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Abstract

The delta modulation technique permits an accurate of an arbitrary reference. Spectrum of the current going
through an inductive load shows a very low THD. Moreover, notches are located around the sample frequency
multiples, which is of interest for converters without output low-pass filter. In this paper, we demonstrate that the
delta modulator structure can be easily implemented when regulating the converter output current going through
an inductive load. Then, we propose a mean for computing the load current spectrum using the Laplace and
Fourier transforms.

Keywords Modulation strategies, converter control, education tools, single phase systems.
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Introduction

The non-linear modulations are commonly used for controlling converters with extremely low
power losses in comparison with the linear amplifiers. However, the signals, regulated by
these commonly used pulse width modulation techniques [1], present a total harmonic
distortion, which is relatively high. Nevertheless, the delta and delta-sigma modulations can
be used for converter control [2][3] because these techniques present the characteristic to

allow a harmonic distortion extremely low.

Using the following figure (fig.1), we illustrate that a delta modulator structure can be easily

implemented for controlling the output current of a power converter.
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Fig.1 : Principle of the investigated current regulation.

Indeed, the output current goes through an inductive load (R,L), which acts as a first order
filter [4]. Thus, in this paper, we demonstrate that such a synoptic matches with a structure

involving a delta modulator [5], which is affected by a disturbance.

Delta modulator

Delta modulation principle
As shown by the next figure (fig.2), the delta modulation takes into account the difference

(t) between an analog reference signal and a feedback one in order to feed a digital pattern.
The sampling is function of a clock whose period equals T. . thus, the digital output feeds a
single bit. There by, this is a one bit analog to digital converter function of booth analog
signals. In the feedback loop an integrator smoothes the digital output. In the investigated
system, the transfer function of the load acts as an integrator. Therefore, the delta modulator

feeds the digital pattern to the power inverter.

clock Te
0 Digital
i output
I bit
converter
integrator

Fig.2: Delta modulation principle.

Investigated system identification

First of all, we choose a constant current reference. Then, the i becomes les . moreover,
the output pulse width modulation signal ( whose values equal £E ) is applied to the inductive
load (R,L).
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As known, the next formula gives the inductive load current :
+E-Ri() = L =2 (1)

By assuming that the output current accurately tracks the reference current (which us

constant) and the output ripple current is negligible, we deduce the following formula :

i(t) = [ =L ot @)

Thus, we deduce the output current Laplace transform :
+E-Rlye
I(p) ==~ ®)

Consequently, the following synoptic (Fig.3) illustrates the previous formula :

clock Te

N2
ref + e(1) +E
i

i

1/Lp

Fig. 3: Theoretical synoptic.

Fig.3: Theoretical synoptic.

By splitting-up the integrator and by moving the inductance coefficient we get the ending

synoptic (Fig.4):
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Fig.4: Modified theoretical synoptic.

By viewing this ending synoptic, we illustrate that the system involves a delta modulator with
an added disturbance. In the first hand, by assuming the load resistor negligible, then the
absolute values of the ripple current slopes values equal. In the other hand, by taking into

account the resistor value, the slopes do not equal. Thereafter, the switching events do not
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always occur after each sampling event. Thus, the output current spectrum spreads. Such a

delta or delta-sigma modulator behavior has been pointed out [6, 7].

Load current spectrum investigations

Varying spectrum in function of a DC reference
Before making analytical investigations, we illustrate that the pulse width frequency of the

converter output current (going through the load) changes in function of the DC reference

value noted l.ef . So, we start by simulating the theoretical system using Matlab-Simulink with

the following parameter value:

Fe =45 kHz Delta modulation sample frequency
E=180V DC voltage applied on the power converter
L=27.3mH Load inductance (at low frequencies)

R =4.23Q0 Load resistance

Rr=1.35V/A Sensor current trans-resistance

lren = 2.2396A Reference DC amplitude

Thus, we get the next figure (Fig.5). As shown by viewing the saw teeth of the current ripple,
the output current slope sign changes or not after each clock event. If the output current dose
not reaches the targeted value, the converter output voltage dose not change. Then the output
current slope sign dose not change too, and we have to wait for the next clock event. If the
output current reaches the targeted value before the next clock event, the current slope sign
changes when the next clock event appears.Regarding the previous results, we can deduce that
ripple current frequency changes. Thereby, the reference current modulates the ripple period T.

anchioad currents in A

lock and Reference

{

R
o
e

1.8
Tirne in ms

Fig.5: Simulation using the reference current I .
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As shown by this figure (Fig.5) we assume the output current ripple to be periodic. The
period T is equal to the duration between the time events t, and ty . then J, depicts the current
value at the t, event, and i+l depicts the current between the t, and tn+1 events. In short, dn+1
defines the duration between the t,+; and t, events. Moreover, in the followings, mps1. Te

equals the duration dp+.

