1« . - POAER FACTOR CONTROLLER FOR ACTI VE CONVERTER Technical Fi ﬁ%&
The present invention relates to regenerative drives and, nore ;5
particularly, to controlling a DC link thereof at a sel ected hi gh q 'é,ﬁ(f
Background of the Invention A regengrative drive typically includes a
| i ne converter connected by neans of a DC link to a |l oad converter., The

| oad converter is iBE : L ACRIVEA CONVERTER | ¢/t he |1 ne
converter |S$Eghg?ggq ngEQ connected to an AC source/5|nk I n nmotoring
node, power ce/sink-powers the |line converter which
converts AC to DCTher presept inwrntisn redatesd teompgensrative driferts
DC to AC forag@l, Vinege! PArAEciaabipe ¥ 2ofRkY11iny LI e Hiit WndRelos

at a selected high value.’ \

Background of the Invention
A regenerative drive typically includes a line

converter connected by means of a DC link to a load
converter. The load converter is intended to be
‘connected to an AC machine, while the line converter is
intended to be connected to an AC source/sink. 1In
motoring mode, power from the AC source/sink_powers the
line converter which converts AC to DC for the DC link,
and the load converter in turn converts DC to AC for
driving the AC machine as a motor. 1In regenerative mode,
the AC machine generates AC which the load converter
converts to DC, which the line converter then converts
back to AC and delivers to the AC source/sink as power
thereto.

In regenerative drives with active line converters,
the DC bus is controlled to a fixed voltage independent
of the AC line voltage. For example, the DC voltage
could be desirably held at a high voltage, such as 750
VDC, which would allow sufficient margin for DC bus
capacitors and converter switching devices, such as
IGBTs. In such a design, the active line converter would
be designed to operate as a boost converter, controlling
the AC line current to be sine waves with unity power
factor. _ :

A problem exists when this type of converter is
operated with 480 volts AC * 10% AC lines. In such a
case, AC line voltage can become high enough so that
there is insufficient bus voltage on the line converter
side of line reactors to control the AC 1ihq currents.
In this case, the AC line currents can becoﬁ%
uncontrolled, resulting in drive shutdown. The usual
practice in the art is to avoid the problem by using a
transformer on the voltage mains provided by the public



t he AC machi ne generates AC which the | oad converter converts to DC, .which
the line converter then converts back to AC and deli vey - ey
source/ sink as power thereto. In regenerative dri § FHISiSHEER dAS/BEEN fe
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active, line converter to operate with significantly
higher AC line voltage than would otherwise be possible.

Another object of the present invention is to allow
the AC line current to be controlled to be sinusoidal
with such high AC line voltages by introducing reactiwve
power in the line reactors, thereby no longer holding the
power factor to be unity, while at the same time
maintaining sinusoidal voltages and currents.

According to a first aspect of the present
invention, real power alone is caused to flow in line
reactors connected between the AC source/sink and the
line converter for controlling the DC bus voltage. at the
desired level until it is determined that the commanded
line converter voltage or a sensed line converter voltage
exceeds a maximum level, whereafter reactive power is
caused to flow as well in the line reactors to reduce the
line converter voltage required to control the real power
flow.

According to a second aspect of the present
invention, a method of controlling a regenerative drive
having line and load converters connected by a DC link,
the load converter for connection to an AC machine and
the line converter for connection to an AC source/sink by
means of line reactors, comprises the steps of
controlling real power flow in the line reactors for
controlling a voltage of the DC link at a selected
magnitude by providing a line converter voltage command
signal to control line controller AC voltage, and
comparing the line converter voltage command signal to a
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- 2- r utility in order to step down the voltage to around 440460 VAC.

However, this results in the use of an extra transfn? %5. wht-ctr-ac

to the system and rmay adversely affect the | evel off T \%%d‘é\s BEEN

achi evabl e on the DC I|i nk. 5 Discloswge of Inventidn REPLAGEDOD] ec{ of
the present invention is to enable the active, |line converter (0 Opérate
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Mai ntaini ng Slnusgégg£d1ng gges %ﬁ rﬁ”%&%@%% of the present
invention, a method of controlling a line converter of a
regenerative drive for connection by means of line
reactors to an AC source/sink, comprises the steps of
comparing a commanded DC link voltage to an actual DC
link voltage for providing a real current command signal,
comparing the real current command signal to an actual
real current command signal, for providing a real voltage
command signal, comparing a maximum line converter
voltage to a commanded line converter voltage, for
providing an error signal, 1ntegrat1ng the error signal
without any proportlonal gain for providing a reactive
current command signal, comparing the reactive current
command signal to an actuai reactive current command
signal, for providing a reactive voltage command signal,
processing the real voltage command signal and the
reactive voltage command signal, for providing the
commanded line converter voltage, and processing the real
voltage command signal and the reactive voltage command .
signal, for providing line converter phase voltage .
command signals.

These and other objects, features and advantages of
the present invention will become more apparent in light
of the detailed description of a best mode embodiment
thereof, as illustrated in the accompanying drawing.

Brief Description of the Drawing
Fig. 1 shows a regenerative drive which may be used,

for example, with an elevator application and having a
line converter controller with a non-zero reactive power
control feature, according to the present invention.
Fig. 2 shows a system-level block diagram of a
central teaching of the present invention whereby
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A:first aspect of the present invention provides a nmethod of controlling a
regenerative drive having line and | oad converters connected by a direct
current (DC) link, the | oad converter for connection to an alternating
current (AC) machine and-the line converger for 15 connection to an AC
source/sink by nmeans of line reactors, conprising the steps of:

control l'ing reabtﬁunepoWBlesnlnheoﬂunedreabm@ﬁpﬁknn(ﬁnua(highmﬂ%ﬂwbltage
of sald DC acl hihetlodtagheulied ERGRALdYe PV IrtE AL 11d8D ARIVEG e
vol t age connand Si1 gnal ' ne controller AC vol tage; and
conparing thénFPE€aéoﬁﬁéPt9P1Vbltage command signal to a sel ected maxi num
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second aspect of the present invention provides a nethod of controlling a

