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Abstract

A three-phase ac/dc converter based on isolated Cuk topology feeding an inductive load is
presented. The main goal isto get acompact highly stable current source to feed an electromagnet.

A high power factor is achieved, at constant duty-cycle and switching frequency, by discontinuous
input current mode operation. The converter presents a linear relationship between the duty-cycle and the
output current, making easier to design the control system. Additionally the voltage stress on the power
transistor is constant and does not depend on the duty-cycle.

An auxiliary circuit allows zero voltage turn-off while limiting the over-voltage on the switch
produced by the transformer |eakage inductance.

PWM control is used to reduce sensitivity to line disturbances and to eliminate the 300 Hz ripple
on the output current.

Experimental measurements taken on a 400W prototype confirm theoretical forecasts.
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|. INTRODUCTION

DC current sources used to feed magnets in particle accel erators, €l ectronic microscopes, etc., must
feature high stability of the average current and very low ripple. Typically the maximum current deviation
allowed is between 0.1% and 0.01%. Moreover, as far as line currents quality and EMI aspects are
concerned, it is desirable to have high power factor and soft-commutations.

A three-phase ac/dc converter based on isolated Cuk topology is proposed, in which the output
filter is substituted by the load (Fig. 1). Designing the input stage so as to operate in Discontinuous Input
Current Mode (DICM), high input power factor is achieved at constant duty-cycle and switching
frequency [1]. Moreover, a suitable auxiliary circuit shown in figure 3, provides both zero voltage turn-off
and limitation of the over-voltage on the switch caused by the transformer |eakage inductance.

To obtain smooth output current, PWM control is adopted, which allows excellent rejection to
line disturbances.

This particular application presents some interesting characteristics as compared to voltage sources
[2,3]: constant voltage stress on the switch (independent of the duty-cycle), and a linear relationship
between duty-cycle and output current.

[1. MAIN CONVERTER EQUATIONS

A detailed analysis of the voltage-fed converter similar to that of figure 1 is reported in [2-3].

A similar analysis is carried out here taking into account that the output variable is now the load
current. The converter is supposed to operate in DICM, while the output stage works in the continuous
mode. This means that, during the switch off-interval, rectified current i, decreases to zero while
freewheeling diode D is always conducting. In the following analysis, the output current ripple is
neglected, being very small compared to the DC valuel,.

Power stage design equations are derived first and then the behavior of the auxiliary circuit for soft
commutation is analyzed.

In the converter equations d is the duty-cycle, T is the switching period and V is the RMS line-to-

line voltage.
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Fig. 1. Isolated Cuk converter with inducti\;e load.

a) Switch voltage



The voltage applied to the main switch during the off stage, without the effect of the transformer
leakage inductance is:
Ug=U +NUy, Q)

b) Rectified input current
Let us consider the situation when 2 of the 3 input voltages have the same value. Two of the three
input inductances are in parallel. In this situation the maximum line-to-line voltage is:
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The rectified current i, coincides with the phase current corresponding to the maximum (in
absolute value) phase voltage, and has the waveform shown in figure 2. In the particular instant
considered the three phase currents goes to zero at the sametimet; [2].
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Fig. 2. Input current waveform

The peak and average current values are:
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¢) Output voltage
The voltage applied to the load during the switch on-interval 8T is U/N. During the remaining part
of the switching period the voltage is zero. Thus the output voltage is given by:
U.d
- __s

From the power balance and assuming 100% efficiency we can write:
PL=ULl =Vl (7

From the above equations we get:
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Even if this analysis has been carried out considering a particular time instant, it was already
shown [ 2] that the accuracy of the output voltage value is better than 1% for any condition.

d) Output current
By substitution of (6) into (8) one gets:
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Another interesting result is gotten substituting (10) into (6):
Ug=KR|N (12)

As compared to the voltage source converter [2,3], once the load current I, is taken as controlled
variable, we gain two main advantages: first the relationship between I and duty-cycle is linear, thus
simplifying the control design; second the switch voltage stress is independent of the load current, making
easier selection of the active device.

