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Abstract. The article presents the principle of operation and selected results of simulation and laboratory tests of the 18-pulse rectifier
system with coupled reactors and small series active power filter. The presented system makes it possible to reduce, especially in distribution
supply networks, undesired higher current harmonics. The 18-pulse nature of operation of the rectifier is reached using a set of coupled
three-phase network reactors (CDT and CTR). The simultaneous use of the coupled reactors and the small active power filter provides
opportunities for reduction of the supply current distortion, especially in case of voltage harmonic distortion and voltage unbalance.
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1. Introduction

The quality of electric energy (EE) reception, most frequently
evaluated using the Power Factor v and the Total Harmonic
Distortion coefficient THD(I), is of extreme importance in
case of supply systems with small short-circuit powers, as
compared to the load power [1]. Such power relations be-
tween the source and the load are observed, for instance, in
autonomous (island) systems. This also may refer to some lo-
cal distributed supply installations with remarkable proportion
of renewable sources, in operation in unfavourable ambient
conditions, bad weather for instance [2].

Improving the quality of EE reception in the existing in-
stallations is usually obtained by connecting additional filter-
ing and/or compensating devices [3, 4]. On the other hand, in
newly designed installations a tendency is to use receivers hav-
ing the power factor v ~ 1, i.e. the phase shift ¢ and THD([)
of the received current close to zero. Among them, due to
their application range a special role is attributed to AC-DC
converters operating in conditions close to CPC (Clean Pow-
er Converter) [5—11]. As frequently as possible, uncontrolled
(diode) converters are used which do not impose remarkable
reliability problems and reveal low level of emission of high-
frequency disturbances.

A non-transformer 18-pulse diode rectifier with coupled
reactors, which has characteristics close to CPC and is prefer-
ably designed for LV networks is presented in [12, 13]. In
nominal supply conditions this rectifier reveals the quality
of EE reception close to that represented by other 18-pulse
converters with transformers or autotransformers [6, 11]. Its
advantage is a much smaller limiting power of the required
electromagnetic elements, which obviously results in smaller
dimensions and weight of the entire rectifying device. Unfor-
tunately, the rectifier with coupled reactors reveals small resis-
tance to voltage disturbances in the supply network. Distortion
or unbalance of this voltage seriously worsens the quality of
EE reception.

*e-mail: mysiak@am.gdynia.pl

The discussion of the effect of the distortion and unbal-
ance of the supply voltage on the quality of the EE received
by the rectifier with coupled reactors is the first basic goal
of the article. The second goal is to present the results of the
examination of such an integrated 18-pulse rectifier with a se-
ries active filter (S-APF), which reveals improved resistance
to supply disturbances.

2. The basic system of 18-pulse rectifier
with coupled reactors

Figure 1 presents a basic supply system which makes use of
an 18-pulse diode rectifier with coupled three-phase reactors.
This and similar AC-DC converters operate at the leading DC
load [12-14]. The three-phase supply network is represented
by the source voltage e and the line impedance Z5. Moreover,
reactors of inductance Ly are connected in series to the sup-
ply source, to reduce the amplitude of higher harmonics of
the network currents.

The basic assumption in the adopted concept of the pre-
sented system is the construction of three vectors of 3-phase
voltages supplying the bridge rectifiers, with the phase shifted
by 20°. In this case, the voltage vx at the input terminals of
the converter takes the 18-step shape at nominal load. The
voltages v measured between the terminals K and the neu-
tral point O can be interpreted as the result of cyclic switching
of Vpc voltage (Fig. 1) via the diodes of three bridge recti-
fiers. The 18-pulse waveform of the voltages vx (Fig. 2) is
only obtained when the diode conduction angles are equal to
7, and when the conduction intervals (18 intervals) are sym-
metrically distributed along the supply voltage period. In this
case the three-phase bridge rectifiers generate a three-level
voltage at the AC terminals. The phase voltages at terminals
D2 are by 20° ahead of the relevant phase voltages at ter-
minals D1. In turn, the phase voltages at terminals D3 are
phase-delayed by 20° with phase voltages at terminals D1.
As a consequence, the coupled three-phase reactor (CTR) ex-
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ecutes 40° phase shift between two output voltage systems.
The applied electromagnetic systems — current dividing trans-
former (CDT) and (CTR) make it possible to obtain the re-
quired distribution of the network current on bridge rectifiers.
The overall effect of the operation of the coupled reactors is
converting the three-phase voltage of the supply source into
the nine-phase voltage.

