Power Factor Correction (PFC)

Exercise including solution

Exercise A: Simple Diode Rectifier

Figure 1 shows a simple diode rectifier, the output load is an ideal voltage source. In practice, at the DC
side a huge capacitor is usually smoothing the output voltage, so that the constant output voltage in our
model is a good approximation to reality.
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Implement the simulation model as shown in figure 1 in GeckoCIRCUITS, and use the component values
as shown in the figure. Please consider that your simulation results will be dependent on the component
values of the diodes. Use the standard diode settings in GeckoCIRCUITS, i.e. a forward voltage drop of
0.8V. Visualize the following simulation results within the GeckoCIRCUITS scope: input voltage um,
inductor current i. and the diode bridge voltage um.

Comment: Depending on the settings of the diodes forward voltage drops or conduction resistances,you will get
slightly differing results in comparison to this solution. The values as shown in this document are obtained by using
a forward voltage drop of 0.6V in the diodes, as set per default from the circuit simulator.

1. Set the simulation duration to 0.02 sec (a mains period) and select a reasonable value for the
simulation step width dt. Use the built-in analysis tool of the GeckoCIRCUITS scope to calculate
the mean value of the input active power. Which maximum input current i. do you see at the
inductor? Compare the simulation result with the theoretically calculated inductor maximum
current, assuming a purely sinusoidal input current.

The results can be seen in the following figures:
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Mains voltage (green) and input voltage of the diode rectifier (red).
Lower plot (blue): Inductor current iy ,.

Power calculation — THD:

Characteristics & Power Analysis

[ Characteristics | Definitions

Characteristics
avy rms THD min may tipple Klirr shape
iL? BE.B3Y9e-12 149923 1.6291 -52.086 52.086 224.305e49 852.2438e-3  268.409e-9
Wrm o -51.3539e-9  231.206 12.4994e-3  -321.2417 212y -4.5022e8 12.5984e-3  111.0629e-9
WM -51.3662e-9 2312245 9.4074e-6 -327 327 -4.5015e8 9.4074e-6 111.0718e-9
Set Range Power Analysis | Definitions
® Scope-Range A
(= |ulb P=11.793e3 D= 2.5544e3 lamhda= 817.2271e-3

00000001 002 g h s : armbea s

ith=|iL2 - | Q=-271.8729 5= 3.466Ge3 cos(pl)= 988 6906e-3
) Define Range 3

uity = [deactivated | w | P= - D=- lambda= -
Status ith = |deactivated |+ | Q=- S=- cos(pl)= -

Calculation 0K

The mean output power is P=1793W. Assuming a sinusoidal input current, the maximum value of
the inductor currents would be

USpk
In our case with the diode bridge, however, the maximum current is 52 A.



2. Which harmonics does the input current contain? You can use the Fourier analysis tool of
GeckoCIRCUITS to visualize the input current harmonics. Visualize the current spectrum up to

the 40t harmonic.

Besides the fundamental frequency (50Hz), we can also see odd-numbered higher order harmonics (150Hz,
250Hz, ...) in the input current spectrum. The following figure shows the Fourier calculation of the input

current up to the 40" harmonic current:
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Calculate the THD value of the input current (herefore, again, you can use the built-in analysis

tool of the GeckoCIRCUITS scope).

The THD value, which is defined as the ratio of the geometric sums of all harmonics tot he fundamental

amplitude,

is here calculated as THD = 163%

As you can see from your results, the simple diode rectifier feeds back harmonic distortions into the
mains. In the following exercise part, we will discuss two simple topologies including a Power Factor
Correction (PFC), which will significantly improve the THD.



Exercise B: PFC with a fixed tolerance bandwidth

Implement the simulation model of the rectifier according to figure 2, which includes a boost converter
at its output. Please use the component values as given in the figure. Save the simulation model with a
different name, e.g. pfc_1.ipes. Pay attention to the direction of the current flow within Ls, as the current
measurement has to have the correct sign. You can enable the current direction visualization (pink
arrows) in the menu “View->Flow-Direction”.
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Additionally to the values from exercise A, visualize the following circuit parameters: Voltage uo and the

inductor current iL.3. The boost converter that is used for the power factor correction is built by the
inductor L, an ideal switch S1 and the diode Ds. The switch is controlled by the gate signal gt. If the gate
signal is zero, the switch is open, otherwise it is closed. Here, in contrast to the simple diode rectifier,
the output voltage has to be above the amplitude of the input AC voltage. Otherwise, the boost converter
cannot operate properly.

The model in figure 2 includes a simple control of the inductor current. The tolerance band control
works in the following way: The inductor current i3 is subtracted from its target value isou (SUB-Block in
the control model) and the difference is then fed through to the input of a hysteresis block which
controls the gate signal gt. The calculation of the reference value is done via multiplication of the
normalized (and rectified) input voltage uo with the desired input amplitude of the mains current.

4. Select the target value of the mains current to a value isou so that the mean active power of the
rectifier corresponds to the value from exercise A.

The input current amplitude — assuming a sinusoidal input current — was already calculated earlier as
Is=11 A. In the following figure, the simulation results of the PFC input current with fixed tolerance
bandwidth is shown.
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5. Try to play with the component parameters. Can you find a correlation between the tolerance
band width and the switching frequency of the control?

