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Integrated Active

Rectifler and Power

Quality Compensator with Reduced
Current Measurement

A. D. le Roux, J. A. du Toit, and

Abstract—This paper describes a three-phase integrated active

rectifier and shunt power quality compensator (IPQC). The

measurement of only three currents is required, and the control
algorithm can be implemented using a low-cost controller. The
IPQC improves the harmonic content of the supply current,

displacement power factor, supply current balance, and can
serve as a four-quadrant active rectifier for motor drives and

other dc-link loads. The operation of the IPQC is experimentally

verified using a conventional three-phase insulated gate bipolar
transistor voltage-source inverter. A low-cost fixed-point digital-

signal-processor-based controller with fixed-band hysteresis cur-
rent regulation is used for the implementation of the control

algorithms.

Index Terms—Active power filter, active rectifier.
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NOMENCLATURE
INL Nonlinear load current [A].
iDL DC-bus (drive) load current [A]. in
ic Compensating current [A]. pCC 4\ non-linear loads
is Supply current [A]. ~ (Gn)
iy Nonlinear load current active component _ _
I\ IPQC log drive
id Compensating current active component 1
) (Al T Pt E@/
5 Supply current active component [A]. £
ioT Capacitor center-tap current [A]. @
Gr Total load conductance [S]. Fia. 2. IPOC Sirat
GNL Nonlinear load conductance [S]. 9. 2. 1PQ rategy-
Ge Compensator load conductance [S].
Vs Supply phase voltage at the point of coma conventional active power quality compensation strategy is
mon coupling [V]. ilustrated in Fig. 1 [1], [2]. The active power filter (APF)
vE Filtered dc-bus voltage error [V]. may operate directly off-line or isolated using an injection
Ve DC-bus voltage reference [V]. transformer. This strategy requires an additional inverter and
Vbe DC-bus voltage [V]. controller functioning as an APF and the measurement of both
Vel Top-capacitor voltage [V]. the nonlinear load currerfin,) and the compensating current
Voo Bottom-capacitor voltage [V]. (ic).

15, toys b5, SUpply current references [A].

I. INTRODUCTION

The APF uses the measured nonlinear load cuffignt) to
compute current references for the compensating cuféent
by using a power theory [4], [6]. The compensating current is
regulated by an inner-loop current regulator.

APLANT MAY contain one or more motor drives, wWith o yron0sed three-phase integrated active rectifier and
an active or passive rectifier, and other harmonic Ioad§nunt power quality compensator (IPQC) is illustrated in

Manuscript received November 11, 1997; revised February 2, 199%!9' 2. In this strategy, the IPQC functions as the active
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rectifier for one of the motor drives while performing power
$uality compensation for multiple nonlinear loads at the point
of common coupling (PCC) and requires measurement of only
the supply currentis).
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Fig. 4. Simplified IPQC control diagram.

The operation is explained by considering the active com-
ponents of the supplyi4), nonlinear load(iy; ), and com-

ig. 3. logy. .
Fig. 3. IPQC topology pensating current&Z) [5, pp. 596-599, 625-627, 700-702],

) . where

The IPQC performs the following functions: A
: . inL(t) = Garus(t)

 improvement of the supply currefis) harmonic content A — G
in the presence of multiple nonlinear loads; LCA(t) = Geus(t)

« improvement of the displacement power factor in the is(t) = Grus(t). 2
presence of multiple loads with a leading or lagging The relation of the current active components is found by
power factor; considering the summation of currents at the PCC,

 improvement of the supply currefis,, iss, ts.) balance; LS A A

- four-quadrant active rectifier operation. _ Tat) = ic(t) + i (8)- . (:.”)

The active component of the compensating cur(efb is
Il. PROPOSEDIPQC TOPOLOGY responsible for the charging and discharging of the IPQC dc

_ . bus and is a function of the active components of the supply
A shunt power quality compensator/APF requiring the meg;4) and nonlinear load currerfiz, ). The active component

surement of only the supply current is proposed. The proposgiithe compensating currer(iZ) has to be controlled to

three-phase four-wire topology is shown in Fig. 3; the topofegulate the dc-bus voltagd/nc). The active component of

ogy differs from an active rectifier only by the position ofthe compensating currefit?}) is controlled by controlling the

current measurement. The four-wire topology decouples thetive component of the supply curre(mg?), according to (3).