Figure 3 shows a simplified model of the tested system
(Figure 1), which allows for qualitative assessment of the im-
pact of its parameters, and the impact of voltage disturbances
on the input current distortion. Although it assumes full sym-
metry of the system, this model can also be applied for assess-
ing the effect of unbalance of supply voltages. This unbalance
is a source of additional distortions of voltages vy .
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18-pulse Diode Rectifier with CDT&CTR
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Fig. 1. Supply system on the basis 18-pulse diode rectifier with coupled three-phase reactors (CDT &CTR)
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Fig. 2. Typical waveforms of the input voltages and current (200 V/div, 40 Aldiv)
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Fig. 3. Simplified model of the system shown in Fig. 1
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2.1. Investigation of the mains parameters effect. The co-
efficient of the input current harmonic distortion is defined by
the formula:

: 15
THD(is) = T Y I3, (1)
h=2
where
E(jh) — Vi (jh)
Iy = |—~——"7—= h=1,23,.. 2
(h) ZS(jh)+]Xd ) 4y 9y ()

is the h-th harmonic of the input current, and Xy = wlg
is the reactance of the network reactor. Hence, assuming the
linearity of the network and reactor impedance:

Zs(jh) = Rs + jhXs(), Xa=hXg)

we get:

THD(is) = 1 i |E(jh) = Vi (jh)]? '
Loy \ =5 B2 + b2 (Xs0) + Xay)®

Since the short-circuit power of the network is:

Sshort = E(21)/H (R% + Xg’(l))a

then if R% < X% then E(21)/th,,,, ~ Xg(1). In this case the
relation (3) takes the form:

3

Sshorr |E(jh) — VK (]h) |2

THplis) = e 2 (g2 ?
h=2h (E(1) + Sshorth(l))

“)

Equation (4) describes the coefficient THD(is) as a func-
tion of the inductance L, of the line reactor and the short-
circuit power Sy, Of the supply network. Since:

Pree = I(1)E (1)

then the dependence of THD(is) on the power load P,... (for
the linear CDT&CTR) is given by the formula:

SshortE(l)
Prec

|E(jh) — Vi (jh)|?
h=2 h? (E(zl) + thorth(l))

THD(ig) ~ 5. (5)

The relations (4) and (5) are confirmed by the functional
dependence set on the basis of detailed simulation studies and
illustrated in Figs. 4 and 5.
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Fig. 4. THD(is) versus load power Pr.. for the linear CDT&CTR
(Srec=400kVA, L4=0.6mH, sinusoidal input voltage)
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THD (is) [%]

Fig. 5. Variation of the THD(is) depending on short-circuit power
Ssnore and inductance Lg (Prec = 20 kW, sinusoidal input voltage)

It should be noticed that the coefficient THD(ig) is not
most appropriate for assessing the impact of the receiver onto
other loads connected to the same supply line. A better crite-
rion, taking into account the effect of the short-circuit power,
is the ratio:

THD(is) _ 1 |5~ _[EGh) = VkGh)® ©

~ 2
Sshorr I(l) h=2 h2 (E(21) + Ssh()rTXd(l))

Figure 6 shows above mentioned ratio variations vs. induc-
tance Ly and power Sy, determined from the simulations.
The trends of this variation are similar to changes of the total
voltage harmonic distortion coefficient at the rectifier input,
shown in Fig. 7. This leads to the conclusion about the possi-
bility of assessing the impact of the test load onto other loads
using the THD(ig)/Sspore 1atio.

o
=3
e

0.03-

0.02

THD(iS)/S&‘hnrt [%/kVA]

