IFT (Institute of Food Technologists) Symposium 2005
July 16-20, 2005, New Orleans, Louisiana, USA

Quasi Instantaneous Estimation of Time Evolving
"Resonant Load"” Parameters: a Novel Approach based

on the Hilbert Transform

Jean-Paul Sandoz
University of Applied Sciences
El Arc, Hobtel-de-Ville 7
2400, Le Locle, Switzerland
Phone ++ 41 32 930 13 33

E-Mail: jean-paul.sandoz@he-arc.ch

ABSTRACT

This paper presents a novel solution which is basethe
trigonometric  properties of band-limited signals
represented in their analytical forms. Thus, thesiu
instantaneous estimation of thBynamic Resonant Load
Parameterstakestwo Hilbert transformers and a few
basic arithmetic functions. This has the added advantage
of producing an easily implementable solution vatfithe
shelfucontrollers. The first series of computer simulasio
as well as Real-Time test have fully confirmed the
theoretical results with very good global performes

Keywords
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1. INTRODUCTION

Quasi instantaneous estimation of time evolvingdloa
parameters can serve for many applications. This is
particularly true in non-stationary processes ivva
resonance where specific conditions must be pemtigne
met in order to satisfy some standard operatioterai
(e.g. efficiency, maximum peak current....). Processe
with fast changing load conditions (e.g. high power
ultrasound based processes) can greatly benefit fro
"real-tim¢ load parameters estimations. Recent work
[1,2,3] has clearly demonstrated that the Hilbert
Transform (HT) has potentials often overlooked bg t
practitioners in the past. Moreover, the HT bakieoty
and their most important properties are well uneict
and increasingly gaining the attention among the
engineering community.  Furthermore, satisfactory
compact IIR alternatives to the rather cumbersoiii® F
Hilbert transformer implementation have been preskn
[3,4]. Without much time devoted to optimizatiomet
preliminary simulations as well a$real-time¢ tests
("Speedy-33 Tl VC33 based DSP and Hyperception
VAB software) confirm the theoretical results. Sopagts

of the implementation aspects used in this design a
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based on previous work done by the author and
developments made in a recent diploma work [5]. The
most important characteristics are the followings:

* Frequency range of operation: 16 ki#z25 kHz

* Clock frequency: 320 kHz

» Estimated load parameters:

Ratio of Voltage Envelope to Current Envelope:
“Short-Time Magnitude of the Impedance Z; goq ”

Voltage and Current Phase Difference:
“Short-Time Argument of the Impedance Z gaq”

« Load parameters estimations group delay” bBthe

signal period (i.e. 6.2fs at 20 kHz)
» Detectability threshold of load variation at resoce

0.5 % of active load value

» Detectability threshold of load phase changes at or
near resonance: Odggree.

* Phase estimation error due to changes of the tShor
Time" magnitude of Z.q less than 1 degree

e "Short-Timé argument of Z,qestimation RMS error
with band-limited Gaussian noise (16 to 25 kHz):

Input SNR = 20dB (SNRage= SNRurren) 2 6° (RMS)

e "Short-Timé& magnitude of Za. estimation SNR
with band-limited Gaussian noise (16 to 25 kHz):

SNRpitage = SNRyrrent= 20 dB= SNRyagniruge= 20 dB

* No bias in the magnitude or the phase estimations f
input SNR above 10 dB

* No "Arctan’ or other complex arithmetic functions
required

* No potentially unstable operations and/or algorghm

» Easily adaptable to other frequencies of operation

This paper is organized as follows. The basic bl
analysis is given in Section 2. Details of the pregd
solution are presented in Section 3. Simulatiosslte are
shown in Section 4. Finally, the last Section sumires

the advantages of this design and suggests pdtentia
developments.
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2. BASIC THEORETICAL ANALYSIS

Fig. 1 shows the basic bloc diagram that will be
considered in this paper. BjResonant Loddis assumed
that the global quality factor will be at leastdar or equal

to 4.

it

Time

u(t) Evolving

"Resonant
Load"

Figure 1: Basic structure bloc diagram
Let i(t) and u(t) be expressed as follows:
i) = 1(t) cos(Zmfo(t)d+ @(t) @
u(t) = U(t) cos(2atfo() B+ (1)) 2)
With:
1(t) : Instantaneous current envelope
@(t): Instantaneous current phase
U(t) : Instantaneous voltage envelope
@,(1t): Instantaneous voltage phase
fo(t): Instantaneous driving signal frequency

Note: All these instantaneous parameters are |ow-passed
processes with cut-off frequencies well below fo(t) ”.