regeneratlveB st ﬁghgefggybggﬁkiﬂg BG@ @ﬁgﬂfﬁ gﬁg?;is connected by a DC
link, the lo . chine and the line
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reactors for contr ing a vo of th at a alec
magni t ude byipPovi af‘n&?ﬁ"?l %E EBP&%F%&J“’“' 1&0%@’&% Slslﬂger#al(ab
control |inethnoser ofl ekiAC ial tagearanthamwe mmfmﬁmese hereo:ﬂ)ram'!ter
vol tage co I ggnverter vol t age signa
for 30 procngggéiagggnt%gl%tﬁgka%bggfggg eac /e power to flowin the
line reactors to Féducd shews a regeneratlve drive 10 for connection -

to an AC machine 12 having a shaft 14 connected to a

sheave 16 in an elevator machine room. A -cable or rope
18 is laid over the sheave 16 and is connected at one end
to an elevator car 20 and at the other end to a
counterweight 22, which altogether constitute a traction-
type elevator for moving the car 20 and counterweight in
opposite vertical directions in a hoistway in a well-
known manner. The counterweight is typically sized in
such a way that it equals the weight of a half-loaded
elevator and can thereby result in the generation of
power by the AC machine upon descent of the counterweight
and release of stored potential energy therein when
moving the elevator car up under a less-than-half-loaded
condition.

In the past, for non-regenerative drives in general
use such power would be directed to and'dissipated in the
machine room by a regenerative power resistor in the form .
of heat. Such a resistor requires a housing along with
appropriate switching, and may lead to a need for air-
conditioning or cooling fans in the machine room.

The regenerative drive 10 of Fig. 1, on the other
hand, instead of a simple, one way rectifier, includes a
two way line converter 24 connected to an AC source/sink
26 by means of three inductors IL,, I, and L, also known as



- 3- * line.controller AC voltage required to control the real power

flow A third aspect of the present invention provides a nethod of
controlling a |ine converter of a regenerative drive for connection by
means of |line reactors to an AC source/ sbnk, conprises the steps of

conparing a o Curré£§ié|rﬂ&ﬂgﬂifgge#éh&gkégngﬂ éé%ﬁigg voltage 5 for
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commanded |ine conver;er vo] tage, for providi'ng an error signal,
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signal and t hien rgeesrak i/mltlage:ma:tmgrmhve arbr (pobvidstgfoke

comanded | i M o] t
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converter ph&aurce mlﬁwm ‘l’éh%;rmrasllil%le m’emaano her objects,

features and Qdypddaest éé‘@léﬁ@sﬂﬁuéﬁffr‘iéﬁﬁwéx'xdbeﬁénsvallgB'i% -
apparent in |i hI of t f etai |l ed descriptjon of pest node, enbodi nent
t hereof , as ra ings o ectrolytic cap cltors, whlch are the

preferred capacitors for connection between positive and
negative legs of a DC bus 28 between the line converter
24 and a load converter 30, which is in turn connected to
the AC machine 12 by AC lines 29. .

When being used as a motor, the AC machine 12
receives AC power from the locad converter 30 acting as an
inverter for converting DC current as supplied by the DC
bus 28 to AC for driving the AC machine. The load
converter has an associated control which is not shown
because it does not form any part of the present
invention. A capacitor 32 serves to smooth out ripples
that would otherwise exist on the DC bus 28. For an
example, according to the present invention, the DC bus
is designed and tested at 800 VDC, but the aim is to
control it at 750 VDC. Such a capacitor is preferably
electrolytic, having a capacitance of several thousand
microfarads, e.g., 4,000-10,000 microfarads.

In the motoring case, the line converter 24 receives
AC power from the AC source 26 and is controlled to act
as a full wave bridge by a PWM control 34 in order to
convert the alternating current from the AC source 26
into direct current for the DC bus 28 and thereby allow
the load converter 30 to drive the AC machine 12 as a
motor to either lower the elevator with less than half a
load or raise it under a more than half-full load
condition. '



I 14 ustrated in the acconpanyi ng draw ng. Brief Description of the
Drawi ng 20 Fig. 1 shows a regenerative drive which may be used, for
exanple, with an el evator application and having a |ine converter
controller wth-a non-zero reactive poweg control feature, according to
t he present invention. Fig. 2 shows a systemlevel block diagram of
a central teachi nghef reivenseedentrive dm ithe regenedradive case, where

4 reactive pRMChd haldHiieeUdtl bRAG! igUhdihtdalll Uiidif eﬂgéw@oyoltage
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with a reactive power contro aV|n |ntegral gal n _on

shows the |iR8Tcdvdist @@%wq gnder écc"@rﬁﬁ‘ﬂ'd‘qrb'lﬁkfﬁ%%nt
i nvention, ino&dr ecididiilon by the release of the potential energy

stored in the counterweight by virtue of its movement in
the downward direction. In that case, three-phase AC
power is delivered from the AC machine 12 on the lines 29
to the load converter 30, which in turn rectifies the AC
power to DC for provision onto the DC bus 28 for
subsequent conversion back to AC by the line converter 24
"under the control of the PWM control 34.

In order for the AC power to be delivered in an
acceptable form by the converter back to the AC
source/sink 26, which would typically be a public utility
acting as a sink, the power has to meet certain strict
requirementsﬁincluding the absence of harmful harmonics
and an acceptable power factor. Therefore, it is
desirable in such cases to control the AC line current
passiﬁg through the inductors IL,, I, and i%'te be sine
waves with unity power factor.

As suggested above, a problem exists when this type
of converter is operated with 480 VAC + 10 percent AC
lines. Given the above described voltage rating
constraints of IGBTs and capacitors forcing a desired 750
VDC bus voltage, in such a case, the AC line voltage can
be high enough (528 VAC (rms)) so that there is
insufficient bus voltage, on the line converter-side of
the inductors, to control the AC currents properly. In
such a case, the AC line currents can even become
uncontrolled, resulting in drive shutdown. The solution
in the art has generally been to use a transformer to
reduce the AC line voltage to well below 480 VAC such as
to around 440 to 460 VAC while still keeping the DC bus
at a desired high value such as 750 VDC.