=]
(=)
—

0.00-+<—

. 1‘277777 "77"””""""””/
7, [ 1.6

Fig. 6. Dependence of the THD(is) to Ssuor ratio versus short-circuit
power Sy and inductance Lg (Prec = 20 kW, sinusoidal input
voltage)
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Fig. 7. Variation of the THD(vr,) depending on short-circuit power
Ssnore and inductance Ly

2.2. Power voltage disturbances effect. The characteristics
of the system shown in Fig. 1 also strongly depend on the
disturbances of the supply voltage: its harmonic distortion
and unbalance. The appearance of those disturbances, even
normative, results in a considerable increase of distortion of
the input current ¢g. This effect can be explained using the
model shown in Fig. 3. In particular, it is noticeable that the
effect of the distortion of the supply voltage on the defor-
mation of the input current is larger for lower harmonics. It
is related with the filtering properties of the reactor Ly and
impedance Zg. This is confirmed by the changes of the co-
efficient THD" (ig) (in relation to THD(ig) representing the
symmetrical sinusoidal voltage supply) as functions of the
amplitudes of selected h-order harmonics, shown in Fig. 8.
Initial slower increase of the THD"(is)/THD(ig) ratio re-
sults from relatively small changes of voltage harmonics vx
at rectifier’s terminals (Fig. 3).
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Fig. 8. Relative increase of the THD" (is) versus amplitude of single
harmonics of the power voltage

It is noteworthy that the investigations reported in the
present and further chapters refer to one short-circuit pow-
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er Sgore = 400 kKVA and they illustrate only qualitative ef-
fects of supply voltage disturbances. That is why the qual-
ity of the supply current taken from the network was as-
sessed using the more traditional coefficient THD(ig) instead
of THD(I'S)/SS;,O”.

The change of the voltage v is also a direct cause of
distortion of the current is in case of unbalance of the supply
voltage. This unbalance changes the diode conduction inter-
vals in all bridge rectifiers of the investigated system (Fig. 1).
As a result, after summing up of the component voltages by
the reactors CDT&CTR, the waveforms of the voltages vg
differ from the sinusoid. The dominating harmonic in their
spectrum is the third harmonic. This harmonic is also a major
cause the distortion of current 7g.

In order to assess more precisely the effect of supply un-
balance on the distortion of the current ¢g, simulation inves-
tigations were carried out in which the unbalance voltage was
obtained in the way shown in Fig. 9. The simulation results
included changes of the THD" (ig) coefficient (in relation to
THD(ig) for the sinusoidal and symmetrical supply voltage)
as a function of the amplitude AE and phase « of the boost-
er voltages, shown in Fig. 10. Noticeable is the much larger
effect of the amplitude unbalance than that of the phase un-
balance.

Fig. 9. Phasor variation of the power voltage during tests of the
power voltage unbalance effect

Based on the above presented results we can conclude
that the multi-pulse rectifiers with coupled reactors, includ-
ing the investigated 18-pulse system, are good solutions of
“clean power converter” type only for the symmetrical and
sinusoidal supply voltage [12]. When the supply voltage does
not meet these two conditions, even if the disturbances are
within normative limits, it results in remarkable distortions of
the network current. In those cases it is advisable to use an
additional small series active filter [4, 15].

Bull. Pol. Ac.: Tech. 59(4) 2011
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Fig. 10. Relative increase of the THD(is) in cases of the pow-
er voltage unbalance: a) changes of the booster voltages amplitude
AE = AE, = —AFE, for v = 7, = 7. = 0; b) changes of the
booster voltages phase v for AE = AE, = AE, = AE. =30V
and vy =7 =% ="

3. Integrated robust system

Figure 11 shows the AC/DC supply system constructed us-
ing an 18-pulse rectifier with CDT&CTR and integrated with
a series active power filter (S-APF) of relatively small pow-
er [3, 4, 12, 15]. The applied S-APF system comprises three
single-phase bridge inverters (with booster transformers 7r
and filtering condensers Cr) which were connected to the
rectifier output using DC circuits, as was shown in Fig. 12.
This system provided opportunities for implementation of the

Series Active Power Filter

=~ ®
%
EEGE

3-level PWM algorithms, and did not require controlling the
active power flow between S-APF and the rectifier, due to the
fact that this flow is relatively small and naturally tends to
self-stabilising reduction.

