algorithm, forcing both currents to be equal. In CASPOC a robust algorithm is applied, which handles commutation currents without convergence problems in the simulation [Duijsen, 1994].

Before commutation the differential equations defining the inductor currents are:
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During commutation (1) is replaced by
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The problem with solving (2) is that during commutation:
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has to be valid in the ideal situation. To reach this the number of differential equations, in the mathematical model describing the rectifier circuit, has to be reduced by one differential equation.

[image: image6.wmf]
Figure 3:
Turn-off of an inductor.

[image: image7.wmf]
Figure 4:
Grid voltages vr vs vt,  input current of the rectifier ir is it, distorted voltage at the input of the rectifier for (=0.

The point in time the mathematical model is changed from (1) to (2) is determined by the firing of the thyristors or by the zero-crossing of currents through L1 and L2. The moment the commutation starts is determined by the firing of the next thyristor. The mathematical model is changed from (1) to (2). The moment the current i through both inductors becomes zero, the commutation process ends and one of the thyristors has to turn off. At this point in time, the zero-crossing of the current i, the mathematical model has to be changed back from (2) to (1). With regular circuit simulation programs, which are based on SPICETM, the zero-crossing is determined by reducing the time step until convergence of the numerical integration of the mathematical model is reached. This is indicated by I1 in figure 2. In CASPOC the turn-off is as indicated by I2 in figure 2, in which the exact point in time of the zero-crossing is not calculated. If the zero-crossing command is used in CASPOC, the zero-crossing is calculated as indicated by I3 in figure 2.
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Figure 5:
Harmonic and 555-2 limit for the controlled rectifier, (=(/6.

SOLUTION
The simulation is performed until a periodic steady-state is reached. Figure 4 shows the waveforms of the input currents and the line voltage. Fast Fourier transformation is used to calculate the harmonics in the input line. The upper window in figure 4 shows the voltages of the main grid. The lower window shows the input currents for each phase. Also the voltage between the neutral point of the main grid and one of the inputs of the rectifier is shown. The distortion on the voltage is caused by the inductances of the main grid. The simulation results as shown in figure 4 required 5 seconds on a 486/33.

Two periods of the input current of the first phase are transformed to the frequency-domain. The harmonic content of the current is displayed in figure 5. The limit on harmonics (555-2) is plotted in the same window as the harmonic content. Harmonics exceeding the limit can be determined from the graphs. In figure 5 all harmonics are below the limit, which may be expected from a 3-phase rectifier.

APPLICATION
The method of determining the harmonic currents for equipment having input current up to and including 16 A per phase via modeling and simulation is applicable for each type of power electronic converter. The main grid can be included in the model and parallel operation of various different types of converters on the same grid or in combination with induction machines is possible to model.

CONCLUSIONS
The IEC publication 555-2 deals with the limits of harmonics generated at the input current of electrical equipment. Simulation and Fourier transformation are a efficient tool for the design of power electronics which have to comply to the IEC publication 555-2 on limits for harmonics.

Instead of testing the harmonics generated by a prototype from an experimental set-up, the harmonics are calculated in a simulation. The comparison with the limit on harmonics is based on the results obtained from the simulation. If the harmonics are exceeding the limit, the redesign of the converter can be done in the simulation. This is a cost and time saving procedure and is therefore more efficient than proto-typing.

In the paper a three-phase controlled rectifier connected to the main grid, with inductors in the input lines, is modeled. The harmonics obtained via simulation are compared with the 555-2 limit on harmonics.

The simulation time should be short to reach a periodic steady-state, which is required for the Fourier transformation. This is accomplished by using a ideal models for the semiconductor switches in the electric power converter. Applying an special algorithm [Duijsen, 1994] for the simulation results in the required high simulation speed.
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