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Abstract

A high-performance digital phase-lock loop subsystem
has been designed as part of the upgrade to the magnet
power supplies in the booster ring at the National Syn-
chrotron Light Source. The PLL subsystem uses a dedi-
cated floating-point digital signal processor to implement
the required filters and the startup, fault-handling, and
running logic. The subsystem consists of two loops; the
first loop tracks long-term changes in the line frequency,
while the second tracks more rapid variations. To achieve
the required performance, the order of the loop transfer
functions was taken to be five, in contrast to the second-
or third-order loops usually used. The use of such high-
order loops required design techniques different from those
normally used for PLL filter design. The hardware and
software elements of the subsystemn are described, and the
design methodology used for the filters is presented. Per-
formance is described and compared to theoretical predic-
tions.

I. INTRODUCTION

Output voltage control of high-current power supplies
is usually based on the firing of thyristors at the appropri-
ate phase-angle of the rectified A.C. line voltage. For this
reason, accurate control requires a phase-reference which
is accurately synchronized to the line over its range of fre-
quency variation (£0.1 Hz); this is typically provided by
a phase-locked loop (PLL) driven by the A.C. line. As
the accuracy requirements of power supplies become more
stringent, the performance demands on the PLL increase
correspondingly.

To address this need, a high-accuracy digital PLL has
been designed as part of the upgrade to the NSLS booster
magnet power supplies. The design is based on the dig-
ital PLL previously used in this application [1}; in ad-
dition, to achieve the required performance, it was de-
cided to use a relatively inexpensive floating-point digi-
tal signal-processing (DSP) chip, the Texas Instruments
TMS320C31, to implement the required filters.

Since the design of DSP-based filters for PLL use is
substantially different from that of analog filters, and the
use of a signal-processing chip promotes a different design
approach, the main emphasis in the following will be on
the design of these filters.
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[I. PLL HARDWARE

A. Querall System

A block diagram of the overall PLL subsystem is shown
in figure 1. The core of the system 1s the block labeled
“Fast Loop”; in normal operation, this provides the re-
quired phase-reference signal. The slow loop’s function is
to provide a relatively constant reference for short-time
variations in the line and the fast loop; this is used mainly
for diagnostic and measurement purposes. A secondary
purpose is to provide a reference to which the fast loop
can switch when the line fails.

It was decided, rather than attempting to provide mul-
tiple samples per cycle of the line phase, which would be
sensitive to the purity of the line voltage, to use only a
measurement of the length of each cycle. Since this is sen-
sitive to noise in the zero-crossing region, the prefilter is
used to provide a clean 60 Hz squarewave as input to the
loops.

Slow Loop

Line Reference
=l Prefiter Fast Loop E——
Input Output

Figure 1: PLL Subsystem Block Diagram

B. Fast Loop

The fast loop follows the usual PLL configuration; a
block diagram is shown in figure 2. The digital VCO is
essentially an overflow adder driven by a 23.592960 MHz
crystal-controlled clock, and configured so that the output
frequency is linearly proportional to the 20-bit input value,
with an output frequency of 5.898240 MHz at midrange
input, and a maximum frequency deviation of + 737.28
kHz at inputs of 1 and 22° — 1. The frequency divider
divides by 98,304 to give a center output frequency of 60
Hz, and a deviation of £+ 7.5 Hz. The phase comparator
consists of a 20-bit counter clocked at 10 MHz; this gives
a resolution of .002 degrees.

C. Slow Loop

The slow loop 1s similar to the fast loop except for
the following: 1) the VCO is a voltage-controlled crystal
oscillator, with the control voltage set by the output of a
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Figure 2: Fast Loop Block Diagram

16-bit D/A converter; 2) since this gives a very low fre-
quency range, the frequency divider is also made variable
to increase the range. This arrangement was chosen to
achieve extremely fine resclution for VCO, since the time-
constant for the slow loop is of the order of hours.

[1I. PLL FILTER DESIGN

A. Loop Requirements

The main requirements were for acceptable acquisition
time (not more than a few seconds), asymptotic tracking
error of better than .02 degree across the frequency range
59.9-60.1 Hz, and good rejection of noise, harmonic distor-
tion (120 Hz up). and disturbances induced by the power
supply ramping itself (25 Hz down).

Since a DSP chip 1s being used, low order is nof a
requirement. This makes the “coprime fractional repre-
sentation” approach to feedback design [2] very attractive;
the version used here is taken from [3].

B. Fast Loop

Since the phase difference is sampled at the end of
each cycle, and gives the average phase difference over that
cycle, the transfer function of the VCO and frequency di-
vider, as seen by the filter, can be modeled as

where K is a hardware-dependent gain. The phase-
comparator is simply a difference operator followed by a
gain Ny,

The problem then becomes: find a filter F(z) which
stabilizes this loop, asymptotically tracks a ramp input,
and rejects noise and disturbances. Tracking of a ramp
input is required since a step change in frequency is a ramp
in phase, and asymptotically zero phase error is desired
over the frequency range.