Then, i(t) and u(t) can be represented in theipgesve
analytical forms:

(0 fanayidt) = i) + jLi() @3)
U(YD Uanayidt) = u(t) + jCL(Y) (4)
With: _
i(ty = 1(t) sin(@nifo(t)it + @(t)) (5)
u(t) = O(t) sin(Zitfo ()@ + @,(t) (6)

From trigonometric properties, the following retatships
can be easily derived:

o0 u() - i) u()
N2 702 Jucv?+ 5?2

Ju? - T2
lim2+in?

sin<(pu(t) - (1) 7

MsiAt) = (8)

2/6

Estimated Load ParameteMew Definitions

(7) = Voltage and Current Phase Difference: @yz(t)
i.e. "Short-Time" Argument of the Impedance

(8) = Ratio of Voltage Envelope to Current Envelope:
Mgz(t)

i.e. "Short Time" Magnitude of the Impedance”

Thus, @z(t) and Mg (t) can be estimated ifReal-Timé
with a minimum of basic arithmetic functions.

3. HILBERT TRANSFORMER

3.1 Band-Limited Hilbert Transformer

A "Band-Limited Hilbert transformer (BL-HT) is
realized with one second-order all-pass filters vl unit
delay elements. This solution has the double adgenof
simplicity and very low group delay. Figure 2 shothe
structure.

ﬁ(n) > Z_2 XRe(:)
X m(n)
» H (Z) E——

Figure 2: Band-Limited Hilbert Transformer
With:

X(n): Input, %ayidn) = %zeN) + j Xim(N) 9)
-2
H(z)=_0/13+2 " (10)
1-0.713 7%

3.2 BL-HT Characteristics

An ideal HT has always 8®f phase difference between
its "In-Phas& and "Quadraturé outputs, i.e. between
Xre(N) and x,(n) respectively. Moreover, both output
amplitude transfer function are to be constant and
independent of the frequency. This is naturally thse
with the structure shown on Figure 1.

Summary of the BL-HT main characteristics:
» Sampling Rate: 320 kHz
* Frequency Range: 16 kH2 25 kHz.
«  Absolute phase error: less thah 1
e Group delay: 6.2s (constant)

4, COMPUTER SIMULATION

In this section, most of the characteristics listedthe
introduction are demonstrated by computer simufatio
The "Time-Evolving” load considered is shown on Figure
3. It is an R-L-C parallel structure where(f represent
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the "Active” part of the load and L(t) controls its
resonance frequency.

R,

e ———— | —— ¢—&
Yi()

L(H &(t)ﬂ' L |uw

Figure3: Timeevolving resonant load

4.1 Multi-Parameters. general case
A first example is shown on Figure 4. It is purdgseade
somehow extreme in order to illustrate the very dyoo

performances of both estimators.
Variable parameters: Driving signal frequency
Active part of the load

Load resonance frequency

jﬂ .HWWIM m..mHHIIM (i ﬂ”l“lmumn nﬂlmhl T
] IHHMWHW mulul”w“wuw ”HIW”'””” HHMHH T uu””u mw”“m'“””u

mnumummurmmmmm\mmmwmwunnmmmmwmmmwmmu.mmmmmmmu
HHMHIW(IHWI}MWilHHHIH!M\ R

Mgz (t)

YTV VW

a 1.6 =2 2,

Figure4: General case
Zoom of one small section (18 2.4ms) of Fig. 4:
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u(d)

Snl@a(0] |5

Figure5: Fast u(t)-i(t) phase difference changes

This figure already confirms that the estimat®n[@q(t)]
"tracks extremely wellu(t)-i(t) changes in phase difference.

4.2 "Active" part of theload: Ry (t)

Variable parameters: Driving signal frequency

Active part of the load

t u(t) + t
iy il LA H\‘H‘MM\ \H‘HHH\\ HMH‘HW AR
P HHMMW\ HH\UHHH\ \H\H‘ HM " H‘\ T ” ‘\ i

|(f\

SR T \m\.m.mmw i mh‘\\mHlHM\\ LA m
A e

Mstz(t)

50 55 >
Figure 6: R(t) variation

Figure 7 (zoom of the 5 to 5.5 ms segment from Bjg.
gives an idea of how fast tH&hort-Timé€ magnitude of
the impedance is determined..

I u()
VIV "
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.

Mgz (t)

L3 M R 5B
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Figure7: R(t) variation; zoom: 5.0 - 5.5ms
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4.3 Estimators Group Delays : u(t)
The tests are conducted with i(t) and u(t) as giver{1) Al A A /\ /\ /\ A /\
and (2) respectively. v ‘ \/ U \/ v U \ \/ L
Variable parameters: O() : i

] Li(t)

Litzt) QW) -Ti4> +174 Av/\z /\v/\/A A A\/\/\/ A /\U/\/\=

AAND o) p e . ; }mmm
VA TR i T

L fpp i d SEs:
\/\/\/\/\/VWWWW i 7

il I h,
7 ,

Mn(t) Nl T

et

A/ \R Figure9: Fast u(t)-i(t) phase difference variation

4.4 Load Variation Detectability Threshold
Mgz(t) It is often useful to know how small a dynamically
evolving load characteristic change can be reliably

detected. With the next few examples we will sheme
W limits that are inherently linked to the samplirafer as

well as the BL-HT imperfections.