According to the present invention, a line converter
controller 36 with a nonzero reactive power control
feature enables the line converter 24 to operate with



Best Mpde for Carrying Qut the Invention Al t hough the foll ow ng
description shows a regenerative drive for use in a particular application,

i.e., an elevator application, it should be realized by those of skill in
the art that the principles hereof are applicable to other applications as
wel | . Fig. 1 shows _a regenerative drive 10 for connection to an AC
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line voltages are at normal levels, but when it is
determined that the line converter is commanded to
provide an AC voltage that exceeds a desired level or is
detected as providing a voltage that exceeds the desired
level (on account of fhe AC line voltage of the source
rising within its *10% band), causing reactive power to
also flow in the line reactors between the AC sink and
the line converter in order to reduce the line converter
voltage required to control the real power flow. In
other words, to allow the line converter voltage to
achieve a desired magnitude without exceeding the above-
mentioned real constraints, a reactive voltage component
is added to the commanded voltage.

The line converter 24 of Fig. 1 is called an active
converter and includes a plurality of switches 38, 40,
42, 44, 46, 48, éach of which is, e.g., comprised of an
IGBT and a flyback diode, which are well-known in the
art, and which may be illustrated as simple open-and-shut
switches, as shown. By proper switching of the IGBTs,
the applied voltage at nodes 50, 52 and 54 can be
controlled to control power factor. The line reactors L,
I, and L, are inserted in the lines between the AC source
26 and the converter 24 to enable control of the phase
currents. The needed applied voltage (neglecting

resistances) is:
Voo = | 2V, + j0,LT
q 3 ac 1



use such power would be directed to and dissipated in the nmachine roomby a
regenerative power resistor 'in the formof heat. Such a resistor requires a
housi ng al ong- with appropriate switching, and nay lead to a need for air-
conditioning or cooling fans in the machgne room The regenerative
drive 10 of Fig. 1, on the other hand, instead of a sinple, one way
rectifier, iwbeyees a two way |ine converter 24 connected to an AC )
source/sink 26 by neans of three inductors L[err], L[err] and L[err], also

known as V, is the voltage vector applied; at fhe ganvarter The |ine
converter 24-pernts regenerative power to flow hack to the AC source
acting as a ¥en®. Vit +i 3 dé§iFE&,VPEFaBEeVSGFﬁ5§8§ e IE @S dftn nventi on,
to use an ACléﬁﬁfci.that uld typically be available fromthe public
utility power grid &PQ4§3&SAC 10 percent. It has, however, been a probl em

I=1I + jI; is the current vector in the converter
@; is the frequency of the AC line

L is the inductance of the line reactor

To obtain operation of the converter 24 at unity
power factor, the component of the current vector out
of phase with the AC line (I;) is held to zero. The real"
component of the current vector in phase with the AC line
(L) is used to control the bus voltage at’ the nodes 50,
52, 54 to thé desired level (V,,). In this case, the
needed applied voltage at these three nodes is:

—-— 2 .
Vig = ,I 5 Vae + J0,LT,

which has a magnitude'of:
' [ 2
b ' 2
lqul = ( ‘S'Vac] + (“"JI‘IG)2

The magnitude of the voltage applied to the
converter (|V4|) at the IGBTs is limited to (V,,/V3). As
a result, the maximum AC voltage that can be used and

- still enable control of the currents is:

%,c_m - \E\J () - fou2y




in general in the regenerative drive art (not just for elevators) to be
able to successfully use such a high AC source voltage due to the available
ratings of the sem conductor devices, usually |I@Ts, and the avail able
ratings of electrolytic capacitors, whicB are the preferred capacitors for
connecti on betwee 1 tive and | eas t n_the

i ne converter r}aﬁga'é S | TRPULHY r\;‘egqa{éél% %ﬁ%rﬁt D&'}gf ﬁgcggnggggﬁ to

t he AC nachi ne.t:tﬂﬁi}eACEd:tmeslm (Tq) imhantbhaﬂgl foe@exo,atthror, the AC
machine 12 r f& Q?éj{fé%@eééﬁrbé 484 gs.an

I nverter for%&% ?‘%I ng&%\éegeurrﬁg&a}geﬂéupp %&fgus g8 to AC for
driving the AC machine. The | oad converter has an associated control which
i's not shown because it does not formany part of the present invention. A

capacitor 32 serves to s h out rippfes that would otherw se exist on the
DC bus 28. For an exg O*d*P@EJO*Ig@ ent invention, the DC bus
I s designed and tested a\ ébo \DC, " bu Is to control it at 750 VDC.

Such a capacitor is prefﬁé%%ly electrolytlc havf n capaci tande of

several thousand microfs ¢. (20, 4.TG530= 18, N0 %Hjcar-adgt-ld) In the
notoring case, the line er 24 recgives AC'p r fromthe/AC source

26 and is controlled to >
= :I SVee| * (@, L)%+ 2w1L\‘-3_Vac I,

It can be seen from the approximation of this last
equation that through the proper control of I;, the needed
converter vo}tage at nodes 50, 52, 54 can be reduced when
appropriate. This technique allows reactive power to
flow through the line reactor, which creates a voltage
drop in phase with the AC line.

Assuming that the current controller is designed to
operate in the synchronous reference frame, V@f can be
easily computed from the output of the current regulators
as:

- - 2
deq(comand) ad Vd(ccmand) + V:(comand)

A control loop can then be désigned as shown in Figqg.
2 to control V4 to not exceed the maximum permissible
value (V,,2/3). Using the approximation for V@f as shown
in the above approximation equation, showing the
difference between V2 and V2, the control loop of Fig. 2
can be provided which achieves the.desired result. This
control loop model ignores many details of the actual
system, including loop delays, current loop dynamics,
etc. However, since the bandwidth requirements of the
power factor are so low, these details can be ignored
with the relatively low controller gains needed for this
application.



as. a full wave bridge by a PWM control 34 in order to convert the
alternating current fromthe AC source 26 into direct current for the -DC
bus 28 and thereby allow the | oad converter 30 to drive the AC machine 12
as a notor to either lower the elevator Mth |ess than half a |load or raise
It under a nore than half-full_load congﬁhlon