3.1. Control method. The S-APF system in the supply sys-
tem shown in Fig. 11 is controlled by blocking the undesired
harmonic components. For those harmonics the system should
reveal very large impedance (equal to infinity in theory), while
for the required component — the basis harmonic — very small
impedance (zero in theory). Therefore the booster voltage v
in each phase (Fig. 11) should be proportional to the unde-
sired components ig of the electric current ig in the same
phase. This principle of control is given by the formula:

vp =K -ig, (7)

where K is the proportionality coefficient in [€2]. In the 3-
phase system we take into account that:

UFa(ref)(jw) N i5a(jw)
vr = | Vppren(iw) | s =G(w) - | isp(jw)
UFC(’I"Bf)(jw) iSC(jw)
and

- ) 0 -
L1
, 13 . 2 2
(G )

L 2 2

where H (jw) is the transmittance of the high-pass filter
(HPF) which separates the blocked network current harmonics
in the a — [ coordinate system. This transmittance determines
basic blocking abilities of the S-APF system. In 3-phase sys-
tems, reasonable options are the H (jw) realisations making
use of the Clark-Park transformation.

18-pulse Diode Rectifier

Fig. 11. Supply system integrated with the series active power filter

Bull. Pol. Ac.: Tech. 59(4) 2011
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Fig. 12. Application circuits of the series active power filter

Regulator

e —— i — . —

PWM Controller

o —

i ™
e
I

' Fdfrefi

~{ VEdfref)

Eg_.
e

|
|
| : SIN
I | L
4 .
4 Fm‘!'aj:’.id__ |
d-q /H : —
| Vipiren
| -
A
| ¥Firaf)
a=b-c[7 —";
i | Vi |
: fils
I

/

i i e i e Ve L

Fig. 13. Basic control system of the series active power filter

In the simplest case shown in Fig. 13, HPF is fully execut-
ed in the rotating coordinates d — ¢ based of the difference of
the constant components extracted by the 1-st order low-pass
filters (LPF) and the non-filtered signals. For this solution,
H (jw) in the o — 8 coordinate system acc. to [14] has the

form:
Jjw  ws
—wsg Jjw

w? + (we + jw)?

we + jw —wg

wg we + jw

H(jw) =

(8

where wg — network frequency, wgc — LPF cut-off frequency.
Unfortunately, a disadvantage of this solution is the appear-
ance of remarkable through couplings between the filtered
harmonic current components isq, ¢53-

A most favourable transmittance H (jw) can be obtained
by extracting only the constant components using LPF in the
d—q coordinate system. Based on those components and mak-
ing use of the inverse Park transformation we determine the
sinusoidal waveforms in the o — (3 coordinates.

The difference between the obtained sinusoidal waveforms
and those unfiltered, in the o — 8 coordinates, is the result of

546

the filtration: extraction of higher harmonics. In this case the
transmittance H (jw) is given acc. to [14] by the formula:

we tjw  —ws
. e
wsg we + Jw

w? + (we + jw)?

H(jw)=1- ©)

A common disadvantage of the transmittances H (jw)
given by formulas (8) and (9), and connected with possible
non-symmetry of the supply voltage of the system shown in
Fig. 11, is partial non-filtering of the negative sequence com-
ponent of the basic harmonic. This results in partial blocking
of this component, which excessively increases the overall
power of the S-APF system. A reasonable solution here is the
realisation of the transmittance H (jw) in the way similar to
that given by formula (9), but done separately for the pos-
itive and negative sequence components. We can write this
division as:

H(]w) =1- Dp(jw) - Dn(]w)u (10)

Bull. Pol. Ac.: Tech. 59(4) 2011
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where acc. to [14]:

we + jw —Wwg e
D, (jw) ws we + jw an
Jw) = 3 )
' wE + (wo + jw)’
we + jw wg "
) ’Zel
) —wg we + Jw
D, (jw) = (12)

w? + (we + jw)?
Hence, after placing (11) and (12) into (10) acc. to [14]
we get:

L0 N2 2 2
. W) +wsg —w
0 1 ] ((J ) S c)
w2 + (weo + jw)?
It results from formula (13) that the components i5, and
15 are filtered in the same way. Consequently, when we use

H(jw) = [ 13)

a)

THD(is) <14.2% 1 THD(is) ~3.4%

is

HPF with transmittance (13), the booster voltages vy in each
phase are given by the relation:

((jw)2 +w? — w%)

w% + (we + jw)?