IPQC phases, resulting in improved performance when usingThe active component of the nonlinear load curr@gt ) is

a simple per-phase current regulator [6]. estimated by the dc-bus voltage regulator. The dc-bus voltage
The proposed strategy feeds the measured supply curr@itc) is controlled by a load-conductance-based regulator

(is) directly to a current regulator. The current regulator igt, where the load consists of the active component of the

supplied with a sinusoidal current referen@%) synchro- nonlinear load currer(tz’ﬁL) and the dc-bus (drive) load when

nized with the supply voltage. This current refereneg) the device is used as an active rectifier. The control algorithm

corresponds to the ideal compensated supply current. Thdlustrated in Fig. 4. The dc-bus voltage regulator returns the

compensation currettic) is generated naturally by the currenBUPPly current referencg’s) and is implemented according to

regulator feedback loop. The nonlinear load curréifr)  vg(t)

is not directly measured, but the active components of the ~—1

nonlinear load currentii;) and the dc-bus load (drive) = Z ki(vhe — vpe) - 6(t — At - )

current (ipy,) is estimated by the dc-bus voltage regulator. =0

The resulting compensating currefit:) may be determined Ag

by considering the summation of currents at the PCC —Asmax);, If G-vp(t) < —Asmmax)
; ; : = G'Upj(t) if —Agv <G'Upj(t)<A Iy
ic(t) = is(t) — ing.(2). 1 ) : (MAX) = S As(MAX)
c() = is(h) —in (1) @) Asvaxy, I G-vg(t) > Asmax)
The use of an instantaneous current regulator (e.g., hysteresis) (4)
results in a fast response to supply current waveform distortior,gg (t)
lll. NEw SIMPLIFIED CONTROL ALGORITHM = Assin(wt + ¢)
i (1)
A. Method of Operation — As Sin<wt+ 6+ 2W>
3

The control algorithm is responsible for the synthesis of a
sinusoidal supply current referen¢&;) with the appropriate i5.(t)
E)‘r}as;e and amplitude while regulating the IPQC dc-bus voltage Ag sin <wt e §W> 5)

IployN
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whereAs is the amplitude of the supply current reference, and TABLE |
Asvax) is the maximum allowed amplitude of the supply EXPERIMENTAL SETUP PARAMETERS
current. k; are digital low-pass filter coefficientg\¢ is the parameter Value o
sampling period, and, ¢ the supply frequency and phase.
G is a conductance associated with the dc-bus voltage error ¥ L 190 vrms
designed with the digital low-pass filter to satisfy the dynamic Vi 400 1%
and steady-state dc-bus voltage regulation requirements. This ¢, 180 uH
conductance is related G as defined in (2). L 02 o

The dc-bus regulator provides a simple and efficient method ST -

. N L. . . . . N,;:N 1.7:1

of regulation, while the injection of undesired harmonics in the——— :
supply currentis) during transients may be reduced by proper. G G o8 mF

selection of the low-pass filter time constant [3], [4].

The dc-bus capacitor voltagé¥~, Vi) are balanced by
controlling the dc component of the center-tap curr@atr)
as defined in Fig. 3. The capacitor unbalance is related to
center-tap current by

adjusted to correct the phase error. The value of (7) for
[ = 0 is used as feedback of the accuracy of the current
tQ‘é‘\te of synchronization, enabling efficient protection against
inaccurate synchronization.

1 .
(Vor = Vez) = C /ZCT dt ®) . control and Protection Issues

where C is the total dc-bus capacitance. Efficient synchronization with the supply voltages) and

The dc component of the center-tap current is controlled E,@;e ability to de'gect an unsynchronized state is important, since
adding a dc offset to the supply current references. A loalle compensating currertic:) is not measured. The power
conductance-based regulator, similar to the dc-bus voltag&ing of the compensator is lower than the power rating of the

regulator, is used for the capacitor voltage balancing. Fotal Ioad_. If gccurate synphronizatipn with the supply voItag_e
is not maintained, the device may trip due to excessive reactive

power being supplied. This prompted the use of the described
] _ correlation technique for synchronization.