6 The rever s&¥5ing (the medsele i ZrsERRRENTIRORC nachi ne
12 acts as atggm@ﬁa&omundﬁmbﬂfﬁsfﬂevator car 20 is being noved upward
under a less-then-half-full load condition by the rel ease of the potential

energy stored in the countermeight y virt of venment in the
downward direction. In that c@ @g) .ke §- 3E§°A£4Ls nj is delivered from
the AC machine 12 on the lines 29 t to v%rf 30, which in turn

rectifies the AC

To achieve a cross-over frequency of f,,, the
controller gains should, according to the teachings of
the present invention, be selected as follows:

k=0
1

k;= 1
! 2fiLJ—'§Vac o

According to a discovery by the present inventor, as

shown above, it is a very important teaching of the
presént invention that a. pure integral control be used
(k,= 0). Contrary to what would be expected, rather than
a proportional-plus-integral control, it is very
important for the stability of the system that a pure
integral control be used. Any amount of proportional
gain has been found to cause stability problems, since '
the plant is based on an algebraic equation. As shown in
the system model of Fig. 2, the current vector out of
phase with the AC line (I;) as shown on a line 58a is
provided by the pure integrator 56a for processing by a
reactive processing block 60 which provides an output
signal on a line 62 to a summer 64 which is also
responsive to a signal output on a line 66 from a real
processing block 68. The blocks 60, 68 represent the
plus and minus quantities of the right-hand side of the
V@f approximation equation discussed above. The output of
the summer on a line 70a represents Vd'and’is fed back to
a second summer 72a, where it is summed with a V@f (max)
value. The summer 72a provides an error signal on a line



power to DC for provision onto the DC bus 28 for subsequent conversion back
to AC by the line converter 24 under the control of the PWM control 34.

In order for the AC power to be delivered in an acceptable formby the
converter back to the AC source/sink 26,4mhich would typically be a public
utility acting as a sink, the power has to neet certain strict requirenents
i ncl udi ng t hg eab yepresen tiagrfthe intirﬁﬁeﬁermearhhta«eend&ﬁt abtuajoand thet or.

Therefore, it _l Si l.e. 4.n such cases to control the AC |ine current
passi ng throbﬁ#iﬁ%?iqégiﬁ%%% L[err], L[err] and L[err] to be sine waves

with unity power flectasly contrad dhgyesmldirgs Magnitysepihen ek sis when
this type of heeEeel ! @ 1i%hi¥ ah@itcbaigiacBln/Ane 1&@%:% ldesn G ven
t

t he above desqubed vol tage rating constraints of | s gnd capacitors
forcing a dedifddsyide oy \X@I"{%ag‘é‘,t‘?gﬁ'-'%*t% sé"%%& ¢ ﬂ%"" A?@?pgr 3B t age

can be high getagh @ni% VAG L 0y déablwitrddetiire powarifto of bowr when

vol tage, on the.line canverter-sid f. the jnductors cOo C
curronts propdr iy FRRRaR 12 2% Hnd S iidied W WiEe b e
uncontrol | edecureeatts ng in drive shutdown. The solution in the art has

general |y been topise 4 AP VIR B U ddiferrFd i WA @511 & Vel |
bel ow 480 VAC such as

is the desired upper limit on the amplitude squared of
the output voltage. Therefore, to limit the output
voltage to 97.5 percent of the capability of the drive
(Vm/\ff) , the reference value (quz(max)) should be set to
0.95V%,/3.

Referring now to Fig. 3, the line converter
controller 3& of Fig. 1, according to the present
invention, is illustrated in more detail. Keeping in
mind the principles discussed in connection with Fig. 2,
a V,’ max signal 74 is provided on a line 74 as a constant
having a constant signal magnitude and which is presented
to the summer 72 which is similar to the summer 72a of
Fig. 2. It too is responsive to a V@f command signal on a
line 70 for providing an error signal on a line 76 to a:
pure integrator 56 with a limit placed in the integrator
as indicated which limits the output (and integrator
state) in this case to be less than zero so as only to
control the voltage magnitude when it is needed. As
discussed above, in connection with Fig. 2, this will
only enable reactive power to flow when it is required to
lower the voltage needed to control the currents.

The id command signal on the line 58 from the pure
integrator 56 is provided to a summing junction 78 where
it is summed with an id actual signal on a line 80
provided by a signal processor 82. A plurality 84 of
sensed line current signals are provided to the signal
processor 82 along with a signal on a line 86 indicating
the angle of rotation of voltages on the line. This is



ta around 440 to 460 VAC while still keeping the DC bus at a desired high
val ue such as 750 VDC. According to the present invention, a line
converter controller 36 with a nonzero reactive power control feature
enabl es the |ine converter 24 to operatgaith

7 significantly higher AC line voltages than would otherw se b BOSSIb|e
I n particul aprowvided iny @oMl@tSLEerIO@mtmp &8 3hawnl i ghikd . pk

met hodol ogy | dfgga I [of0) IIed to
be si nusoi da'flhe\lt/:gﬁl:%vmth oﬂs%vgc ut i |ty %lgne‘} VO tagesr%%/ %&gtl n“fﬁ rom
unity power ER&A&AG, sd 8¢ Fdiife B ananIRgs ttha t$igna

mai ntai ni ng phradiesisior iz, dﬂm:ht liay E.\ndm&é rag dx&a&eﬂmwmnﬁrbﬂm wgle the
AC utility Iine,volt S nar mal oﬁous ré¥gience'fiéﬁn?rn1ned
that the |i nE BaRREH &P CHCaRmaifed FYmChE

The actual reactive current id on the line 80 has
its real counterpart in an actual real current signal iq
(actual) on a line 82 provided to a summer 84 along with
a real command current signal on a line 86. A
proportional-integral control 88 is responsive to an
error signal on a line 90 for providing the real current
command signal on the line 86. A summer 92 provides the
error signal on the line 90 in response to the difference-
between a signal on a line 94 having a magnitude
indicative of the nominal voltage of the DC bus 28 of
Fig. 1, e.g.; 750 VDC, and an actually sensed DC bus
voltage on a line 96 labelled V. (actual).

