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ABSTRACT
In this paper, single-phase uncontrolled rectifier i XL ZD; FDs
parameters are estimated from actual measurements using + rl j
rectifier invariants and a harmonic current database, e Xe RD[
which characterize the harmonic currents consumed b

y v(0) =2V cos(9) Dz FDs

these devices. Measurements in a personal computer (PC)
and a television (TV) are made to study the use of the
database. i
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1. Introduction
Fig. 1. Equivalent circuit and AC current and DC voltage waveforms of

Harmonic studies are receiving more attention due to the the single-phase rectifiers.

growing number of non-linear loads connected to the completely characterize non-linear load behavior [11].
distribution system. A set of these loads uses single-phase Thus, both the database and the invariants can be used in
rectifiers with DC-smoothing capacitors as their power works concerning single-phase rectifiers as they allow
supply. Although these loads currently account for a their fundamental and harmonic currents to be calculated
small percentage of the total load, this percentage is in an easy and friendly way.

increasing due to their high efficiency. Unfortunately, this The present paper, estimates single-phase uncontrolled
results in problematic voltage distortion levels. For this rectifier parameters from actual measurements with the
reason, several studies trying to predict the harmonic database provided in [10]. Measurements in a personal
currents injected by these non-linear loads can be found in computer (PC) and a television (TV) are employed to
the literature. Apart from the magnitude of harmonic estimate the parameters of these devices using the above
currents, some of these studies evaluate their phase angle database.

to determine harmonic current content completely.

Most of the above studies include complicated analytical

expressions or graphs based on extensive simulations of 2. Single-Phase Rectifier Modelling
the rectifier to calculate the harmonic currents [1-7].
Unfortunately, either their theoretical methods are not
experimentally validated or the validation is performed
with few experiments [6, 7]. There are only a few studies
that analyze rectifier behavior experimentally [8-10]. In
[10], single-phase rectifier behavior is experimentally
studied  assuming  sinusoidal  supply  voltages.
Experimental tests are conducted to characterize the
absorbed harmonic currents (magnitude and phase angle),
and a harmonic current database of rectifiers is obtained
from these tests. The harmonics of in database are
univocally characterized from the rectifier invariants,
which are the minimum number of parameters needed to

The equivalent circuit of the single-phase recitifier, as
well as the AC current i and DC voltage vc of the
rectifier, are illustrated in Fig. 1. This plot shows the
commutation angles, which define the non-linear load
current. The current and voltage characterizing the
behavior of this load can be determined by analyzing the
circuit topologies of the corresponding circuit, [1, 2, 4,
11]. The considered model of the single-phase recitifier is
based on the following hypotheses [5, 11]:
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Fig. 2. Invariant influence on the rectifier AC current and DC voltage
waveforms.

e The supply voltages are assumed to be sinusoidal,
which is reasonable for voltage distortion levels in
actual distribution systems (approximately 2 —3%) [1,
8, 10, 11].

e The resistances of the AC supply system impedances
are not considered because their influence on non-linear
load behavior is much smaller than that of the inductive
reactance [1, 4, 8].

e The resistance Rp models the DC power consumption of
the rectifier [1-3, 5].

[ )

As developed in [11] and according to Fig.1, the

equations that characterize the rectifier behavior can be

normalized by using the references Ug =V, Zg = Rp, and
therefore Ir = Ug/Zg = VIRp. In this way, the behavior of
this load, defined by the normalized variables iy = i/lz and

Ve, n = Ve /Ug, can be univocally characterized from the

following normalized parameters:

X
XLN ==t Xe,N ==t (1)

These parameters are called invariants of the rectifier and
their usefulness lies in the fact that they are the minimum
number of parameters required to completely characterize
non-linear load behavior, allowing these loads to be
studied in a simple way.

