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Abstract

The correction magnets in the Advanced Photon
Source's storage ring are powered by PWM-controlled
bipolar switching-mode converters. These converters are
designed to operate at up to £150 A. The original control
circuit used a polarity detection circuit with a hysteresisto
determine which IGBT was needed to regulate the current
with a given polarity. Only the required IGBT was
switched with PWM pulses while others were held on or
off continuously [1, 2]. The overal IGBT switching
losses were minimized by the design. The shortcoming of
the design was that the converter’s output was unstable
near zero current because of the hysteresis. To improve
the stability, a new current regulator using a different
PWM method has been developed to eliminate the
requirement of the polarity detection. With the new
design, converters can operate smoothly in the full range
of £150 A. The new design also meets tighter specs in
terms of the ripple current and dynamic response. This
paper describes the design of the new regulator and the
test results.

CORRECTOR CURRENT REGULATOR

Original Design
The corrector magnet is driven by a standard H-bridge
converter consisting of four IGBTs as shown in Figure 1.
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Figure 1: H-bridge converter for correction magnet.
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The converter can produce a current in the magnet in
either direction. For most of the correctors, especialy the
slow correctors, the operation current is unidirectional,
either positive or negative. In this case, only one IGBT
switch is regquired to regulate the current. The others are
either on or off depending on the current direction. For
instance, to produce a positive current (from left to right),
only IGBT Q1 needs to be PWM-controlled to regulate
the current. IGBT Q4 is on all the time while Q2 and Q4
are off. The advantage of this control scheme is that only
one IGBT is switching at high frequency. The overall
switching losses are minimized. The original regulator
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design took advantage of this feature and used a polarity
detector to determine the required mode for each IGBT. In
order to reduce the sensitivity to EMI noises around zero
current, a hysteresis was employed in the detector as
shown in Figure 2. This design works well when the
operation current is above the threshold of the hysteresis,
otherwise an unstable operation occurs, as shown in
Figure 3. Additionally, if a corrector is required to operate
in AC mode near a zero current, the transition across the
zero is unsmooth, as shown in Figure 4. Thisin turn may
cause difficulties for real-time beam orbit correction.
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Figure 4: Unsmooth transition through zero current.
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New Design

To overcome this drawback, a new regulator has been
developed using a PWM control scheme called “Unipolar
Voltage Switching” [3]. This scheme controls al four
IGBTs with PWM pulses. Two references with the same
amplitude but opposite signs are compared with a
triangular waveform to generate two sets of PWM pulses,
PWM1 and PWM?2. The set produced by reference V¢ is
used to control Q1 and Q3; the set produced by -V,g is
used to control Q2 and Q4. The resulting voltage across
the magnet has the same waveform as that produced by
subtracting PWM2 from PWML1. Figure 5 illustrates the
PWM pulses and the magnet voltage produced by this
control scheme.
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Figure 5: PWM pulses and magnet voltage.

One can notice that the instant magnet voltage only
changes from zero to the DC bus voltage for positive
output and zero to the negative DC bus voltage for
negative output. This is where the name “Unipolar
Voltage Switching” came from. Figure 6 shows the logic
circuit for realizing this control scheme.
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Figure 6: New corrector current regulator.

COMPARISON OF TWO DESIGNS
Output DC \oltage

For the original design, the converter output voltage is
equal to the DC bus voltage when Q1 (or Q2) is on and
equal to zero when Q1 (Q2) is off. For a given duty ratio
D, the average voltage across the magnet is equal to

T
Voo = i%xvo =+DxV,, (1)

where D varies from 0 to 1. The polarity of the output
voltage is decided by the polarity detector instead of the
duty cycle.

For the new design, the average voltage across the
magnet is equal to

Voe =(2D-1)xV,, (2

where D has arange of 0 to 1. As the duty cycle changes
from 0O to 1, the average output voltage changes from -V,
to +V,.

Peak-to-Peak Ripple Current

Even if the same PWM switching frequency is used for
both designs, the fundamental ripple current frequency f is
different. f for the original design isthe same as the PWM
switching frequency. For the new design, f is effectively
doubled. This can be easily observed from the output
voltage waveform in Figure 5.

Assuming that the voltage drop on the resistive
component of the load is equal to Vpc, the peak-to-peak
ripple current for the original design can be calculated as

ripple

= \%TD(l— D), (3)

where L is the inductance of the load.
Similarly, for the new design the peak-to-peak ripple
current is equal to

\iT(l— 2D)D for0<D<05
|y =1 = @
ripple V .
TOT(zo ~-1)(1-D) for05<D<1

From Egs. (3) and (4), one can find the maximum ripple
current for the original designtobe 1,0 e =TV, /4L a
ripple,max :TVO /8L abD=

0.25 or 0.75. The maximum ripple current in the new
design is reduced by 50%. This is a natural result of the
doubled effective switching frequency. Figure 7 shows a
comparison of the peak ripple currentsin two designs.
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Figure 7: Comparison of peak-to-peak ripple currents.
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Voltage Feedforward

The DC bus for a converter is not a perfect bus. The test
has shown that a feedforward signal from the DC bus
voltage can help to reduce the harmonic current caused by
the harmonic voltage in the bus, especially for the 360-Hz
component.

In the origina design the amplitude of the saw-tooth
signal for the PWM is directly proportiona to the bus
voltage. If the bus voltage has an increase, the peak
voltage of the saw-tooth will have an increase, causing a
reduction in the duty ratio of the PWM pulses. The
smaller duty ratio counterbalances the effect of the
increased bus voltage. Instead of controlling the
amplitude of the triangular signal, the new design uses a
difference approach based on the relation between the
output voltage, the bus voltage, and the reference:

Vo oV XV, . (5)

When there is a AV, change in the bus voltage, there
needs to be a AV,, change in the reference to reduce or
cancel the effect of AV, . Then,

AV o< AV, XV +V. 4 XAV, . (6)
To cancel the effect of AV, , AV, needsto be equal to

V.4 XAV,

AV, =
ref V0

()

The reference that is used to compare with the
triangular signal isthus

V., XAV,

Vr :Vref + AVref :Vrd v
0

8

In the practical implementation, V, can be treated as a

constant.

In the new design, a bandpass filter is used to measure
the change in the bus voltage. The passband frequency of
the filter is from 0.1 Hz to 1.5 kHz. The measured signal
is multiplied with the output of the P-I controller, whichis
V., , and then subtracted from V,, to produce V, . This

scheme can be easily realized with an AD633 from
Analog Devices.

TEST RESULTS

The new design has been tested for various conditions.
The test results have shown that the converter runs stably
through the whole range of +150 A. It can aso follow a
sinusoidal or a triangular reference through zero current
smoothly. Figures 8 and 9 show two measured
waveforms. Table 1 shows some key improvements of the
new design.
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Figure 9: Current waveform for atriangular reference.

Table 1: Performance Comparison

Origina Design | New Design
24 h ili
our Stability | 151076 +10x1076
(A1 max)
Current ripple +110 mA +55 mA
Ripple frequency 20 kHz 40 kHz
Transition through Nonlinear Stable and track
zero current and unstable the setpoint
Small signal
bandwidth (1%) N/A > 1kHz
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