VF(a,b,c) = K ' iS(ll,lLC)'

3.2. Simulation results. Figures 14 and 15 show sample sim-
ulation results for the supply system shown in Fig. 11. The
simulations were performed using the package PSIM Ver-
sion 8.0.4. The presented results illustrate the action of the
system with the S-APF system switched off and on, for the
supply voltage deformation (Fig. 14) and supply voltage non-
symmetry (Fig. 15). In both cases the basic S-APF control
system was used (Fig. 13). Using the simplest transmittance
HPF (8) was dictated by the main goal of the simulation,
which was assessing the functionality and features of the pro-
posed solution, without any attempt to optimise dynamic and
size parameters — a goal planned for the nearest future.

b)
THD(is) ~ 6.8 % THD(is) ~4.2%

|
+
e H
)
1 IS,
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Fig. 14. Voltages and currents in the supply system (Fig.11) with S-APF switched off and on, for supply voltage deformation: a) 5-th
harmonic of 6% in magnitude, b) 13-th harmonic of 3% in magnitude (e, vs, vk — 200 V/div; vp — 100 V/div; Vbc — 400 V/div;
is — 50 Aldiv; ipc — 5 Aldiv)

a) b)
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Fig. 15. Voltages and currents in the supply system (Fig. 11) with S-APF switched off and on, for supply voltage non-symmetry: a)AE, =
AFE, =30 [V], AE. =0 [V], va = 7. = 0°, v = 180°; b) AE, = AE, = 30 [V], AE: =0 [V], 7o = 7e = v = 0° (e — 200 V/div;
is — 20 Aldiv; vp — 100 V/div; ipc — 5 Aldiv, Vpe — 2 V/div)
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Table 1 collects the basic parameters of the examined sys-
tem (Fig. 11), which were recorded in the simulation. These
parameters describe the action of the system in the condi-
tions shown in Figs. 14 and 15, and refer to the situation
before and after switching S-APF on. Along with the average
THD 4v (ig) values, the presented data include the THD(ig)
values calculated for each phase, and the overall powers of
the receiver Sgppc and the series active power filter Sapr.
It is noteworthy that in each case the overall power Sspp is
approximately equal to only 10% of the overall power Sgrc.

Table 1
Basic parameters of the integrated supply system (Fig. 11), before/after
switching S-APF On

Conditions of system operation, acc. to Figures

Parameter

Fig. 14a Fig. 14b Fig. 15a Fig. 15b
S-APF off/on off/on off/on off/on
Srec [kVA] 18.3/18.3 18.2/18.2 18.1/18.1 20.5/20.5
Sapr [kVA] 0/1.872 0/1.653 0/1.7 0/1.89
Sapr/Srec[%] 0/10.2 0/9.1 0/9.3 0/9.2
THD(igq) [%] 14.1/3.4 6.4/4.6 12.7/3.6 9.1/2.8
THD(isp) [%] 14.1/3.4 6.4/4.6 16.9/3.8 10.5/2.8
THD(igc) [%] 14.1/3.4 6.4/4.6 15.6/3.8 8.6/2.7
THD v (ig) [%] 14.1/3.4 6.4/4.6 15.1/3.8 9.1/2.8

4. Experimental results

The basic goal of the experimental investigations was practi-
cal verification of the efficiency of operation of the proposed
system (Fig. 11) in steady-state conditions. The investigations
were performed for the case of S-APF integration with the 18-
pulse rectifier of power Sgppc = 20 [kVA], and an additional
network reactor Ly = 0.6 [mH].