The usual range of x_n and Xxc n Vvalues in practical
applications was obtained in [11] by relating each one of
these invariants to the short-circuit ratio Rsc = Sce/Sioad
and the rectifier DC voltage ripple Avc/Vc, respectively.
Thus, the wusual values of x_ n and xcn are
XL n (%) = (0.05 ... 10) and x¢, n (%) = (0.5 ... 4.5), which
approximately correspond to a Rsc = (5 ... 1000) and a
AVe V¢ (%) = (1 ... 10), respectively.

Fig. 2 shows the influence of these invariants on the
rectifier AC current and DC voltage waveforms. This plot
also illustrates the supply voltage waveforms, which were
measured in the laboratory for low and high DC voltage
ripple according to Xc y = 1.5 and 3.5%, respectively, and
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TABLE 1
RMS VALUES OF THE NORMALIZED HARMONIC CURRENTS, I v (pU)

XN I | I I I
(%) 1,N 3,N 5N 7,N 9,N 11,N
005 | 192 18 165 140 112 083
0075 | 191 18 161 134 104 074
01 | 190 174 153 118 081 050
02 | 188 168 131 090 052 0.9
03 | 18 163 126 082 043 017
04 | 184 159 114 064 025 013
05 | 183 155 108 054 023 013
06 | 182 152 105 056 021 012
07 | 180 148 100 050 017 013
08 | 179 145 095 044 015 014
09 | 177 143 090 040 013 013
10 | 176 140 085 035 012 012
15 | 171 129 070 022 013 010
20 | 167 120 058 017 014 008
25 | 164 112 045 014 012 006
30 | 162 107 040 013 011 005
35 | 159 102 035 012 009 005
40 | 157 097 030 012 008 005
45 | 155 093 027 012 007 005
50 | 153 090 024 013 007 005
55 | 152 08 021 012 006 005
60 | 150 08 019 012 005 005
65 | 149 080 017 012 005 005
70 | 147 078 016 011 005 004
75 | 146 075 015 011 005 004
80 | 145 073 013 010 005 0.3
85 | 143 071 013 010 005 0.03
90 | 142 068 012 009 005 002
95 | 141 065 013 010 006 0.3
100 | 140 064 011 008 004 002

for four x_ y values. It can be seen that the invariant x
mainly influences the shape of the line current pulse (a
small invariant x,  leads to a sharp line current pulse and
enlarges the harmonic currents) whereas the invariant xc n
mainly influences the DC voltage ripple (a small invariant
Xcn leads to a small ripple) [10, 11].

Finally, according to the Fourier series of the rectifier
consumed currents i(6), the harmonic currents I injected
by these rectifiers can be easily obtained by multiplying
the normalized harmonic currents I, y by the reference
current of the load Iz = Ugr/Zg = V/Rp:

1 127, ;
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3. Experimental Characterization of the
Single-Phase Rectifier Behavior

A database of the rectifier normalized fundamental and
harmonic currents, Iy n=InnZéh, Was experimentally
obtained for the above invariant values in [10]. To this
end, the rectifier of Fig.1 was constructed in the
laboratory and experimental tests were performed with it.