The summers 78, 84 provide respective error signals
on lines 98, 100 to respective proportional-integral
amplifiers 102, 104 for providing respective reactive and
real voltage command signals on lines 106, 108 to a pair
of signal processors 110, 112. The processor 110 is also
responsive to the rotation signal on the line 86 and
provides a plurality of three-phase voltage command
signals on a plurality of lines 114 to a corresponding
plurality of pulse-width modulation phase controllers
within the PWM control 34 of Fig. 1, as shown, for
controlling the switching of respective switches 38, 40,
42, 44, 46, 48 in order to control the transfer of power
between the AC and DC buses on either side of the line
converter in the desired manner.

According to the above-described V@f equation, the
signal processor 112 is responsive to the real and
reactive voltage command signals 108, 106 for providing
the V@f command signal on the line 70 to the summer 72 for
the purpose described previously. It is similar to the
processor 110 in providing the converter command voltage,



provi de an AC voltage that exceeds a desired level or is detected as

providing a voltage that exceeds the desired | evel (on account of the AC
line voltage of the source rising within its 10% band), causing reactive
power to also flowin the Iine reactors Ig®tween the AC sink and the |ine

converter in der t.0 re t he, line con rter. v e.r ed to control
the real pow@ I13\Ninl ﬁ glﬁglgr\ﬁ&tdg Orfl, a tcl?éﬂﬁt e cvo%}'g? er voltage to
achi eve a deequ&&a@@rhlwuten/\ﬁbhwpum,n@aﬂwemoﬁs wicht ibemed real
constraints, aﬁ?ﬁ‘ééﬁfalt\éﬁ ‘52]Vt§?ltg%rec%%pg?g_a_t 'ﬁa qﬁige%rlq.{) t he commanded

voltage ne co i's called an active converter

and includes a pl dt&honghotheiinveasion h@@ heen showry ang deseiriked which
is, e.g., ComthSQés@fectntbGBTba&Q foldley leaoad medt uuazeéw,r ewveéﬂoukmm in

the art, and_whic rate a swi t ches, as
shown. By prBfel "gﬁrls\éﬁ"ﬁg é%’l“gieﬁhg'%a%&qp tvg'TqT th? nodes 50,
52 and 54 cafiolregodmiy ahldedatdousnbttderpmmamgfea;t cum:.s'Bnmﬂs rmd eactors
Ll[err], L[er ers e e d C source
26 and the C(%lr?\c/lgr%g&lg ZI'E’]t gﬁengl??% %%’(at rgl atllfi #ﬁ’eri%%;;?%rre Q:3‘éA\The needed
appl i ed vol t §hereingmidhiony d@ga;gn\\ge#oms the splrlt and scope of

the invention.



[err] = [err] 8 where [err] is the

vol t age—veetor—applied at the converter [err] = V[err]

vect or, AC line (in line- line rns) [err] =} REE
isth,' ? u ﬂlj&l"’lnthe converter 1#rr] is the fre}
i ne nce of the |ine Qﬁﬁftor S

IMS

1. A method of controlling a regenerative drive
having line and load converters connected by a direct
current (DC) link, the load converter for connection to
an alternating current (AC) machine and the line
converter for connection to an AC source/sink by means of
line reactors, comprising the steps of:

controlling real power flow in the line
reactors for controlling a voltage of said DC link at a
selected magnitude by providing a line converter voltage
command signal to control line controller AC voltage; and

comparing the line converter voltage command
signal to a selected maximum line converter voltage
signal for providing a control signal for -causing
reactive power to flow in the line reactors to reduce the
line controller AC voltage regquired to control the real
power flow.

2. A method of controlling a line converter (24)
of a regenerative drive for connection by means of line
reactors to an AC source/sink (26), comprising the steps
of: .

comparing (92) a commanded DC link (28) voltage
(94) to an actual DC link voltage (96) for providing a
real current command signal (86);

comparing (84) said real current command signal
(86) to an actual real current command signal (82), for
providing a real voltage command signal (108);

comparing (72) a maximum line converter voltage
(74) to a commanded line converter voltage (70), for
providing an error signal (76a);

integrating said error signal without any
proportional gain for providing a reactive current
command signal (58); _

comparing (78) said reactive current command
signal (58) to an actual reactive current command signal
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To.obtain operation of the converter 24 at unity power factor, the

conponent of the current vector out of phase Wtumnﬁulh(“"umslﬂl err])-is
held to zero. The real conponent of the current ith the AC
line (I[err]) is used to control the busqgol tage at thé ndde§ 50, 52, 54 to
the desired level (V[err]). Ln this case, the needed applied voltage at

these three nb8@},i Eor providing a reactive vpitpge pepppnd signdd has a
nmagni t ude of : (106); - [err] = [err]

=

processing (112) said real voltage command
signal (108) and said reactive voltage command signal
(106), for providing the commanded line converter voltage
(70) ; and

processing (110) said real voltage command
signal (108) and said reactive voltage command signal
(106), for providing line converter phase voltage command
signals (114).

3. A regenerative drive for connection to ‘an
alternating current (AC) machine, comprising:

plural line inductors (I,, I,, IL,) connected to
an AC source/sink (26) for conducting AC; -

a line converter (24), responsive to AC from
the plural line inductors, for providing direct current
(DC) to a DC link (28) having a capacitor (33)
théreacross;

a load converter (30), responsive to DC from
the DC link, for providing AC to the AC machine in a
motoring mode and responsive to AC from the AC machine in
a regenerative mode, for providing DC to the DC link,
wherein said line converter is responsive to DC from the
DC link with said AC machine in said regenerative mode,
for providing AC to the plural line inductors; and

a line converter control (36), responsive to a
plurality of input signals for providing a plurality of
output signals'for controlling said first converter for
controlling said AC conducted on said plural line
inductors, wherein only an integral control loop is used
to control a reactive part of said AC conducted on said
plural line inductors, without any proportional gain in
said control loop.