e) Minimum transformer secondary magnetizing inductance L

There is no current in the transformer primary side during the interval (T-tp). Considering Up=U_
(steady-state condition), the transformer secondary current varies linearly with a slope equal to Up/Ls. If it
rises to the output current level, the diode current goes to zero. In this situation an undesirable resonance
between L +Lsand C, imposes a low-frequency current component to the output. To avoid this a suitable
minimum secondary inductance must be selected.
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f) Input inductances
These inductances must be selected in order to allow the DICM operation. The worst case is when
the line current is maximum, which occurs when two of the three phase voltages are equal. The critica
situation is when T=t,. From (3), (4) and (7), the maximum input inductance is:
2
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g) Transformer turns ratio
From (8) it is possible to determine the transformer turns ratio, using the duty-cycle and the output
current as parameters. As both secondary inductance and turns ratio are calculated, all the data needed to
design the transformer are determined.
3l 6V
N = T (15)
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h) Energy transfer capacitor
The secondary side capacitance Cy, reflected to the primary alows to define an equivalent capacitance:

Cc.C
Co=— 82— (16)
CaN + Cb
This capacitance is determined considering its peak-to-peak ripple voltage AUs at full load:
I 0T
L
>
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I11. AUXILIARY CIRCUIT OPERATION: IDEAL CASE

The voltage stress typical of the Cuk converter imposes the use of a high-voltage switch. The use
of MOSFETs would produce excessive conduction losses. On the other hand, IGBTs have significant
turn-off losses, caused by thetail current effect.

The use of an auxiliary circuit for zero-voltage turn-off results in important reduction of switching
losses [4]. This alows the use of IGBTS, even at high frequency (50 kHz), maintaining high converter
efficiency. However, the turn on is till a hard-commutation even if the DICM operation reduces the
switch current at turn on. A soft turn on could be obtained allowing discontinuous operation at the output
[5], but for this specific application, as explained previoudly, it is not desirable.

Let us refer to figure 3 for an explanation of the auxiliary circuit operation, where L4 is the leakage
inductance. The corresponding waveforms are shown in figure 4.

Let us suppose that voltage U, does not vary appreciably during a switching period.

At the end of the Toff interval, rectified current iy and resonant current i, are zero, voltage U is
equal to the output voltage reflected to the primary side and output current flows through the freewheeling
diode D.

When transistor S is turned on, capacitor C resonates with inductor L. and the switch carries the
sum of rectified current iy, load current reflected to the primary side I} /N and resonant inductor current ij.

At instant T1, voltage U reaches the value -Ug, diode D1 starts to conduct and current ij, whichin
the interval To-T1 flowed through D2 and S, now decreases to zero with a slope equal to -Ug/L ¢ flowing
amost entirely through diodes D1 and D2 (Cx>>C). At the end of Tqp interval (instant To), the switch is
turned off under zero voltage condition and capacitor Cc charges aimost linearly to the value NU|
(instant T3). Afterwards, freewheeling diode D starts to conduct. In the interval T3-Tg the rectified
current iy decreases to zero in a piecewise linear mode [2].
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Fig. 3. Proposed topology with auxiliary circuit for soft-turn-off
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Fig. 4. Main converter waveforms: ideal case (without transformer leakage inductance)

Of course, the zero-voltage turn-off condition requires:
NU_ >U, (18)
which in terms of duty-cycle means: & > 50% (derived from 1) and 2)).

In practice, however, the transformer |eakage inductance makes possible soft commutation also at
lower duty-cycle, as shownin Figure 5, since capacitor Cc is charged at values higher than NU, .

The actua voltage U, depends on the impedance of the resonant circuit formed by the leakage
inductance Lq and C¢:
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Fig. 5. Minimum duty-cycle for soft-turn-off.

IV. CONTROL STRATEGY

The circuit uses a PWM controller. In order to ensure the desired mean current precision, the gain
of the current error amplifier has to be higher than the inverse of the required precision. Variations in
input voltage or load resistance will cause changes in the duty-cycle, in order to maintain constant the
load average current. Due to the three-phase rectification the output current contains a ripple component
at six time the line frequency which must be eliminated by the control. The small duty-cycle modulation
needed to compensate it does not affect significantly the input current waveform and the power factor, as
confirmed by the experimental results.

It is worthy to note that the DICM operation makes easier the controller design, simplifying the
converter transfer function.

V. SIMULATION AND EXPERIMENTAL RESULTS

Figure 6 shows the measured static characteristic of the converter compared to the theoretical
expectation. The small error at high current is due to the fact that the duty-cycle “seen” by the load i
wider than the transistor one. The reason is that the output diode starts to conduct only after the voltage
C. reaches NU This phenomenon is less important at low current.