TABLE 2
PHASE ANGLES OF THE NORMALIZED HARMONIC CURRENTS, ¢, (°) FOR

Xc,N = 1.5%
X
(5/0'; h s 3 & o P
0.05 4.7 -156 -26.2 -37.8 -50.5 655
0.075 -54 -177 -298 430 -57.9 -765
0.1 -6.1 -19.7 -334 -481 -653 -875
0.2 -88 278 -476 694 -97.1 -141.0
0.3 -100 -322 -552 -819 -118.8 180.0
0.4 -114 -359 -618 -923 -140.2 1308
0.5 -11.8 373 -644 -97.1 -153.0 1136
0.6 -122 -388 669 -1020 -1658 96.4
0.7 -13.0 -410 -70.8 -109.0 -180.0 79.3
0.8 -139 437 -76.0 -1183 1556 62.9
0.9 -146 -459 -79.9 -126.3 138.3 50.7
1.0 -153 -48.0 -838 -1344 1219 385
1.5 -178 -56.0 999 -1720 69.0 -10.1
2.0 -19.7 -62.2 -1119 150.7 35.6 525
25 -214 673 -1240 1174 31 -90.1
3.0 -229 721 -1349 89.6 -17 -135.8
35 -243 -76.7 -1455 67.8 -34.8 -180.0
4.0 -254 -80.7 -1558 515 -52.8 159.8
4.5 -26.4 -83.8 -1643 39.9 -70.1 140.1
5.0 -273 -868 -173.2 281 -88.7 1227
55 -281 -89.8 -180.0 171 -109.2 104.6
6.0 -289 -925 168.7 81 -128.0 886
6.5 -29.7 -949 160.3 -0.2 -1428 765
7.0 -304 -97.2 1518 -75 -158.0 654
7.5 -31.0 -994 1431 -143 -180.0 50.9
8.0 =315 -101.3 1348 -21.0 1754 35.2
8.5 -321 -103.3 1275 -26.6 162.9 20.9
9.0 -328 -105.0 1204 -316 1543 11.6
9.5 -33.0 -106.5 1139 -39.8 147.0 -5.6
100 | -334 -108.3 1047 -466 1358 -235

Given the dominant influence of the invariant x_ y on the
line current (Fig. 2), five values of xc (%) (0.5, 1.5, 2.5,
35 and 45) and thirty wvalues of x_n (%)
(from 0.05 to 10) were considered. The rectifier was fed
by a sinusoidal supply voltage of null phase angle. As an
example of the harmonic current database, Table 1 shows
the rms values of the normalized harmonic currents Iy, y
and Tables2and 3 show their phase angles ¢, for
Xc,n = 1.5 and 2.5%, respectively. It must be noted that
the rms values of the currents do not depend on the
invariant xc n [10, 11].

The above database allows the fundamental and harmonic
currents of any single-phase rectifier to be calculated. To
accomplish  this, the normalized fundamental and
harmonic currents of the rectifier are obtained considering
the value of the rectifier invariants x_ y and xc n. Next,
the rectifier currents are calculated from (2) considering
the previously obtained normalized fundamental and
harmonic currents, I, n=IynZdh, and the rectifier
reference current, Iz = Ugr/Zg =V/Rp (where Rp is the
rectifier DC resistance). Note that the supply voltage
phase angle was fixed to zero in the experimental tests to
obtain the database.
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TABLE 3
PHASE ANGLES OF THE NORMALIZED HARMONIC CURRENTS, ¢ (°) FOR
Xe,N = 25%

X
(é/o’; # ¢ ¥ ¢ # Pu
0.05 -1.8 -7.0 -119 -176 -23.7 -324

0.075 -2.6 -9.5 -16.3 -23.8 -324 -444
0.1 -3.8 -120 -206 -30.0 -411 -56.3
0.2 -6.7 -220 375 51 -77.1 -1136
0.3 -8.3 -27.3 -469 -69.5 -1015 -165.2
0.4 -9.2 -29.3 506 -76.2 -118.2 1618
0.5 -9. -31.0 -549 -813 -1325 139.3
0.6 -109 -346 -59.9 914 -149.7 11238
0.7 -11.7 -36.8 -63.6 984 -180.0 94.3
0.8 -126 =395 -69.1 -1075 1727 77.7
0.9 -134 -419 -735 -1157 1545 65.1
1.0 -141 -443 -77.9 -123.8 136.3 525
1.5 -16.8 528 -941 -162.1 78.9 3.0
2.0 -189 59.6 -107.3 162.2 45.6 -39.9
2.5 -196 639 -115.2 1311 37.2 -80.4
3.0 -21.2 -68.3 -126.1 100.0 7.4 -125.0
3.5 =237 752 -1424 73.0 -279 -165.4
4.0 -25.0 -79.1 -152.0 554 -46.3 180.0
4.5 -26.0 -823 -161.0 424 -63.1 146.1
5.0 -26.9 -853 -170.2 317 -83.5 1278
55 -27.7 -88.3 -180.0 21.8 -103.2 1105
6.0 -286 911 1774 16.8 -120.9 100.5
6.5 -29.3 -93.6 170.3 8.4 -137.2 88.7
7.0 -29.9 957 1558 -39 -150.6 685
7.5 -306 -97.8 1476 -10.9 -165.0 52.6
8.0 -31.2 -100.1 1385 -16.5 -180.0 421
8.5 -31.6 -101.9 1317 -252 168.9 29.7
9.0 -32.3 -103.7 1243 -31.3 15938 13.1
9.5 -32.6 -1055 1145 -38.3 150.2 2.4
10.0 -33.0 -107.2 1085 -451 1402 -16.3