[ sreet g B
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The magni tude of the voltage applied to the converter ([err]) at the | GBTs
is limted to (Verr]/[err]). As a result,. the nmaxi num AC voltage that can
be used and still enable control of‘the currents is:

Vlerr] = [err] 16 9 | f the conponent of
the current vector out-of-phase with the vector line (1d) is not held to
zero, the magnitude of the converter voltage can be witten as:

Abstract of the Disclosure?
POWER FACTOR CONTROLLER FOR ACTIVE CONVERTER

A method and apparatus for controlling a
regenerative drive having line and load converters
connected by a DC link, the lcad converter for connection
to an AC machine, and the line converter for connection
to an AC source/sink by means of line reactors, the drive
for causing real power to flow in the line reactors to
control the DC link voltage at a selected DC voltage and
for determining when a commanded line converter voltage
exceeds a selected maximum line converter voltage for
also causing reactive power to flow in the line reactors
to reduce the line converter voltage required to control
the real power flow.

(Fig No. 1)
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Verr] = [err = [err] - ; [err] It can be seen -
from"lthis of th| s | ast, equati-on t'hat through, popet
contro e needed converter voltage at nodes C]',HISSHEE'E HASHBER

reduce ate This technique allows reactive gower REPHACTR
t hr ough the I|ne reactor, which creates

f vol tage drop inltplrase=WThH the AC

l'ine. Assum ng t hat the current controller is designed to operate i-n
the synchronous reference framex V[&er] can be easily conputed fromthe
output of the currenf regulat rs ’ ;__:—.&'l V[err] = V[err] +
Vierr] N R
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A contyol 1 oop can then be designed as shown in Fig. 2 to control V[err] to
not exceed the maxi mum perm ssible value (V[err]/3). Usi t-he

approxi mation for V[err] as shown in the above approxima iThitS édu&“fﬁé‘qs BEEN
showi ng the difference between V[err] and V[err], the comtrol RERBCED Fi g.
2 can be provided which achieves the despred result. Thi sTToMT U100
nodel ignores many details of the actual system including |oop delays,
current | oop dynam cs, etc. However, since the bandw dth requirenments of
the power factorgarg so low, these details can be ignored with the
relatively | ow cpngfoller gains needed for this application.

10 Using t mbflel shown in Fig: 2, the open-loop transfer function is:

4[ =~
U1 . _ N s
3 N -4 ,}
3 Y té:
< N
< 8
3 | N
Y i!(/)
\ -
_!e..

This Sheet Has Been Reilaced




Ges) = [err]. .- To achieve a cross-over frequency of f[err], the

control l ermﬁﬁ‘ﬂglﬁ mﬁplafgcordi ng to the teachings of the present
fol | ows: k[ errjT, :
] HI a discovery by the present inve t_(g-’rT,S E

i nventi on,

[err]

above, it is a very inportant teaching ofg the present inverti-on

I ntegral control be used (k[err]= 0). Contrary to what woul d be expect ed,
rather than a propor; yonat =phHds—i-At-egeal o+l Lt is e i mportant for
the stability of {he¥ystemthat a pure integral control belused. Any

anount  of proportlg g‘§i n has b%an found to cause stability proble\'gs,
si nce o
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t he pliant is based on an al gebraic equation. As shown in the system rmdjﬂ/oj
of Fig. 2, the current vector out of phase with the ACline (I[err]) a ,
e s provided by the pure integrator 56a for proces Fm Zﬂf’
s$i ng bl ock 60 which provides an output signal on a line
fich is al so responsive t Gubstit@iRshedtt-P14 Algust! 199766
mla ﬂgaéugrngps i ng bl ock 68. The bl ocks 68;—68—represent—theptus—and
m nus ntrties off tjhe right-hand sig o?]
' t
.z

a-summer 64

4ie V[ erw] approxi mation
el mdani

equfpt ve. The out put S L@er e 70a represents
Vielr] toasegn . [it,isYsumed with a
V[e The sl 2a V} signalj on a line
76a representing the diffprt nfé bet vieen and t he maxi Bim
desired. N\
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Te only control the voltage nmagnitude when it is needed, a limt nust be
place in the integrator 56 which limts the output (and integrator state)
to be |Less.thanzero—Fhis will only enable reactive power to flow when it
i s reqli kel ACENMEBWEHEERe! vol t age needed to control the current. The

refer erbce*va?u’e*f“d‘r""f"ﬁb power factor controldgstitotd SGeétesh aelugipes 9bym t
on thejanpljtude. sguar édjof the output vol t age—Fherefore—toHmt—the

outputEvéltaﬁ'“ﬁ%{97.5§pércent of the cpp®ility of the drive
(V[ err]i/ [err})~t-he~r-ef efence val ue (V[err](max)) should be set to O.

95V[ erri] / 3. Referrimg nowto Fig. 3, the line converter controller 36
of Fi g."t—accordimg~To the present invention, is illustrated in nore
detail. Keeping in mnd the principles discussed in connection with Fig. 2,

a V[err] max signal 74 is provided on a line 74 as a constant having a
constant signal magnitude and which is presented to the sunmer 72 which is
simlar to the summer 72a of Fig. 2. It too is responsive to a V[err]
command signal on a li@e ®0 for providing an error signal on a line 76 to a
pure integrator 56 with atlimt placed in the integrq[or as indicated which
limits the output (and ih egrator state) in this casefto be |ess than zero
so as only to N O

64

/,68
N
6
\ —& r700 Vd

62

2 2
c -(\l%:vac) + (“HLJ/Q)
~
L
—0
Wy

Y
201 LJZ Voo |
\~ 60

f; <0
o o ®
[Tp]
ol S
N
il

56a

FIG.2
720.
—"— \ﬁ Kp'l'
+ (760

\~74q

V42 (MAX)




contr:ol the vol fa ggnrTude wen it is needed. As discussed above, in
connection withiF Eplﬁ%&ﬁmls&ﬁ‘% “onl y enabl e reactive power to flow when
it is required tfo{l ower the vol{age needed to control the currents.