The experimental setup consists of a three-phase fourys 5 supply line fault occurs and one or more of the
wire insulated gatg bipolgr tran'si.stor (IGBT) IPQC controllegupp|y phases enters a high-impedance state, current feedback
by a low-cost fixed-point digital-signal-processor (DSPgy the corresponding phase is lost. Line-fault conditions
(TMS320C50)-based controller. Current regulation is pegre detected and the switching for the corresponding phase
formed by fixed-band hysteresis. o disabled. On-state voltage sensing for the switching devices is

A block diagram of the IPQC is shown in Fig. 3. The dcyp, effective method of protection during line-fault conditions
bus voltage regulation, synchronization, as well as the curreffy is implemented in most IGBT’s and/or drivers.
reference computation is implemented using the DSP. The the required supply current exceeds the maximum allowed
DSP supplies the calculated supply current referefige to  \ajye, active power is drawn from the IPQC dc bus. This
the current regulator. _ ~ results in the discharging of the dc bus and may result in

Effective synchronization with the supply voltages) is  jnyerter overcurrent. The accuracy of the supply curfégy
required. This is achieved by using a correlation techniqugeasurement cannot be guaranteed as result of measurement
This technique improves immunity to noise and waveforgyration and the IPQC is disabled for the duration of supply

distortion, while providing feedback about the accuracy of thg,ercurrent. Careful consideration should be given to the
current state of synchronization. TA&-point cross correlation sizing of the dc-bus capacitance.

given in (7) is used during synchronization

B. Implementation

N-1 IV. EXPERIMENTAL RESULTS
ray(l) = Z z(n+Dy(n) (7) The topology shown in Fig. 3 was used for the experimental
n=0 verification of the IPQC. The IPQC was connected to the PCC

wherez(n) is the synchronized unity sinusoidal references adty an injection transformer with a turns ratio df : N,. The
y(n) is the measured supply voltages). NV is such that(n) parameters of the experlme_ntal setup are shown in Table I.
contains one period of the supply voltage ). The correlation A standard voltage-source inverter was used as the power

technique of synchronization evaluates (7) for three valués oftage and a TMS320C50 DSP-based controller was used to
implement the protection and functions.

N N
l= {0, +=, ——}.
4 4 A. Harmonic Filtering

The value of (7) is maximized fof = 0. By considering  The harmonic filtering performance of the IPQC was tested
relative magnitudes of (7) evaluated fbe % and! = —%, with a six-pulse rectifier load. The measured results are shown
the polarity of the phase error (leading or lagging) of thim Fig. 5. Fig. 5(a) shows the compensated supply cukrgnt
unity sinusoidal reference with respect to measured suplig. 5(b) the uncompensated supply curréng), Fig. 5(c)
voltage (vs) is obtained. The unity sinusoidal reference ithe normalized spectrum of the compensated supply current,
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Fig. 5. Harmonic filtering performance.
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Fig. 6. Nonlinear load step response.

and Fig. 5(d) the normalized spectrum of the uncompensaiadFig. 6. During nonlinear load transients, energy is sup-
supply current. The measured currents are in phase with filieed or absorbed by the IPQC dc-bus capacitor, resulting in
supply voltage as shown in Fig. 7. reduced supply current harmonics. The improvement in the

The measured dc-bus voltage and supply curfénf for harmonic contents of the supply current is summarized in
a 100% step in the nonlinear load currdfky.) is shown Table II.



508 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 46, NO. 3, JUNE 1999

|
_U)

-10

0 5 10 15 20 25 30 35 40 45 50
time [ms]
(@
20
o / /!
/1 il

z d [
.__(/)

L\ \ N
TN X N

0 5 10 15 20 25 30 35 40 45 50
time [ms]

(b)

Fig. 7. Harmonic filtering and power factor correction.

TABLE I C. Active Rectifier Operation
H Fi Pe - .
ARMORIC TILTERING TERFORMANCE The ability of the device to regulate the dc-bus voltage,