4. Estimation of the Single-Phase Rectifier
Parameters from Experimental
Measurements

Since the database allows obtaining the fundamental and
harmonic currents of the single-phase rectifier, it can also
be used to estimate the rectifier parameters (X., Xc and
Rp) from experimental measurements.

First, the current harmonic spectrum
I, meas. = | h, meas.< &, meas, OF the single-phase rectifier must
be obtained from the Fourier Series of its measured AC
current, and the single-phase rectifier parameters X, Xc
and Rp can then be estimated by solving the error function
non-linear system of the form F(x) = 0:

Fig. 3. Supply network analyzer AR5L of CIRCUTOR.



(11, meas. _(V/RD) hin) =0

f(x) = |
1, meas.
f,(x) = M -0 3)
¢1, meas.
f3(X) _ (¢3,meas. _¢3) -0
3, meas.
where F=(f, fy, fa), X = (XL, X, Rp), and

I1,n = Gi(X, n) = 9i2(XL/Rp) and M = Ggn(XL N X, n)
= gyn(Xi/Rp, Xc/Rp) (h=1 and 3) are the rms and the
phase angle values obtained from the database. Moreover,
V is the supply voltage of the experimental measurements,
which is adjustment information. It must be noted that
other equations could be chosen in (3) but those proposed
provided the best results.

5. Experimental Tests

Two experimental measurements were performed to
validate the use of the database for single-phase rectifier
parameter adjustment. The currents consumed by a
personal computer (PC) and a television (TV) were
measured in the laboratory with the supply network
analyzer AR5L of CIRCUTOR (Fig. 3). Both devices
employ single-phase uncontrolled rectifiers (Fig. 1) as
their power supply.

The measured voltage and current waveforms, v and i,
and the current harmonic spectrum are shown in Figs. 4
and 5, where the rectifier parameters estimated from the
database are also labelled. Considering that V ~V, and
according to (2), these parameters correspond to the
invariants x O = 2.46%, X ") = 2.18%,
x ™' =1.97% and xc V) =2.31%, and the reference
currents 179 =0.35A and 1™ =026 A (Ig = V/Rp).
The current waveforms and the current harmonic
spectrum of the fitted model are also shown in the above
figures. Since the database only provides up to the
eleventh harmonic current, the measured current
waveform is plotted considering up to this harmonic for
comparison. It can be observed that, despite the harmonic
content of the supply voltage, the obtained results agree
closely with the experimental measurements.

The rms values of the adjusted harmonic currents
correspond to the normalized currents I,y ©© =1.64,
1.12, 0.45, 0.14, 0.12, 0.06 and I, \™ = 1.67, 1.20, 0.59,
0.17, 0.14, 0.08 for h=1, 3, 5, 7, 9 and 11 (2). These
values can be obtained by interpolation in the shaded cells
of the database.
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Fig. 4. PC test: a) Voltage and current waveform measurements. b)
Harmonic spectrum of the PC currents
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Fig. 5. TV test: a) Voltage and current waveform measurements. b)
Harmonic spec

6. Conclusion

In this paper, single-phase uncontrolled rectifier
parameters  are  estimated from  experimental
measurements using database of the rectifier harmonic
currents (magnitude and phase angle). The current
consumed by a personal computer and a television was
measured and the rectifier harmonic current database was
used to adjust the parameters of the single-phase

61

uncontrolled rectifier employed by these electronic
devices as their power supply.
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