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Abstract—This paper presents the development of a control accomplished. This series—parallel active power filter has been
scheme for a multilevel diode-clamped converter connected in referred to as a universal power conditioner [1]-[4] when
a series—parallel fashion to the electrical system such that it applied to electrical distribution systems, and as a universal

can compensate for deviations in utiity voltage (sag, surge, and ower flow controller when applied at the transmission level
unbalance) and act as a harmonic and/or reactive current source P PP

for a load. New carrier-based multilevel pulsewidth modulation [5]-[7]-
techniques are identified to maximize switch utilization of the Multilevel voltage-source inverters' unique structure allows

two back-to-back diode-clamped inverters that constitute the them to span high voltages and to reduce individual device
ginx'_‘fg\r/z?i" Eevvéfigﬁgﬂg'ﬁgﬂg Air\‘/ei’(pe”mema' verification for a - g\itching frequency without the use of transformers. The
P ghven. diode-clamped inverter can synthesize a desired waveform

Index Terms—Active power filter, multilevel converter, multi- from several levels of dc voltages, and all six phases of a

level inverter, multilevel pulsewidth modulation, series—parallel ' .

filter, universal power conditioner. back-to-back converter can_share the same common dc link [8].
Consequently, the integration of a multilevel diode-clamped

inverter into a universal power conditioner is an enticing

|. INTRODUCTION prospect.

EREGULATION of the power industry will undoubtedly ~For @ multilevel universal power conditioner (MUPC) that

have a greatimpact on utilities' competition for customer#/ll perform sag compensation, theajority of its operating
Industrial and commercial customers that cannot tolerate vafiode will likely be in low modulation index operating re-
ations in their electrical supply likely will request “premiumdions because sags are quite infrequent and for a minimal
power.” It is anticipated that they will want contracts detailingluration [9]. Because of this, how to maximize level usage
certain tolerances in a utility's voltage magnitude, distortioff! & diode-clamped inverter for low modulation indexes has
and limits on the number of outages per year. Utilities, in turRS€n Previously explored. A novel carrier rotation technique
will probably put limitations on the power factor, current harfas enabled active device usage to be balanced among a
monic distortion, and peak power that the customer can iffiode-clamped converter's constituent levels during low-ampli-
pose on the utility. To meet the objectives detailed in these né#fle modulation index operating conditions [10]. The switching
premium power agreements, the implementation of advandégauency could also be increased in conjunction with this
power electronic technologies that can simultaneously improf€thod without exceeding the thermal limits of the active

the power quality for both utilities and their customers will b&evices. This increased the frequency spectrum and hastened
in demand. the dynamic response of the inverter, yet did not exceed the

By connecting two active inverter-based filters with &llowable switching loss of the active devices.
common dc link, the combined back-to-back converter can beBeécause of the different compensation objectives of the
interfaced with the utility system in both a series and parallgffies inverter and the parallel inverter, two distinct control
manner. By having thesivo inverters connected to the eleclechniques are adapted for their use. Simulation and experi-

trical system, simultaneous control of the current demandBtgntal results verify that the algorithms developed will enable
from the utility and the voltage delivered to the load can bdhe back-to-back diode-clamped converter to quickly respond
to deviations from established tolerances in the utility's voltage

L . or the customer's current.

Paper IPCSD 99-81, presented at the 1999 Industry Applications Society An-
nual Meeting, Phoenix, AZ, October 3-7, and approved for publication in the
IEEE TRANSACTIONS ONINDUSTRY APPLICATIONSby the Industrial Power Con-
verter Committee of the IEEE Industry Applications Society. Manuscript sub-
mitted for review October 6, 1999 and released for publication November 1, _. . . .
1999, P Fig. 1 shows a block diagram of the two inverters (series and
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Fig. 1. Series—parallel connection to electrical system of back-to-back
multilevel diode-clamped inverters for universal power conditioner.

Fig. 2. Series inverter control block diagram.

voltages over a short time frame. This technique requires that

the source voltage be close to sinusoidal, which is the case These three series inverter reference signals (4) are the modu-

the majority of electrical installations at the interface betweenlation waveforms that are compared against a set of triangular

large industrial customer and a utility. carrier waves to determine the switching of the series inverter
To determine the phase angle for a sinusoidal synchroniziagtive devices.

voltageusy ., one can make use of the following equations: A control structure is shown in block diagram form in Fig. 2.