Now, we assume that the following parameter k is equal to the number of the current ripple's

saw teeth per period T. This parameter can be link-up with the reference current value Iy .

+E-Rlyef

inti()=a(t-t,) + I, witha= (positive slope) 4

—E—R.Iyef

ini2()= b (t-the1) + Ineg With b= —

(negative slope)
Then, considering the current ripple peak value, we get:
In+1: a . dn+1 + In = a . mn+]_ .Te + In (5)

|n+2: b . dn+2 + |n+]_ = b . mn+2 .Te + |n+]_

Considering a single saw tooth and using the formulas (4) and (5), we deduce the next

equation, which indicates if the load current taken as a whole increases or decreases :

Int2-In _ E(Mpi1-Mpy2) - Rlrer (Mpy1 + Mpy2) (6)

T, L

So, considering a positive current reference and the load resistance, we can deduce that the
load current decreases (during a whole saw tooth). Thus, in order to make the load current
tending to the reference one, the modulator will take into account this variation at the next

future sampling events.

Indeed, assuming my.; and mp., equal to unity (dn+1 equal T, and dn+, equal T¢), the formula
(6) becomes :

Inyz - In — E (Mpt1-Mpi2) - Rilper (Mpy1 + Mpy2) — —2R.I <0 (7)
T, L L

During a whole saw tooth, in order to get a positive current variation, the coefficients mp.; and
Ma+2 Must not be equal. By keeping my., equal to unity (on negative slope), we can look for

the positive slop condition :

E(Mnet—1) = Rulef (Mns1+1) > 0, then : My > —miref

>1 (8)

E—R.yef

38



Kirkuk University Journal - Scientific Studies , Vol 8, No.3, 2013 P d

Ahmed Hassan Mohammed

Consequently, during a whole saw tooth and in order to get a positive variation of the load
current, the only need is that the m,.; parameter equals two, then d,:+; equals 2T.. Such a
theoretical result can e viewed on the previous figure (Fig.5).

So, we can conclude that the current ripper, whose period equals T, decreases during the first
(k-1) saw teeth and the current variation (pre saw tooth) is given by the formula (7). Then,
during the ending saw tooth (per period), the current variation is positive, then given by the
next simplified formula :

Int2 -In _ E(Mnit1-Mn42 ) - Rlref (Mn41—Mny2) _ EZ3RIres >0 (9)
T, L

Assuming the current ripple to be periodic (as already done), the total variation 4i(t) equals 0.

In another way, at the time events t, and ty, the instantaneous load current equals the initial Io

value.
A vzl (g ) 2R f ESSRE_ (10)
Te Te L L

Thus, we get three equations which link the number k of saw teeth, the period T and the

current reference lyef :

Rl

“1(E__ -__E T
k=3 (R.Iref 1) OF Irey @k+DR O lref =7 (11)

As the current ripple period equals (2k+1). Te, this investigation demonstrates that the period
T changes. This is the reason why the load current spectrum spreads. Using the following
parameters, E=180 V, R=4.23Q, l1=2.2396A, we get the k value k1=9. This result can be
check with the figure (Fig.5). using another current reference value l.»=3.2733A, then get

another k value (k,=6) and so on.

Spectrum investigations for computation when using an Ac reference signal

Now, in order to look for an analytical mean for computing the current spectrum, first we

have to look at the next figure, showing the load current computed using the next parameter :

Fe =45 kHz Delta modulation sample frequency

fs =200 Hz Input sine wave frequency

E=180V DC voltage applied on the power converter
L =27.3 Mh Load inductance (at low frequencies)

R =4.230Q Load resistance

Rr=1.35V/A Sensor current trans-resistance

I=1A Input sine wave amplitude

A —————————
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Fig.6: Converter (controlled by delta modulation) output current.
Considering a sine ware reference, once again the load current is made of elementary currents
in(t) defined between the time events t,.; and t, as it when using a Dc reference. By summing
all these elementary currents, we get the i(t) current, which is defined between 0 and ty, where
ty Is closed to the sine wave reference one.
Now, knowing the practical parameters, it is possible to compute all the i,(t) time functions
and theirs Laplace transformed function I,(p). By summing the whole elementary Laplace
functions, we get the I(p) Laplace one corresponding to the i(t) time function.
Moreover, we compare the Laplace and the Fourier transforms assuming the output current
equals 0 before Os and after ty. According to the time definitions, we demonstrate that the I(p)
Laplace function equals the I(f) Fourier function. Thus we get the Fourier transform of the i(t)
current.
Then, assuming that ty equal Ts (as already assumed), we can get the Fourier transform of the
iL(t) signal defied from —o to +oo (whose period equal Ts). Indeed, by repeating the i(t) time
function, we get the i (t) one. So, the Fourier coefficients can be defined and the current
spectrum can be illustrated.
Thereafter, by using the previous guidelines, we give the followings formulas, which permit
to computer the load current spectrum.