Following the method in [3], P(z) is first expressed as
a quotient, ny,/dy; in this case n, = Kz"landd, = 1—z71
are natural choices. The pair of functions v, = 1/K and
v, = 1 1s then chosen as a solution for the equation (2.15
in [3])

upny + vpd, =1

Next, since the Z-transform of a ramp is
2711 = 2792, the functions in equation 3.2 in [3] can
q

be taken to be n, = 27!, d; = (1 — 27 1)% wy =2 - 271,
and v, = 1.

In a similar way, the functions u,; and vy, in equa-
tion 3.14 in [3] can be taken to be (2 — 271)/K and 1,
respectively, and the functions in equation 3.28 in [3] can
be taken tobe ng =1,d, =1 — 271, u, = 1, and v, = 0.

It then follows from the theory presented in [3] that,
for all stable functions e(z), the filter

F(z) = 1 —e(2)dadp + dpvpup, + up
T Ky e(z)dany — npvpupy + vp

1 —Ke(@)(1—2")?4+3-3:"" 4272
T KKg Ke(x): I(1-:"1)+(1—:1)?

(1)

will give a stable closed-loop system which will track a
ramp input, and that all such filters are of this form. Fur-
ther, the gain from the input to the sampled output is
given by

H(z) —e(2)dadpnp + dpvprpiny + upnyp (2)

= 1—(1-H%(1-27" + Ke(z)z™1) (3)

which is linear (more accurately, affine) in Ae(z). The
arbitrary stable function Ke(z) can therefore be taken as
a free parameter to optimize the other requirements. In
this case, e(z) was taken to be a general second-order stable
transfer function, and the coeflicients were chosen to give a
low-pass characteristic with good rejection at 2 Hz, which
is the ramp frequency of the final system [4]. The filter
transfer function for this weighting factor was found by
substituting this Ke(z) in equation 1; the result was
=1 =2
F(z) = 0.9‘2‘262464§~—-13:-——3L——“-——

-1
« 1.022612 — 2~}

1+ .29733659z!
« 14 z71

1 —.31896065z"1 + .0727257132-2

which was implemented in cascade form.

C. Slow Loop

The procedure for the slow loop was identical except
for the loop constants and the weighting factor; the latter
was chosen so that the 3-dB point of the PLL frequency
response was about 6 x 10~® Hz, corresponding to about
4.6 hours response time.

D. Prefilter

The problem with the prefilter was to design a band-
pass filter with approximately constant phase across a
small region in the middle of the band. This was achieved
by first satisfying the condition at 0 Hz in the analog do-
main, using a frequency transformation to transform to
a bandpass filter, and a bilinear transform to transform
to the Z-domain. More specifically, since phase and am-
plitude matching was required at DC, and a second-order
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rollofl at was desired at high frequency, the transfer func-
tion of the prototype filter had to take the value 1 to the
second order at zero (assuming unity gain), and had to
have a second-order zero at infinity. This led to the form

n.in.nC

gy s -+ ag

H.(s) =
als) §3 + ags? + ai;s + ag

and the values ap,a;, and a2 were determined by itera-
tion. After the lowpass-to-bandpass and bilinear transfor-
mations, the following sixth-order filter was obtained (in
cascade form):

6.9980052 — 13.976087=~" + 6.98801872~2
1 — 1.99658362~1 + 0.99800312—2
y 5 x 1075(1 — 271)?
1 — 1.9886732~1 + 0.99008866z 2
5 (1 + Z-—l)Q
S 1= 1.9886052z- 1 + 0.99001764z—2

H(z) =

[V. PERFORMANCE

A. Predicted Performance

The calculated amplitude response for the fast loop is
plotted in figure 3: its 3-dB frequency is .6 Hz. By design,
the filter is stable, and has zero asymptotic tracking error
for a ramp nput.
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Figure 3: Fast Loop Amplitude Response

The calculated amplitude response for the prefilter had
a bandpass characteristic with 3-dB points at 53 and 67 Hz,
and had an attenuation of > 27dB below 30 Hz and above
120 Hz.

Finally, the prefilter phase response for the range 53.9
- 60.1 Hz is shown in figure 4; the maximum phase devia-
tion over the band of interest is less than .01 degrees.

B. Measured Performance
The prefilter and the remainder of the PLL system
were implemented separately.
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Figure 4: Prefilter Phase Response

The prefilter was implemented on the Texas Instru-
ments TMS320C30 EVM board, and was tested with a
function generator as input. Within the limits of measure-
ment error, it functioned as predicted.

The remainder of the PLL system was implemented
on a VME-bus system, controlled by a VME-bascd
TMS320C30 board; the algorithm included all initializa-
tion, status, error condition handling, and the loop fil-
ters. The measured steady-state ramp tracking error was
0 across the frequency band (within the resolution of the
phase detector) when the input was taken from a bench
function generator.

Because of the long time-constant, precise measure-
ments of the slow loop were not possible; however, it func-
tioned as expected, and had an extremely long response
time. The lock-in performance of the fast loop is so good
that the slow loop will be necessary only for measurement
and diagnostics.
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