The top portion of the control block is the hardware and soft-

P _ arctar{ Vsyne, - sin(wT) 1) ware implementation of (1)—(4). From the s_erie_s invert_er ref-
syme Vsyne, * COS(wT},) — Vsyne, _, erence voltages (4), the amplitude modulation index,) is
determined. For low modulation indexes{ < 0.50 for all
where three phases), the carrier frequency can be increased, and the
USal — USca reference voltages are rotated among carrier bands as detailed
Usyne = 77 @ iy [10]. For high modulation indexe@n, > 1.00), switching

grequency optimal PWM (SFO-PWM) is implemented as dis-

and wherevs,;, andvs., are source line—line instantaneou .
&ussed in [12].

samples anf’s is the sampling period. For a system with 102 " . . :
samples per cycle,Ts = 27/1024 rad. By sampling these The modified reference signals, which may differ from the

two line—line voltages, a synchronization signal can be obtainé’cfi,(-:’maI reference signals by a triplen addition (SFO-PWM) or

even if one or two of the phase voltages collapses to zero, ad undant state addition (reference rotation), are then compared
the case of a single or double line to ground solid fault against the multiband triangular carrier waveforms to calculate

The three instantaneous load reference voltages can them‘?eSWitChing signals that are the control signals for the active
roe

given by the following equations: evices. . .
Computer simulations were used to evaluate the performance

- Vaom ENCI of the synchronizing and balancing algorithm under different
La™ /3 e sag or surge conditions. The amplitude magnitude of the load
N Vaiom . 27 reference voltag#,.,, was chosen to be equal to the dc-link

Y T <95ym - ?) voltage of a five-level diode-clamped MUPC.

Viem . o0 In order to reduce the ripple in the load voltage because of

Vi = /3 - sin <9sync + ?> (3) injection of voltage by the series inverter, the low-pass filter

formed byLsr andC,, in Fig. 1 is necessary. For a 60-Hz elec-
whereV,om is the nominal or desired line—line voltage for therical system, the optimum cutoff frequency of the filter was
load electrical system. The instantaneous reference signalsftamnd to be 60 Hz. Higher cutoff frequencies of the filter re-
the series inverter to compensate for deviations in the sousdted in high ripple content of the load voltage, and lower cutoff
voltage are then equal to the difference between the instarftequencies resulted in large phase shifts between the source
neous load reference voltages given in (3) and the actual sowo#tage and load voltage and a reduction in the magnitude of
phase voltages derived from the line—line instantaneous samptesload voltage.
Vsap — Vs Fig. 3 shows series compensation for a single-phase fault on
Ve = Via — <u) phaseq that decreased its voltage ©3 - V,,,.,,. The inverter
3 compensates immediately and almost instantaneously for this
vy = Vb, — <USbc — USM») fault suc_:h the_lt the load voltage is well regulated and balanced.
3 Even with this severe fault, the reference waveforms for the
. . VSca — USbe three phases of the inverter have an amplitude modulation index
Usle = VLe T < 3 ) ’ ) less than 0.5 (for a transformer turns ratio of 1) and, hence, only
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Fig. 4. System voltage waveforms for three-phase unbalanced sag when

Fig. 3. System voltage waveforms for single-phase(sag) t0 0.3 - Voo source voltage has 5% fifth harmonic distortion.