The id command signajoqyGg he7 i pej58 fromthe pure integrator 56 is
provided to a sgmping junction ¥8iwhere it i gubdiiting sMdet -4 iAlqst Uo7
signal on a |ling 80 provided—by ajsignal processor 82 —Apturarty84—of
sensed |line curfent signals are pfovi deo3yg,the si gnal processor 82 al ong
with a signal-on a line 86 indicating the angle of rotation_of voltaggs on

providpd by Dphase
| ock | oop 88 shovvdd)n Fig. 1 which is &Y turn responsive to| thg |khge=

vol t ages, as shovvn.E he rotation si g_nag on the line 86 ensureslth%g@e
si gnal processor Sgg\hich may includeCd current controller}) i '8‘5‘0
>==
#8%
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desi ‘:gnéd* t

0 operate in a synchronous reference frane. The act ujﬂ” i)
reactive -curr

: ' ; e 80 has its real counterpart in an qcmj ?f' 5
real current PBi ‘,L.(ACEI@EP 'a%ﬁﬁgﬂf on a line 82 provided to a summer 84 along -
with a real cpnfrand current sidgnal on a |ine 8§ubstiguiepshaatonl® Aprilct?e?

-control 88 is

-

esdNAPReIP9 . an lerror signal on a line 90 for providing the

real current gopmand signal gnijthe line 86. A summer 92 provides the error

signal on thel lTne 90T orjse to tpe difference between a signal on a
i ne 94 havi a_nmagni t ude i ndijcati ve of the nom nal voltage of the DC bus
28 of Fig. 1, e.g., 750 VDC, and an actually sensed DC bus voltage on a

line 96 | akgiliteh MY fol stépAddvitidhe voltage to hRfing 4ADREE VAL, Brbwevéry i€ results in

respectlve error signals on lines 9 100 to respective

propor t i onahe nse efancextea tpnsormerswhiok addsoest torthe systans prshmay. aduessely afface thet i ve

< Vol 88 pROVOTRRE aBiBABleSptMle BRSPS, 7 ocposive to the rotati on

and real

processors
signal on
command si
pul se-wi dt

the line 86 and provides a plurality of three-phase voltage

ﬁn_als on a_plurality of lines 114 to a corresponding plurality of-

 significantly higher AC line voltage than would otherwise be possible.

10

15

Another object of the present invention is to allow the AC line current to be controlled to
be sinusoidal with such high AC line voltages by ihtroducing reactive power in the line
reactors, thereby'no longer holding the power factor to be unity, while at the Same time
maintaining sinusoidal voltages and currents. ' _

A first aspect of the present invention provides a method of controlling a regenerative
drive having line and load converters ‘connected by a direct current (DC) link, the load
converter for connection to an alternating current (AC) machine and the line converter for
connection to an AC source'/sink by means of line reactors, comprising the steps of:

controlling real power flow in the line reactors for controlling a voltage of said DC

link at a selected magnitude by providing a line converter voltage command sxgnal to control

20

25

.30

: hne controller AC voltage; and
comparing the line converter voltage command signal to a selected maximum line
converter voltage signal for providing a control signal for causing reactive power to- flow in
the line reactors to reduce the line controller AC voltage required to control the real ppwer
flow. - | . | _ | '
A second aspect of the present invention provides a method of controlling a regenerative
drive having line and load converters connected by a DC link, the load converter for

connection to an AC machine and the line converter for connection to an AC source/sink by

means of line reactors, comprises the steps of controlling real power flow in the line reactors

for controlling a voltage of the DC link at a selected magnitude by providing a line converter

voltage command signal to control line controller AC 'voltage,' and comparing the line .

‘converter voltage command signal to a selected maximum line converter voltage signal for

providing a control signal for éausing reactive power to flow in the line reactors to reduce the

e controllers within the PWM control 34 of Fig.

1, as shown, £QouRandt fb pkdihniiientith s eABbiO te’ RAVE ink 6Bnvettet & ratd with0:



42,

A44; 46, 48 in order to co

nt

rol.

the transfer of power between the AC and

DC buses on e T] St.da 0 {lirne converter in the desired manner. '
-According to tf@ﬁg%‘dﬁ}\gﬁhefék_l %d V[err] equatign, the signal 12
i's responsivej to the real and rieactive vol t age tQFHEAS d Jgs f or
provi di ng the} V| erdid APRNi®ERd swgnal on the line 70 to the summer 72 for the
pur pose descr| bpd previously. QT is simlar to the processor 110 in

provi di ng the} cONVErteér command vol t age,

13 albeit in different form fThey could be viewed equival ently for some
pur poses, however, as will be appreciated by those of skill in the art.

Al t hough tl%édﬁ% gﬂrggfm@ﬁﬁﬁrﬂ}g%n@aqhggﬁpbb@é}(hwth respect to a best

node enbodi nent

shoul d be under st ood by

art that t heAftbnré gspentpfzthe preserit davenderhprovidesiagrethodnficenirelfing a-dime converter

10

of a regeneratlve drive for connection by means of line reactors to an AC source/sink,

comprises the steps of comparing a commande_d DC link voltage to an actual DC link voltage

for providing a real current command signal, comparing the real current command signal to '

an actual real current command signal, for providing a real voltage command signal,
comparing a maxinium line converter voltage to a commanded line converter voltage, for
providing an error signal, integrating the error signal without any proportional gain for
providing a reactive current command signal, comparing the reactive current command signal

to an actual reactive current command signal, for providing a reactive voltage command

_ signal, processing the real voltage command signal and the reactive voltage command signal,

15

20

for providing the commanded line converter _voltage, and processing the real voltage
command signal and the reactive voltage command signal, for providing line converter phase
voltage command signals.

‘These and other objects, features and advantages of the present invention will become |

more apparent in light of the detailed description of a best mode embodiment thereof, as
illustrated in the accompanymg drawing. '

B- ED «: e El E .

