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ABSTRACT

European regulation on current limits in Switched Mode Power Supplies (SMPS) requires a more complex design of the SMPS. Using passive filters or a power factor correction (PFC) circuit the input current of a SMPS has to be within certain limits imposed by, for example, the IEC 1000.

In this paper the use of modeling and simulation is discussed to test the design for the IEC 1000 on limits on harmonics.

A short introduction is given on the minimal requirements for modeling in order to effectively model the generation of harmonics in a SMPS. Special attention is given to ideal semiconductor modeling and to modeling of a PFC circuit.

The online calculation of harmonics and the power factor (PF) of a SMPS is discussed. Using this method, the harmonics and PF are calculated during the simulation. Because the user can interactively change parameters of the SMPS, he has the possibility of tuning the SMPS during simulation. Compared to offline calculations of harmonics, the online method is faster and allows the user to optimize his design. Also emphasizes is given on the visualization of the calculated harmonics, power factor, phase angles, both for single- and three-phase circuits.

In this paper two examples are discussed. The first example is a power factor correction (PFC) SMPS. The online calculation of the PF and harmonics is discussed. Offline calculated harmonics are compared with the IEC 1000 limit on harmonics. The second example is compensation of reactive power in an industrial grid. The phase angle between the three phase voltages and currents is made visible. Compensation is achieved by using capacitors.

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 3 of the standard, being limits concerning harmonic currents for equipment having an input current up to and including 16 A per phase (IEC Publication 1000-3).

Newly build equipment has to comply to the IEC 1000-3 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 [4]. Second, the simulation of a power switch with a regular electronics simulation program can be time consuming during zero-crossings [4]. This problem can be avoided by using a dedicated model and simulation algorithm, which are especially designed for the simulation of power electronics.

In [4] the multilevel [3] modeling 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 model, 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 1000-3 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.

MODELING
Modeling can be done in detail requiring many parameters per component, or can be very basic, requiring less parameters. For the calculation of system behavior, harmonics, PF, etc., only the basic behavior of components is required. The functioning of a SMPS is based on switches, so this switching behavior has to be modeled. More detailed semiconductor behavior is of less influence on the system behavior, harmonics generation, PF, etc. [5]. For example the generation of harmonics in a three-phase rectifier is solely depending on the switching behavior and grid impedances. It is less dependent on transient behavior of thyristors, see [5]. Therefore semiconductor switches are modeled as a simple on/off switch with zero transition times.

The control of the SMPS has to be modeled such that system behavior is exactly described. Unimportant is whether a complex model of a control-IC is used or if a simple behavioral model is used. Both will lead to the same system behavior.

The advantage of the behavioral model compared to a model of a control-IC is the ease of modeling, only a couple of parameters are required and a higher simulation speed, since the model is smaller and less detailed. Simulation of small behavioral model is much faster than the simulation of a model describing a large number of components in a control-IC.

Summarizing, the conclusion is that the circuit model should be basic, on/off switch models should replace semiconductors switch models. A behavioral model should model the control.

SIMULATION
Simulation speed is an important factor for analyzing harmonics and the PF. Harmonics and PF are mostly connected to the grid frequency of 50Hz. Before a SMPS has reached steady state, a number of cycles of 20ms have to be simulated. The time step of the simulation is dependent on the internal switching frequency of the SMPS, for example 100kHz or more. Therefore fast simulation is required to achieve simulation results within a short period, for example, a user can wait 30 seconds for results, but 30 minutes are unacceptable, as they occur with industry-standard electronic simulators. The simulation speed is highly depending on how detailed a model is. A more detailed model requires more simulation time. Therefore modeling has to be done as efficient as possible.

ONLINE CALCULATION OF HARMONICS
If a simulation program provides the possibility to include behavioral models, the online calculation of harmonics is possible in a straightforward way. In CASPOC the Fourier Transformations:
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are included in the standard block FOURIER. Inputs for this block are the time-domain waveform and the required harmonic number. The output of the block FOURIER equals the amplitude of the required harmonic. For example, the following model calculates the 3th and 5th odd harmonic of the waveform Vi:


Vi_3
FOURIER
Vi
20m
3
1


Vi_5
FOURIER
Vi
20m
5
1
The basic harmonic is 50Hz and the harmonics are calculated based upon (1a)

ONLINE CALCULATION OF THE PF
The power factor is easily calculated online using:
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where PAverage, URMS and IRMS are calculated online. In CASPOC standard blocks are available to calculate average, RMS and PF:


U_average
AVERAGE
u

20ms


U_RMS
RMS

u

20ms


I_average
AVERAGE
i

20ms


I_RMS
RMS

i

20ms


pf_u_i
PF


u
i
20ms
where u and i are waveforms which are calculated during simulation. In the model each nodal voltage or current through a component can be used as u or i.

VISUALIZATION OF ONLINE CALCULATED HARMONICS
The online calculated harmonics are displayed either numerical, graphical or both during the simulation. For numerical display only a block SHOWXY is required, which puts the numerical value on the screen. However the harmonics can also be displayed as shown in example 1. Here the harmonics are represented by arrows and are updated each 20ms. In the same figure the limit can be displayed. Also the numerical values can be displayed in the same figure.