. Uncompensated | Compensated Improvement while operating as an active rectifier, was tested by ap-
Harmonic (4B) (dB) (dB) plying a —7 A (—2.8 kW) and+8 A (+3.2 kW) dc-bus
s 13 a3s T o0s (drive) load step(ipr.). The measured results are shown
S ' 20 1 . in Fig. 8. Fig. 8(a) shows dc-bus voltagepc) regenera-
S_— tion step response, Fig. 8(b) the dc-bus voltdgsc) load
w2 9.8 213 step response, Fig. 8(c) the supply currénf) regeneration
13 | A s 18.4 step response, and Fig. 8(d) the supply current load step
17 -28.9 -47.2 18.3 response(is). The load-conductance-based regulator results
19 1 a7 | 501 17.4 in a dc-bus voltage steady-state error while undesired in-

jected supply current harmonics during load transients are

Variation in the dc-bus voltage is an accurate measure '§duced by proper selection of the load-pass filter time con-
the instantaneous active energy absorbed or supplied by ghant.
IPQC. The dynamic capability of the IPQC is determined by
the dynamic response of the dc-bus voltage regulator and sixelL.oad Unbalance

of the dc-bus storage elements. A dc-bus voltage regulator withp,o performance of the device during load unbalance was
a high bandwidth cogld adversely affect h_armonic filteringpgteq by applying a load -step on one phase at 25 ms in Fig. 9.
while a regulator with a too low bandwidth may proveri. measured step-response is shown in Fig. 9. Fig. 9(a)
inadequate during load transients. The size of the dc'béﬁows the compensated supply currents, and Fig. 9(b) shows
energy storage and expected load requirements shouldt}l?g uncompensated supply currents.

considered during the design of the dc-bus voltage regulator.-l-he dc-bus center-tap current and the supply neutral current
B. Power-Factor Correction during load unbalance is shpwn in Fig._ 10. Fig. 10(a) shows

The ability of the device to improve the displacement pow%r:ﬁ)sl; ?]Léigzrtfgrgf]é:;f@bﬂ’ and Fig. 10(b) shows the
factor, while simultaneously performing harmonic filtering,
was tested by compensating for a six-pulse rectifier load in

parallel with an inductive load. The measured results afe SUPPly Unbalance

shown in Fig. 7. Fig. 7(a) shows the compensated supplyThe performance of the device under supply unbalance
current(is), and Fig. 7(b) shows the uncompensated supplyas tested by disconnecting one of the supply phases. The
current (is). measured results are shown in Fig. 11. Fig. 11(a) shows the
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Fig. 9. Supply current balancing during load unbalance.

compensated supply currefits), Fig. 11(b) the uncompen-

V. CONCLUSIONS AND RECOMMENDATIONS

509

sated supply currerfts), Fig. 11(c) the supply neutral current An IPQC was developed and tested. The proposed IPQC
during compensatiofisy ), and Fig. 11(d) the normal supplyrequires the measurement of only three supply currents and

neutral current(isy).

can function as an active rectifier, while improving the supply
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Fig. 11. Supply line and neutral current during supply unbalance.

power factor and harmonic contents for multiple nonlinearhe device will then compensate for harmonics generated by
loads. all the nonlinear loads at the PCC.

In plants containing multiple nonlinear loads, the IPQC may In plants containing one or more active rectifiers (with
be installed as an active rectifier for one of the (drive) loadsupply current feedback), one of the active rectifiers can be
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TABLE 1l A. D. le Roux received the B.Eng. and M.Eng.
APF-IPQC ®MPARISON degrees from the University of Stellenbosch,
- Stellenbosch, South Africa, where he is currently
Conventional APF iPQC working towards the Ph.D. degree in power
- o electronics.
A dedicated er stage and The power stage and controller . . . . .
edicated pow 9 P g ] ] His fields of interest include power quality,
controller functioning as an APF is performs power quality compensation electrical drives and high-performance digital
required. while functioning as a regulated dc controllers and current regulators.

voltage source.

The measurement of the converter The measurement of only the supply
currents and load currents is currents is required.
required.
The implementation of hardware The implementation of hardware . i
J. A. du Toit received the B.Eng. and M.Eng. de-

grees from the University of Stellenbosch, Stellen-
bosch, South Africa, where he is currently working
towards the Ph.D. degree in power electronics.

His fields of interest include high-performance
digital controllers, distributed control of power elec-
tronics, and control of multilevel and stacked con-
verter topologies.

protection is simple. protection is more complex.

modified to operate as an IPQC to compensate for other n¢
linear loads with minimal changes in hardware and controll:
software.

The IPQC performs the following functions:

» improvement of the supply currefis) harmonic content
in the presence of multiple nonlinear loads;

* improvement of the displacement power factor in the
presence of multiple loads with a leading or lagging
power factor;

« improvement of the supply currefis,, s, ¢s.) balance;

« four-quadrant active rectifier operation.

A comparison of the IPQC to a conventional APF

summarized in Table III.
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