Fig. 16. View of the laboratory model of the supply system shown
in Fig. 11

Figure 16 shows a laboratory model (made by authors of
this article) of the supply system constructionally integrat-

ed with S-APF localised at the bottom of the cubicle. In the
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system the booster transformers 7r (Fig. 12) with the transfor-
mation ratio 1:12 were used. Therefore, taking into account
the voltage Vpc ~ 500 [V], the amplitude of the booster volt-
ages ur did not exceed 45 V. The phase current waveforms
1Sa» 1Sb, S recorded in nominal conditions of this model op-
eration and their spectra before and after switching S-APF on,
are shown in Fig. 17. Figures 18 and 19 show the same data,
but for 75% and 125% of the nominal load. Their analysis
clearly confirms high efficiency of the proposed solution for
improving the shape of the network current. It is also notice-
able that almost half of the volume of the assembly cubicle
(Fig. 16) is occupied by auxiliary connecting elements.

This indicates the potential for more compact construc-
tions of similar systems, revealing good mass and size para-
meters.

As the supplement to the results shown in Figs. 17-19, Ta-
ble 2 collects the measured phase shifts angles ©sq, ©Ysb, ©sc
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Fig. 17. Oscillograms and spectra of network currents igqp,c in
the system of power Srec = 20 kVA (nominal load) with reactor
Lq = 0.6 [mH], before and after switching S-APF on
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49.99 H=

of the currents ig,, ¢5p, ts. With respect to the phase voltages
VSa, Ush, Use (additional measurements), and the rms values
Isa, Isp, Isc of these currents, for three different loads: 100%,
125% and 75% of the nominal load, and for S-APF switched
off and on. The presented data also include average values
cos pay = (cos . + cosp + cos ) /3. These results indi-
cate an additional effect of the action of the S-APF system,
which is levelling of the rms values and phase shift angles
of the network currents. Moreover, the recorded cos ¢ 4 val-
ues confirm the energy related advantages of the examined
solution.
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Fig. 18. Oscillograms and spectra of network currents 54,5, in the
system of power Srec = 15 kVA (75% of nominal load) with
reactor Ly = 0.6 [mH], before and after switching S-APF on

By confirming the results of the simulation calculations,
the presented results of the laboratory measurements make
it possible to conclude that also in real conditions the se-
ries active power filter can remarkably reduce higher har-
monics of the network current of the 18-pulse converter with
CDT&CTR.
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Fig. 19. Oscillograms and spectra of network currents isq 5, in the
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reactor Ly = 0.6 [mH], before and after switching S-APF on

Table 2
Phase shift angles and RMS nalues of the supply currents %5, and the
cos p Aoy in the experimental setup, for 75%, 100% and 125% of the
nominal load

va [°] ep [°] wp [°]

SAPF 7o Tl Tea (A1 Tsp[A]  COSPAV
Load 75%

On 20/23.7 18/23.5 19/23.3 0.946

Off 18/24.6 11/23.9 16/21.9 0.966
Load 100%

On 16/29.3 16/29.5 17/29.7 0.959

Off 11/28.2 8/31 13/31.1 0.983
Load 125%

On 15/33.8 14/33.7 15/33.5 0.967

Off 11/37.8 5/37.3 8/34.7 0.991

S-APF is efficient in cases of nominal load and in under-
or overload states. Moreover, the integration of the rectifier
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with S-APF in the examined supply system makes it possi-
ble to simplify the structure of the converter, by resignation
from the network reactor L4, and simultaneous remarkable
reduction of the negative effect on the supply network.

5. Conclusions

The application of the 18-pulse converter with the system of
coupled reactors cooperating with a low-power series active
power filter seems to be an interesting solution for the problem
of clean AC-DC energy conversion, due to:

e simplification of the converter system resulting from pos-
sible elimination of the network reactor,

e small overall power of the both systems [4], decreasing
their costs,

e remarkable reduction of the content of higher harmonics
in the supply current waveform,

e small susceptibility of the system to supply asymmetry and
load changes,

e potential for construction of low-cost and high-reliability
supply systems.

The advantages resulting from the application of the pre-
sented filter system refer to efficient minimisation of the neg-
ative action of the multi-pulse converter onto the supply net-
work, in various supply conditions. We can assume that the
18-pulse rectifier in the configuration with a series active pow-
er filter compose a converter system working in conditions
close to CPC.
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