VISUALIZATION OF PHASORS
Voltages and currents in a three-phase grid can be represented by phasors. The required 3 to 2 transformation can be carried out online during simulation using behavioral equations:
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The phasor is displayed during simulation and is rotating with the grid frequency. Displaying both the voltage and current phasor shows the phase-angle between voltage and current. The use of phasors gives a quick overview of phase-angles in the grid.

OFFLINE CALCULATED HARMONICS
Using Fast Fourier Transformation, harmonics can be calculated from time-domain waveforms. The harmonics are displayed in the same figure where also the limit on harmonics can be shown. This limit can be either a constant value for each harmonic or a percentage of the amplitude of the basic harmonic. Offline calculation is done in example 1. 

EXAMPLE POWER FACTOR CORRECTION
The Power Factor Correction SMPS in figure 1 draws a sinusoidal current from the main. This is achieved by the control displayed in figure 2. The output voltage of the SMPS is high, so a second SMPS (not included in this example) is required to make a stable low DC voltage.
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Figure 1:
Power Factor Correction SMPS, Circuit model.

The model of the PFC SMPS 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 is separated in two different models. Both models are, automatically by the simulation package, combined into one multilevel model, from which, by using simulation, the time-responses are calculated.

[image: image5.wmf]
Figure 2:
Power Factor Correction SMPS, Block-diagram model.

Circuit Model:
The circuit model is given in table 1 and models the electric power circuit, which includes the voltage source, impedances/inductances of the main, the SMPS and the load consisting of a resistor. All these circuit components are described in a netlist as given in table 1. The model of the switch and diodes are 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 and the PF are nearly independent of these parameters. The power dissipation and a forward voltage are modeled in the ideal model.

Vi   4  0  sin 0 311 50

Li   4  1  5m  R=10m 

S1   1  0 

D1   1  2

D2   3  1

C1   2  0  100u  

C2   0  3  100u  

Ro   2  3  1000

*

.tran  25u  1000 

.option tscreen=40ms

.draw 1 V(4)

.draw 2 I(Li)

.draw 3 V(2,0)

.draw 4 V(0,3)

.draw 5 V(2,3)

.draw 6 B(pwm)

.draw 7 I(D1)

.draw 8 I(D2)

.draw 9 B(pf)

.end

Table 1:
Circuit 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.

Block-diagram model:
The control of the SMPS 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 switch has to be controlled on basis of sinusoidal shape. The model for the control is given in table 2. The input current is compared with the scaled input voltage and using a comperator and Flip-Flop, a PWM switch pattern for S1 is constructed.

Simulation:
For the simulation the PFC SMPS is connected to a grid Vi with internal impedance of 0.24+j0.15(. The harmonics are measured at the input of the SMPS, between Vi and Li. The simulation results are displayed in figure 3. The upper left windows shows the input voltage and current. The second left window shows the capacitor voltages. The right windows show the PWM pattern of switch S1, the diode currents and the power factor. The window at the bottom shows the online calculated harmonics.

Vi   voltage (4,0)

ILi  current (Li)

Iabs abs     ILi

Iref div     Vi  k

k    showcon 10,10 5  K

Irab abs     Iref

I3   sub     Irab Iabs

pwm  fflt  1 i3 100u 100u 0 1

S1   switch  pwm  0 1e‑30  S1

pf   PF      ILi  Vi   20ms

.end

Table 2:
Block-diagram model.

To compare the harmonics with the IEC 1000-3 limit, the harmonics of the input voltage Vi are calculated offline, see figure 4. The upper window shows the input voltage, the lower window shows the harmonics and the limit on harmonics. As can be seen in figure 4, the harmonics above 400Hz are exceeding the limit
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Figure 3:
Power Factor Correction SMPS: vi, ii, vc1, vc2, vRo, pwm, id1, id2, PF, online calculated harmonics c1..c9.

[image: image7.wmf]
Figure 4:
Input voltage vi and offline calculated harmonics and limit on harmonics.
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Figure 5: Main grid with inductive load, no compensation.

EXAMPLE COMPENSATION cos(_)
[image: image9.wmf]
Figure 6:
Phasors for u and i for an uncompensated grid.


[image: image10.wmf]
Figure 7:
Phasors for u and i for a compensated grid.

This example shows the visualization of the cos(_) in a grid. The voltage ur(t), us(t) and ut(t) and the currents ir(t), is(t) and it(t) are transformed to ua(t), ub(t) and ua(t), ub(t) respectively. In figure 6, the phasors for the uncompensated grid from figure 5 are shown. In figure 7, the phasors for the compensated grid are displayed. Compensation is achieved by adding three capacitors to the circuit in figure 5. Although this is a simple example, each phasor in a three-phase circuit can be displayed.
EXAMPLES AND FREE SHAREWARE
The examples in this paper are included on the free shareware diskette of CASPOC. You can obtain a free shareware version from [2].

CONCLUSION
In the paper the minimal requirements of a simulation tool for testing of limits on current harmonics generated by SMPS is discussed. The practical implementation of a tool for comparing the generated harmonics with the IEC 1000 limit is discussed. It will be shown that modeling and simulation is a valuable tool in the design of filters and PFC circuits.To reduce the investments in prototyping and testing, modeling and simulation is an important substitute, to design SMPS according to EC regulation on generated harmonics. It is a safe, cheap and fast method and time and cost efficient compared to prototyping and testing.
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