N

s Py

Figure 8 : Fast load impedance magnitude variation #1. Detectability threshold of R, variation
This simulation confirms the¢6.251s" of group delay Variable parameters: LR) 1 £ 0.25 % variation
determined from BL-HT transfer function. (¢t) is the Driving signal frequency
time varying theoretical load impedance magnitude. (19.3 kHz> 21.3 kHz)
b) sin[qz(t)] 1050 M
Variable parameters: O()
() Mgz (t)
Qu(t)
@) 1.000 Mhor
In Figure 9, the simulation of fast phase diffec 1.005 R
between u(t) and i(t) confirms that both parameter R (1)
estimators have the same group delay (@&25which is
exclusively determined by the BL-HT transfer funati , 4, R
Sin[@n(t)] is the theoretical u(t)-i(t) phase differendeis =
worth mentioning that the estimators are indepenfiltem Figure 10: Small load variation around resonance

each other, the only limitation being the Hilbert

transformer characteristics (i.e. amplitude and spha
response, group delay). Rinor: Normalized active part of the load

Mo Normalized module
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#2: Detectability threshold of load phase variation #2. "Short-Time" phase estimation RMSerror with

Variable parameters: L(tx 0.10 % variation band-limited Gaussian noise (16 to 25 kHz)
Driving signal frequency Input SNR = 10dB (SNRtage= SNRyrren) 2 18’ (RMS)
(19.6 kHz> 19.7 kHz) Input SNR = 20dB (SNRBtage= SNRuren) @ 6’ (RMS)

Input SNR = 40dB (SNRjage= SNRurren) 2 0.6’ (RMS)

The next figure shows siqft)] estimation difference between
(t) "SNR = 60 dB and”SNR = 20 dB.
y I t) 300 A 1A

TN

-30°

snlge®)]

0 T = 28 P Fig. 12: sin[qy(t)] with identical SNR on both u(t) and i(t)

el el 10223 el e 2

At this point it is worth noting that there is nigrficant
Figure 10: Very small u(t)-i(t) phase difference bias in the magnitude or the phase estimationsniout
changes SNR above 10 dB. Moreover, preliminary mathematical

This Figure 10 shows that very small u(t)-i(t) phas analysis made in the case where the interferenmeeguae
difference changes can still be detected and dfiehti sine-waves [5] confirm the above results
Notice that even a careful observation of u(t) gtjdcan . .
hardly pin-points these tiny phase changes! Thisnep 4.6 Impulsive Noise
new research fields and potential innovation opputies The proposed new scheme does not appear overly
linked to the detection of'Minor Changes of Process sensitive to impulsive noise. This is best illustchby the
Parametefs(e.g. in non-destructive testing). following examples:

4.5 Band-Limited Gaussian Noise

In the majority of'Real Word Situatioh some noise will
almost inevitably corrupt u(t) and/or i(t). Compute
simulations has given the following results:

#1. "Short-Time" magnitude estimation SNR with
band-limited Gaussian noise (16 to 25 kHz)

SNR/oItage: SNRyrrent= 10 dB=> SNR\/Iagnitudez 5dB
SN R/oltage: SNR:urrent: 20 dB=> SNR\/Iagnitude: 20dB
SN R/oltagez SNR:urrentz 40 dB=> SNR\/Iagnitudez 40 dB

In Fig. 11, it can be seen howgMt) approximate N(t). Note
that no filtering has been introduced yet; thusoifne additional
delay is acceptable, SNR as low as 10dB (SNR= SNR.uren) :
could give useful approximation of the load maguétu

M «z(t) §(Mm(t) = 1)

e 0 et 18l 13 2l 25

el

Figure 13: Consequences of impulsive noise on M 4(t)

el

SNR,.10dB 20 dB 30 dB; 40 dB
Figure 11: Identical SNR on both u(t) and i(t)
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Fig. 14: Consequences of impulsive noise on sin[@yz(t)]

Careful analysis show that simf(t)] response to
impulsive noise does not extend significantly bel/@8
samples (i.e. less than two signal cycles). Thusdiam
filtering techniques (on both voltage and curreiuits)
and/or averaging can be added as a protectionsigaioh
undesirable events.

u(t)

Figure 15: sin[gyz(t)] response to impulsive noise

5. CONCLUSIONS
This paper describes a newQuasi-Instantaneous
Estimator of Resonant Load Paraméteossed on two

Hilbert Transformers and a few basic arithmeticctions.
The first series of computer simulations as welflRsal-
Time" experiments are in good agreement with the
theoretical analysis. Moreover, the many tests ooted
have proven thérobustnessof this solution at the same
time as producing extremely fast and accurate tesul

Our latest research work indicates that the sarmeofse
blocs can also be used to determine 'tBhort-Time
Active Power of Time Evolving Resonant Loads'.
While these interesting properties are currentlyerbe
thoroughly analyzed, they are already proving tovéeey
useful in non-stationary high-power systems. This also
dramatically enhance the global performances (e.g.
efficiency) of some industrial processes. In additiwe
can also consider implementing these original sesetn
the design of low-cost band-limited network anatgze
(e.g. characterization of ultrasonic transducets)new
families of"Ultra Fast Power Metering Systefretc....
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