three of the five available levels in the diode-clamped inverter 5na qrawback of the synchronizing and balancing algorithm
are needed. A single-phase fault that reduces the source voltage,a; it cannot compensate for voltage harmonics because it
to less tham.25 - Vy,on, is necessary before use of all five level§y 55 gerived for sinusoidal source voltages. The algorithm does
in one phase of the diode-clamped inverter is required. function for small distortions in the source voltage [generally
Jeon and Cho have shown that, for voltage sags less than 58%s than 5% total harmonic distortion(THD)], but the load
of nominal, the series inverter of a universal power conditiongpltage will have about the same harmonic content as the
would have to be rated to transfer more power than the rated lagglirce voltage. Fig. 4 represents three source voltages that have
power, which in most applications would not be practical [3h 5% fifth harmonic sequence and experience a three-phase
Likely, a power conditioner would only be designed to compemmbalanced sag for a three-cycle duration. The load voltage is
sate for voltage sags that reduced the source voltage to no lesinced and well regulated, but it has about the same distortion
than 50% of nominal. This is supported by the fact that industgg the source voltage.
surveys by the Electric Power Research Institute (EPRI), Palopgr the algorithm defined by (1) and (2), a significant
Alto, CA, have shown that voltage sags decreased the SOUggRible-line fault that involves phaseresults in a phase shift
voltage to less than 50% of nominal for only 22.5% of the ogsetween the load voltage and source voltage at the initiation
currences [13]. and conclusion of compensation by the series inverter. Fig 5
As shown in Fig. 3(c)—(e), the synchronization and voltagepresents the case where phasemnd b have a double-line
regulation algorithm makes use of all three inverter phasesftult to ground that causes the source voltage to dip by 65%
compensate for a sag in just one of the three source voltaged.35 - V... The phase shift in the load voltages can be
phases. This illustrates that this algorithm is applicable only s@en at the beginning and end of the fault in Fig. 5(b). For this
three-phase three-wire systems and not to three-phase four-wizeticular example, the phase shift introduced was 22I'ae
systems. For the example represented in Fig. 3, rotation of tlierst case would be when two phases are completely grounded,
reference waveform among different carrier band sets is possiafel the resultant phase shift is 60i8 the phase voltage at the
as discussed in [10]. beginning and ending of voltage compensation.
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Because phase is the reference for the other two phaseEor the case where unbalanced voltages are present, the instan-
in the synchronization algorithm, simulations have shown thi&neous power theory where the currents are chosen to follow
if phasea is not involved in the fault, however, no substantigihe voltage waveform is more appropriate [15].
phase shift is introduced in the load voltages. Fig. 6 shows theUsing instantaneous power theory (generalipgectheory),
case where phasésandc of the source voltage have been rethe instantaneous reference current for the parallel compensa-
duced t).1- V,om by a severe sag. As shown in Fig. 6, the loation control is given by the following vector equation:
voltages are well regulated, even for this extreme case. This il-
lustrates that a method which chose the unfaulted phase to be the =, pivL qEx g
reference during double-line faults would eliminate the phase trr UL UL - UL UL ®)
shift displacement evident in the Fig. 5 example.

A double-line to ground fault that reduces the source voltag@, o e p* and ¢~ are extracted from the active and reactive

to less thar®).53 - Vo, is Nnecessary before all five levels of thepower of the loadp;, andEL, which are given as follows:
diode-clamped inverter are needed. A less severe fault will re-

sultin only three levels being used and reference rotation being - - ) ) )
possible [10]. PL=VL" %L =%a iLa+ YLy iLs + VLc iLe (6)

I1l. PARALLEL INVERTER CONTROL

The parallel inverter is responsible for supplying the reactive dr=vLxir (7)
and/or harmonic current demanded by the load. Generalized in-
stantaneous power theory, as outlined by Peng in [14], is us¥d
for the control of the parallel inverter. This theory works well for ‘ ‘
balanced voltages, which should be the case for the load volt- QLo = VLb " tLe = Ve " b,
ages because of the series compensation of the source voltage. QLb = VLe *iLa — Vg * Le
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. . . . Components
For the compensation objective of making the source current o) i
unity power factor (and sinusoidal for a source voltage with little A [ Ampituds | &

. . —_ . —_ . Calculation <.
distortion), ¢} is set equal tg; 1, andp] is set equal to the load ’

. . - GID 4 7SN Vol Vil Vol
ripple active powep; where 1 Rodindant 10 )/
State
R g it
prL=pL— DL (8) v [
Verae Signal
and wherey, is the dc component of the load active power. mg_ (X Zcﬁb? roen
A low-pass filter is necessary for extraction of the dc com- = Gensraton
ponent from the load active power. A digital low-pass filter was
implemented as follows: Fig. 7. Parallel inverter control block diagram.
T, T
br. = PL. .+ DL 9
ka <TS + Tc) ka ' <TS + Tc) ka ( ) -u||| ..l‘i.llil |r||_
i | I,. ' L] ; ,'
whereT, is the inverse of the filter's cutoff frequendy. For a “ -'I'-|I i ""f -I'""l-' '1 : ',u'“'"JII:IJI
sampling frequency of 1024 times per cycle and a 60-Hz ele -
trical system, the optimum cutoff frequency of the low-pas S hoarl currnts, & L