Laplace transform of the current i(t)
The inverter output voltage equals +E. So, we deduce the elementary un(t) signals defined
between the time events t,.; and tn. Where an equals £1 and I"(t) is the Heaviside function :
U =an . E. [ (t—th1) - T (t—ty)] (12)

=(-D"LE [ (t-tw)-T (t-t,)] wheren>0
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Thereafter, we deduce the i,(t) formulas defined between the time events t,.; and t,, where 1,1

are the initial current values :

in®) = [ - (57 = Tnos) exp (S22) ] (P tamy) - - 1)) (13)

=22 [1- (1 - 222t Yexp (S22 (1~ s ) - T t0)

an.E
Considering the whole elementary in(t) signals involved during the sinwave period Ts, we
deduce the i(t) signal ending at tn. Assuming the parameter d, is equal to the difference
between t, and tn-1, then we can write the following expressions :
i(t) = =1l in (t—tn1) . (F(t—th1) = F(t—th1—dhn )] (14)

=Zm=1l i (1) . (C@) = T(t=dn )] * 8(t—tn1) ]
Where §(t-t,-1) is another way to define the delay, and § (t) is the dirac pulse.

So, we deduce the I(p) Laplace transform of the previous i(t) time function :

I(p) = LLI®] = ZR=a[LLin ©) . (F®) — F(t—dn )] . L(S(t—1tn1)) ] (15)

() = ZN_a[(f, " in(O)-(T(X) - T'(t- dn)).exp(-p1) dt).(exp (- pln))]

Expending the previous formula, we give a second equation taking into account that the
elementary currents in(t) are defined between the time events t,; and t, :

I(p) = Zh=1[( fodn in(t) .exp (-p1) dt).(exp (-pln-1))] (16)

I(p) = J," i(t) . exp(-p1) di (17)

Fourier transform of the current i(t)

The Fourier transform I(f) of the i(t) signal is given by :

I()=Fli)]=Xn=1 Flin()-( () - I'(t —dn ))]. FIS(t—tns)]

() =201 [ 1 (0)-( T - T'(t—da ).exp(-2rjft)dt)( exp(-2mjft 11))]

() =Zﬁ=1[(f0dn iy (t).exp (-2mjft) dt) (exp (-2mjft n.1))] (18)

I(f) = [}V i(t).exp (-2njft) dt) (19)

Assuming that p equals 2mjft, then I(p) equals I(f). This permits to link the Laplace and the
Fourier transforms .

Fourier transform of the current iL(t)

As already assumed, the signal i(t) is defined between the time events 0 and Ty, where Ty

nearly equals Ts. Here we assume that L(t) is equal to the repeated signal i(t) whose period
equals Ts. Then, we get its equation :

i(f) =1 (t+Ts) =i(t) = Repr, [I(V)] (20)
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Therefore, due to the periodic function i(t), the Iy coefficients of Fourier's series can be
evaluate by means of the Fourier transform, then by the Laplace transform using the links as

previously given :

== [V i,(6).exp (-2mjft) dt withf=1 (21)

Ts
1 Iy . .k i
= Jo i (®)exp ( -27TJ;St) dt  withty =~ T

Due to the equations (17) and (19), we deduce :
1

I = — I(p) with p = 2mjf and f = = (22)
le=— I(f) with ==

Fourier series coefficients of the current iL(t)

Furthermore, considering these periodic i (t) function, the Fourier series verify the next

formulas [8] :
=242 o e exp(2rizt)=lo +TE2[ | exp(2mi )+ I_ic exp (2] (23)
iL()=Co + T2 Cic c0s( 2=t + i) with CO = lp and Cic = 2 |Ii |

Thus, we find the ending formula necessary for spectrum computation :

fil ) |7 2t jsn <1N (%)) + <1N (%)) (24)

RTHOIR

Computed spectrum

In order to get some load current spectrum plots, we use the Maple V software. So, the
compilation involves the given computation process which links the Fourier series, the
Fourier transform and the Laplace transform. The following figure (Fig.7) illustrates two of

the plots :

Fig.7: Computed load current spectrums (using Maple V).
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Considering two bandwidths (50kHz and 100kHz), we can see the main prominent line whose
frequency equals 200 Hz. Then, in a bandwidth going from OHz to 30kHz, the intermediation
line amplitudes are bound around -30dB, showing the low THD in case of power electronic
applications. Furthermore, we can clearly see the notches. They are located around 45kHz and
90kHz (the multiples of the delta modulation sampling frequency F¢). This confirms the
presence of notches as previously pointed out. These plots also check the way to compute the

spectrum.