The (mean) switching frequency fs is increasing with decreasing inductance or decreasing tolerance
bandwidth (c is an arbitrary selected proportional constant):
1

fg=c—m—
s -
L-AiRegler

6. Have a look at the mains current close to its zero crossing. What do you observe?

Close to the current zero crossing, we can observe a deviation of the input current from the ideal value.
The reason is that the input voltage of the boost converter is very small, here. The boost converter does not
work properly in this operating range, since the switching frequency (given by the tolerance bandwidth)
does not allow to follow the ideal current shape in this case.
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7. Now, please re-set the output inductor value to 10 mH, and visualize the mains current
spectrum up to 10 kHz via the Fourier analysis tool of the scope. Which harmonics do you
observe? Calculate also the THD value and compare it to the THD value obtained for exercise A.



In comparison to the simple diode rectifier, the harmonics of the current spectrum are strongly decreased.
With a tolerance bandwidth of +/-1 A and an inductance of 10 mH, we can only see some small amplitude
current harmonics at the frequencies around in the range of 5 kHz (50 Hz*100). Therefore, we get a
tremendous improvement of the THD value of about 7.4 % in comparison to the diode rectifier.

n Characteristics & Power Analysis E

fCharac‘terisﬁcs rDeﬁnitiuns |

Characteristics
avy Ims THD rmin max ripple klirr shape
iL2 24.1144e-3  7.8245 738837e-3 -12.0613 12.0587 3244791 T3EEZ6e-3  111.8877e-9
iL? 69936 78246 271.6481 -467431e-6 120612 501.7525e-3 448.4632e-3 111.8819e-9
gt 50.2503e-3  999.94975e-3 21.7811 -1 1 19.87452 H97.6B57e-3 100.0003-9
¥m 1.9864e-3 231.2245 8.5514e-3 -328.22092 328232 116.404582  8.55118-3 111.079e-9
UD 206.8226 229.9888 f.4635e3 -1.2117 3268281 486.3808e-3 437.3888e-3 111.1966e-9
Set Range Power Analysis | Definitions
(# Scope-Range A
= [deactivated = = =
0.0000001 0.0z u ~AE D lemitaE
ith= |deactivated | w| Q= SE cos{pl) =
 Define Range B
uif) = [deactivated | »| P = D= lambda =
Status ith= |deactivated | w | Q= SE cos(pl) =
Calculation Ok
Calculate | | Cancel
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Exercise C: PFC with current proportional tolerance band

Another possibility for controlling the PFC is to vary the tolerance bandwidth proportional to the
amplitude of the mains current. In this case, the current ia should vary between (1-k) - isou and [1+K) - isou,
where isou is the current target value and k a constant in the interval 0 < k < 1. You can find the
corresponding simulation model in figure 3. Implement this simulation model in GeckoCIRCUITS, and

use the given component values. Save your model with the file name pfc_Z.ipes.
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8. Set the target current value isou to the value from exercise part B. Please compare the current
and voltage shapes as well as the mean switching frequency to the values from the previous

exercise.

The shape of the input current during the zero crossing is improved significantly, since - for small input
current values — the switching frequency increases:
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9. Visualize the mains current i. harmonics spectrum. How big is the THD?

We can clearly recognize harmonics in the frequency range between 4 kHz to 6 kHz, the THD value is
11.3% (using L = 10 mH and k = 0.2).

. Characteristics & Power Analysis

l/ Characteristics r Definitions

Characteristics
avy rms THD min max ripple klirr shape
iL2 -4.6486e-3 77221 112.6221e-3 -12.9725 12.949 -1.6612e3 111.9145e-3 55.947e-49
id  f.9014 7N 461.704 -409.4731e-9 129724 A01.9783e-3 4486264e-3 55.946e-9
gt |87.3328e-3 |999.9987e-3 1899.4191 -1 1 11.4067 9896.1786e-3 A0.0001e-9
um 1.8027e-3 229.8115 8.6122e-3 -326.2513 326.2516 127.4839:3  B.6118e-3 55.53745e-9
LD 20455559 228.5783 22.9732e3 -1.2031 32487487 486.3106e-3 | 437.3378e-3 |55.5976e-49
Set Range l/Powernnalysis rDeﬁnitions
® Scope-Range A
1) = |deactivated P= D= lamhbda =
000000005 0010ssses ||| MY h ambea
ith= |deactivated |+ | Q= S= cos{pl)=
) Define Range 8
uity = |deactivated |+ | P= D= lambda=
Status ith= |deactivated |+ | Q= B= cos(pl)=
Calculation Ok
Calculate | | Cancel
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10. Which influence does the tolerance bandwidth constant k have on the harmonics and the
switching frequency?

Decreasing the factor k results in a higher switching frequency as well as an improved THD value (and
therefore less high-frequency current harmonics). The following figures are simulated with k = 0.1 :
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Characteristics
avg rms THD min max ripple Klirr shape
iL2 -4.148e-2 76931 A6.2808e-3  -11.9266 11.9182 -1.8547e3 66.192e-3 55.7016e-9
id 68057 EGEK] 512 6998 -409.4731e-3 11.9265 480933e-3  440.6897e-3 55.7004e-9
gt 87.2073e-3  G90.9987e-3 1.06GRE3 -1 1 11.4231 G06.1807e-3 50.0001e-9
um 1.5267e-3 2298112 8.6158e-3 -326.2515 326.2518 160.5269e3  86154e-3 55.5373e-9
UD 2055604 2285778 236343 -1.2034 3248538 486 2982-3  437.3203e-3 55.5074e-0
Set Range Power Analysis | Definitions
@ Scope-Range A
= |deactivated = = =
0.00000005 — 0.01938935 uty bl D lambda
itfh= |deactivated |+ | Q= = cos(pli=
) Define Range B
ufty = deactivated |+ | P= = lambda=
Status ih= |deactivated |+ | Q= = cosipli=
Calculation OK
Calculate || Cancel
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