filter was found to be 5 Hz. Simulation results showed that wil
a lower cutoff frequency of the low-pass filter, more of the ac T - . v '
tive power ripple is filtered but at the expense of an extend: E‘Tﬂ;,@.l';_;‘;{wu"f:ﬁ;ﬁ;:{ﬂ-,'"ﬁﬁ;-h e _.H_ﬁ.,‘“’b-._%‘_.h
response time to step changes in the load current. Higher cu e J & T
frequencies resulted in better response times but at the expe
of filtering less of the active power ripple. With the 5-Hz cutofi
frequency, the response time to a step change was approxima
1.5 cycles and generally better than 90% of the active pow ""'“i || ““3{"
ripple was filtered. P | iy

The parallel inverter of the MUPC injects currents by im .| -'MJI']I 'M'J!' e ﬂu’
pressing a voltage across the parallel inducfoss, that is the
difference between the load voltagg and output voltagé’py.
The parallel inverter has to provide a voltalgg such that the
inverter supplies a current that tracks the current reference cc = =& 4 "'|H-I'\.|i.'_ i - T
puted in (5). This voltage is computed from the following vectc = *Fi -a.j"!ull = "ij|u;;u'.5j. rﬁﬁ}.{f‘}{xxﬁﬁf

lI X i

equation:

L

'y somiree curtenis, L, is, & Bor ampiaude] Fonb = HHPS de link vodtage
{C) soaros cunmenis, de., i, i Tor mmplimde] ) = T0% de [ink volinge

_ _ LPI ) source clImenis, k., de. d o amplitnded F o) = 3P4 9o lank voloage

E*PIIEL—F(i*PI—iPI)-wT. (10)

Again from simulation, an impedance of the parallel induc * f% f"’.\ ey f”\\ Mk, OERRRF
tance of40 - w7, yielded a current that tracked the referenc - I \‘-.L;.f" 4 LY A0S 4 ,{’ i U/ll [ K
current well. Smaller values resulted in compensation currel ;| AR = = i
with a high ripple content; and for larger values, the trackin (i} sosaroe phase vallage
of the reference current was too slow to eliminate the distortion
present in the load current. Fig. 8. System waveforms for current compensation for different parallel

A control structure for the parallel inverter is shown in blochkverter amplitude modulation indexes.
diagram form in Fig. 7. The top portion of the control block is
simply the hardware and software implementation of (5)—(1Gp be a sine wave at unity power factor. If the inverter has
The lower portion of this control block is the same as the serigmo low of a dc-link voltage (equal to amplitude &f,....),
inverter control block shown in Fig. 2, with regards to calculahen it cannot inject enough voltage across the inductance to
tion of the modulation index:,,, frequency ratigf.[n], and gate force the currents to fully compensate for the reactive and
signal generation. harmonic currents as shown in Fig. 8(b). Fig. 8(c) shows

The parallel portion of the back-to-back converter must kibat the amplitude of the desired load voltagg,. should
able to inject sufficient voltage across the parallel inductancet be more than 70% of the overall dc-link voltage for the
Lpr to compensate for harmonic and/or reactive load currentUPC to be able to impress enough voltage across the parallel
Fig. 8 illustrates the effect that having a sufficient dc-linknductance to compensate for reactive currents when the load
voltage has on the MUPC's ability to force the source currewbltage is at its maximum or minimum amplitude. Without this
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To validate the simulation results, a six-level three-phase
back-to-back 10-kW diode-clamped converter [10] was fabri-
cated and experimentally tested. The converter was connected
to an electrical system in a series—parallel manner and used
as a universal power conditioner. The transformers used for
injection of voltage by the series inverter were 0.75 kVA each

Uy Soact el povwrer, 2 and were wired such that the transformation ratio was 1 (240 V:
240 V). Each of the filter capacitoSp was composed of four
Fig.9. System waveformsfor currentcompensationwith load current that '@-%‘NF capacitors wired in parallel. The parallel inductance
20% seventh harmonic component and a displacement power factor of 0.7. .
Lpr was 18 mH in each phase.