Simulated results according to the simplified delta modulator board

The simulations takes into account a simplified board which always keeps additional filters,
involved in the whole board, used for noise reduction. Then, for simulation (using Matlab-

simulink), the parameter value are given by :

Fe =45 kHz Delta modulation sample frequency

fs =200 Hz Input sine wave frequency

E=180V DC voltage applied on the power converter
L =27.3 Mh Load inductance (at low frequencies)

R =4.23Q Load resistance

Rr=1.35V/A Sensor current trans-resistance

I=1A Input sine wave amplitude

By looking at the next figure (Fig.8) we can see the output current going through the load. It
well tracks the sineware reference whose frequency equals 200Hz. It can be noticed that the
output current ripples change. Thus, this phenomenon characterizes the delta pulse width
modulation technique as described in the previous theoretical analysis.

As shown with one of the figures (Fig.7),the previous figure (Fig.9) illustrates the spectrum
density of the output current. We can see the main prominent line whose frequency equals
200Hz and its relative amplitude, which equals 0 dB. Then, using the same bandwidth going
from OHz to 30kHz, the intermediation line amplitudes are bound around -30dB. As already
described, notches are located around 4.5kHz and 90kHz accordingly to the theoretical
investigations and spectrum computations (Fig.7). Simulated spectrums look very similar to
the computed once. Thus, this result checks and validates the investigated spectrum analysis

when the reference is a sinus wave.
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Fig.9: Simulated load current spectrums (using Matlab-Simulin)

Experiments and simulations comparisons

Simplified delta modulator board and whole system

The next figure (Fig.10) illustrates the whole system for research and student investigations :

Fig.10: Modular system for research and student investigations.
The delta modulator board implements a filter whose transfer function is F(p). This filter,
located after the error detector, is used for reducing the bandwidth and the static error as it is
when using anther pulse modulation technique [9][10][11]. So, it is an added filter in
comparison with the basic delta modulation synoptic. The filtered error is sampled and held
using a tuning clock whose period is T.. By means of a one-bit analogue to digital converter

(in fact a comparator), we finally get the pulse width modulated signal and its opposite.

e ———————
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Which are applied to the power switches through optical link. Thus, there is a great electrical
isolation between the modulation and the inverter in order to increase the quality of the
measurements. This previous isolation is not shown on the system synoptic.

In fact, the whole power converter is built involving few boards (Fig.10) in order to get a
flexible system, which is used for research and student investigations on pulse width
modulation techniques and power switches developments. So, the PWM modulator, the

isolation board, the power switches and the current sensor board are separately built.

Sine wave reference tracking

For simulation (using Matlab-Simulink) and for experiments, the parameter values are given

by :

Fe =45 kHz Delta modulation sample frequency

fs =200 Hz Input sine wave frequency

E=180V DC voltage applied on the power converter
L=27.3mH Load inductance (at low frequencies)
L=10.2mH Load resistance ( at 45 kHz)

R =4.230 Load resistance

Rr=1.35V/A Sensor current trans-resistance

I=1A Input sine wave amplitude

In order to compare the experimental spectrum shapes with the theoretical ones (Fig.7), we
choose a current reference whose peak equals one Amp, even if it is possible to apply 3 Amps
peak to the load. First of all, we compare the simulated load current (using a complex board )
with the current that we get by measurements (Fig.11). It can be viewed that the ripple
variations are very similar. For information, by increasing the current reference amplitude ( or

decreasing the E value ), the ripple decreases.

Roforence 8:d CUDUL CuTReis In AMos

Hecale  500.00 usidiv Y-scale 500.00 mV/div

Fig.11: Simulated and experimental reference and load currents.

A —————————
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Now, the following figure (Fig.12) shows the simulated and experimental current spectrums.
Both spectrums also are very similar. We can see the first notch (around 45kHz) by
simulating. This in not viewed on the experimental plot due to the bench measurement
specifications, Considering a bandwidth going from 0 to 10khz, the inter modulation line
amplitudes are bound to -20dB in both cases. For information, targeting a 3 Amps peak
current, this value decreases to -30dB.

zonobtudes i dd

Yacdle 500 KAy Yacde 1000 GGV

Fig.12: Simulated and experimental load current spectrums.

Conclusion

Here, we investigate the delta modulation. A board implements this modulation technique in
order to control the power converter output current. As the load is inductive, we demonstrate
that the investigated structure matches with a delta modulation with an added disturbance. By
means of theoretical investigations involving the Laplace and Fourier transforms, we
demonstrate that it is possible to get the current spectrum which is spread and presents
notches around the multiples of the sampling period. Furthermore, the whole system is
designed for modularity. So, students can do experiments with theirs own modular boards for

investigating modulation techniques or power devices.
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