Experimental results are taken on a 400W prototype with the following parameters:

Input voltage: 220 V (line-to-line RMS value)
Switching frequency: 50 kHz

Output current: 10 A

Load: 4 mH, 4Q

Ca 1pF, G 56 uF, G 20 nF, G 330nF



Li: 330 uH, Ls: 50 pH, L¢: 160 pH
N:7.4
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Fig. 6 Static characteristic of the converter

In Figure 7 is shown the average and RM S current through the switch. This current is composed by
three components. the input current, the load current reflected to the primary side and the resonant
current.
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Figure 7. Average and RMS current through switch S.

As mentioned, due to DICM operation, each phase current zeroes every switching cycle. An
unfiltered line current waveform is shown in figure 8, together with the corresponding phase voltage in
the case of constant duty-cycle (open loop). As stated above, DICM operation ensures high power factor.
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Fig. 8. Simulated input phase voltage and current (unfiltered)

Figure 9 shows transistor current and voltage. Soft turn-off is achieved even at duty-cycle equal to
40%. The 25% overvoltage is expected considering the transformer leakage inductance and the auxiliary
capacitor selected. The IGBT tail current is clear but the respective low Us voltage reduces significantly
the associated |oss.

Figure 10 shows the current and voltage on the auxiliary capacitor, C.. An almost constant current
charges the capacitor, while the discharge obeys a resonant law.

Figure 11 shows the effect of the control on the output current ripple. The PWM control changes
the duty-cycle in order to maintain constant the output voltage (and the output current), rejecting the 300

Hz ripple.
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Fig. 9. Top trace: Transistor current (2A/div‘.)
Bottom trace: Transistor Vce voltage (200V/div.). Horz.: 4us/div
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Fig. 10. Capacitor C. current (tbp) (5A/div) and voltége (bottom) (200V/div) Horiz.: 4us/div

"~ Fig. 11. Output current ripple (20 mA/div)
Top trace: constant duty-cycle; Bottom trace: PWM control. Horz.: 2 ms/div

Figure 12 shows one phase voltage and current (filtered). The duty-cycle modulation produced by
the PWM controller do not affect significantly the current waveform, allowing a high power factor.
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Fig. 12. Line voltage (50V/div) and current (1A/div) Horz.: 4mg/div
The relative ripple is + 0.1%. Considering the additional attenuation caused by the magnet core
and metallic vacuum chamber (where the beam is enclosed) the expected magnetic field ripple is about
tens of ppm. The gain of the error amplifier is 1000, ensuring the maximum average current error of 0.1%.
The measured power factor is 0.98, including the input capacitive filter. The current THD is 5.8%
for aline voltage THD of 3.4%. The efficiency is 90%.

V1. CONCLUSIONS

The proposed solution for feeding inductive loads has some interesting properties. limited voltage
stress on the main switch; linear current over duty-cycle ratio; and high power factor.

The auxiliary circuit needed to avoid voltage spikes caused by the transformer |eakage inductance
was designed in order to additionally allow transistor zero-voltage turn-off, resulting in high efficiency
even at high switching frequency.

Lastly, PWM control compensates very quickly for line disturbances and also provides fast
dynamic response, rejecting amost completely the voltage ripple. The duty-cycle modulation does not
affect significantly the input current waveform.

M easurements taken on a prototype confirmed theoretical expectations.
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Figures Captions:

Fig. 1. Isolated Cuk converter with inductive load.

Fig. 2. Input current waveform.

Fig. 3. Proposed topology with auxiliary circuit for soft-turn-off

Fig. 4. Main converter waveforms: ideal case (without transformer leakage inductance).
Fig. 5. Minimum duty-cycle for soft-turn-off.

Fig. 6 Static characteristic of the converter.

Fig. 7. Average and RM S current through switch S.

Fig. 8. Simulated input phase voltage and current (unfiltered).

Fig. 9. Top trace: Transistor current (2A/div.). Bottom trace: Transistor V ce voltage (200V/div.). Horz.:

4ug/div.
Fig. 10. Capacitor C. current (top) (5A/div) and voltage (bottom) (200V/div) Horiz.: 4us/div.

Fig. 11. Output current ripple (20 mA/div). Top trace: constant duty-cycle; Bottom trace: PWM control.

Horz.: 2 mg/div.
Fig. 12. Line voltage (50V/div) and current (1A/div) Horz.: 4mg/div.
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