Compensation for a sag in the utility voltage to 45944f,,,
margin, complete compensation of reactive currents may nstshown for the MUPC in Fig. 11. The three line-line source
be possible. voltages are shown in Fig. 11(a), and the three line—line load

Fig. 9 shows waveforms for an electrical system with cuxoltages are shown in Fig. 11(b). The MUPC injected a com-
rent compensation where the load current has a 20% sevepginsating voltage such that the load voltage was regulated to
harmonic component and a 0.7 displacement power factor. TX@5 Vrms. Fig. 11(c) shows the line—neutral voltage for phase
source current immediately becomes sinusoidal and in phaséhe series inverter in addition to the line—line voltages of the
with the source phase voltages once compensation by the MUsirce and load voltages.
has begun. The parallel inverter supplies a substantial reactiv he wye-connected secondary of the series injection trans-
current to compensate for the large reactive power drawn by fleemers caused some triplen harmonic voltages to appear
load. line—neutral across the inverter output phase voltages and

The filter described by (9) does not completely filter theesulted in some distortion of the phase voltage waveforms of
ripple in the load real power for severely unbalanced condhe series inverter as shown in Fig. 11(c). However, because
tions. Fig. 10 shows what the source voltage, load current, athése were common-mode voltages, they did not show up in
source current look like for compensation of the load currettie line—line voltages as shown in Fig. 11(b).
under unbalanced current conditiofi$; = —irs,ér. = 0). Fig. 12 shows voltage and current waveforms for compen-
An ideal low-pass filter would completely eliminate the ripplesation by the MUPC of the reactive and harmonic portion of
in the transmitted real power such that the source currents warkwad current that was mostly inductive (displacement power
distortion-free sinusoids. factor was 0.2). The parallel inverter outputs the voltage shown
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Fig. 11. Experlmental voltage waveforms for MUPC compensation of SOUr@@mpensation of reactive and harmonic load current.

voltage sag on all three phases.

i Fig. 12(b h that th tsh i th f_ different compensation objectives of the series inverter and par-
In F1g. _( ) such tha (e current shown in the Same NQuré Waga | inverter, two distinct techniques were adapted for use by
injected into the electrical system. Fig. 12(c) shows the SOUTRR, two converters

current was controlled to be nearly sinusoidal (3% THD) and in :

h ith th it h that the displ ; The short time window sampling technique employed for use
phase wi € source voltage such that tne displacement POWR, the series inverter enabled regulation of the load voltage
factor was near unityp.f. = 0.95).

under unbalanced fault conditions with the assumption that the
source voltage is fairly sinusoidal. This technique enabled syn-
chronism of the series inverter voltage injection with that of the
source voltage even for extremely unbalanced source voltages

By connecting two diode-clamped inverters to a common dtich as when faults occur on the system.
link, the multilevel converter can be interfaced with an electrical Simulation results showed that only for a severe fault would
distribution system in both a series and parallel manner. TlaH of the levels in an MUPC be required for compensation. For
universal power conditioner is capable of controlling both thiae majority of the sags experienced on an electrical system,
current demanded from the utility and the voltage delivered tmly part of the voltage levels in an MUPC are used. Under
the customer at the same time. This integration of a multilevislese conditions, the rotation of level usage as described in
inverter into the universal power conditioner enables the confl-0] is an effective means of balancing level usage and in
tioner to be applied to higher voltage systems and, consequemstiyne cases increasing possible switching frequency without
higher power levels, without the use of bulky transformers. A@éxceeding thermal limits of the active devices.
ditionally, multilevel inverters offer extra degrees of freedom in The generalizeghg method was used for load current com-
the form of redundant voltage states, which when judiciouspensation by the parallel inverter. This method minimized the
applied allow these inverters to operate proficiently over mostirrents drawn from the utility by eliminating all of the reactive
of their operating regions. power and the ripple in the real power transferred to the load.

In this paper, a control scheme was developed for a completdBecause the parallel inverter of the MUPC injects currents
multilevel universal power conditioner system. Because of thxy impressing a voltage across an inductance with respect to

V. CONCLUSION
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the load voltage, in most cases, all of the voltage levels in t'
parallel inverter are used. In addition, the amplitude of the d
sired load voltagé/,,,,, should not be more than 70% of the
dc-link voltage, so that the MUPC can still impress the prop:
voltage across the parallel inductance when the load voltage
at its maximum or minimum amplitude.
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