Fig. 1 shows a regenerative drive which may be used, for example, with an elevator

application and having a line converter controller with a non-zero reactive power control

feature, according to the present invention.
Fig. 2 shows a system-level block diagram' of a central teaching of the present invention
whereby ' '

those skilled in the



addi fions in the formand detail thereof may be made therein without
departing fromthe] SIRJEPILIACEMEIN!T $HEPE Df the invention. 14

CLAI M5 1. otrolllng aregeneratlve drive havbgg
line and | oad conver S ed| by a direct Substiéote 6bept + i1OAptihd 998ad
4&?\%&%
[ err] :

converter -(30) for cn | ternati ng current” (AC) machine and
the line converter -

of line reactors (
controlling real p
of said DClink (28) at a selected magnitude by providrig a Tine Convert er
vol t age comaHME €LATMS DEFINING THE| INVENTION ARB-AS FOMODWSge; and

1.. A method of controlling a regenerative drive having line and load converters

connected by a direct current (DC) link, the load converter for connection to an alternating
: current (AC) machine and the line converter for connection to an AC source/sink by means
of line reactors, comprising the steps of: |
controlling real power flow in the line reactors for controlling a voltage of said
DC link at a selected magnitude by providing a line converter voltage command signal to
control line controller AC voltage; and '
comparing the line converter voltage command signal to a selected maximum
line converter voltage signal for Iﬁmviding a control signal for causing reactive power to flow
in the line reactors to reduce the line controller AC voltage required to control the real power

flow.

2. A method of controlling a line converter of a regenerative drive for connection
by means of lme reactors to an AC source/sink, comprising the steps of:
companng a commanded DC link voltage to an actual DC link voltage for
provxdmg a real current command signal;
comparing said real current command s1gnal to an actual real current command
signal, for providing a real voltage command signal; ‘
comparing 2 maximum line converter voltage to a commanded line converter '
 voltage, for providing an error signal; | '
integrating said error signal without any proportional gain for providing 3 -
reactive current command signal;
comparing said reactive current command signal to an actual reactive current
command signal, for providing a reactive voltage command signal; ,
' processmg said real voltage command signal and said reactive voltage
command 51gnal for provxdmg the commanded line converter voltage; and
processmg said real voltage command signal and said reactive voltage-

command signal, for providing line converter phase voltage command signals.
| 8 o 1aced
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conparinyg (72) the I|ne converter vol tage command signal (70) to a selected
maxi mum | i ne ConVe'RE?EAOEWm\ﬁg%EWg al (74) for providing a control signal
(58) for causing jr gactiv-e—power flowin the lln% reaﬁt ors li@ églgﬁwf,ggéhe
| ine controller AC voI t age requi red to control

2. A net hod of coniéo&?ﬁ’ﬁ%? e converter (24) of a regenerative drive
for connection by neans of line re ctors to an AC sourcelcl Bk 26

conprising the stleps of: . ~ 15conparing gﬁ?ﬂﬁﬁ&:c link-

(28) voltage (94)lto-an-actual DC.Ulink voltage(9 [ |ngareal
current command signal (86); conpar Eng-+£-84 ]‘ current
conmand si gnal $.86) Acegemertiveidtive fuxlcoonactiomto wmnglcgmntMaymmr&s
providing a real voltage command signal (108); conparing (72)
a maxi num SO verter vol tage (74) to a commanded l|ine converter

vol'tage(70), for proyeh e iﬁﬂmﬁﬁ ﬁL, g)@bnet®a)s an AC source/sink for conducting
integrating said error signal out any proportional gain for providing a

reactive cAG;ent command si gnal (58) - conparing (78) said )
react:v(e C;Jrr]?nt co 9 nd SI %aﬁgeﬁﬁggﬁ lu g M&‘{*ﬁtffg@?ﬁ&m”d
signal (80 or pro ofmand Si gna

processi g 4{rdck 2urreAd (qbqj)qgla]y@llhmﬁwﬁg itor thereacrods)8) and said reactive
vol tage command signal (106), for providing the cormand&; & erﬁtlpfe?;
voltage (70); and alo converter, IgSPONSE 40 P&g LGiligk, o1 Profafpg nd
signal (10§)~and.said r )AC fRSchide0 i ng
1ine cbnve%%%lmme ;8 @gémgoﬂrﬁ%n Si gha H{i@i’%diéf?ﬁ%nﬁjtﬂ@AC e Hl 4! |

regenerative mode, for providing DC to the DC link, wherein said line converter is

responsive to DC from the DC link with said AC machine in said regenerative mode, for

providing AC to the plural line inductors; and

a lme converter control, responsive to a plurahty of input 51gnals for prov1d1ng
a plurality of output signals for controllmg said first converter for controlling said AC
conducted on said plural line inductors, wherein only an integral control loop is used to

control a reactive part of said AC conducted on said plural line inductors, without any

proportional gain in said control loop.

l IIII"I I"I" III" "III " III' - ' - Sheet Has Been Replaced
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15 * 3. A regenerative dri ve for connection to an al ternaﬂ:m

curs ent (AQ_nmechjipe. conprising: . ¢ e plural |ine induct 6] lf 5
(L[err], L[R@p[m;_‘;tg[,\;err%ﬁc nnect ed to an AC source/sink (26) for 0%9“’0% ng

AC; acanverter (24), resPdbstitute sbee- flBohehnuary 2000

l'ine ind ctors’f"forez%é(g ijdijng di rect current (DCy to a DC link (28) having

a capaci tlor ross; . a load converter (30),

-responsi vie i nk, f rOVIdI chine in a
mot ori ng e to AC the Acqmﬂﬂlm““ﬁm'mngner ative
node, for he DC link, wherein said |itnefcohverter is
responsive to DC fromthe DC |ink vmth said AC machine in said regenerative
node, for proviti ng AGnéthod dfscontrollmg d tagenéraﬂvmdﬂveshavéngjline and load converteas

| ine converter control (36), responsive to I-uralit nput _si nals for

bt vi i ng TBFEPAINY, § ook ERTER: GG 5 el ngeaiemy 0 o Gpppeseldn

converter fof 4o E@kddi"AG¥nchine and the line converter (24) for connection to an AC
source/sink (26) by means of line reactors (L,, L,, L ), comprising the steps of:

0 DC fromth
de and respon3|

controlling real power flow in the line reactors for controlling a voltage of said
DC link (28) at a selected magnitude by providing a line converter voltage command signal
to control line controller AC voltage; and ' |

comparing (72) the line converter voltage command signal (70) to a selected
maximum line converter voltage signal (74) for providing a control sig'hal (58) for causing
reactive power to flow in the line reactors to reduce the line controller AC voltage required

to control the real power flow.

2. A method of controlling a line converter (24) of a regenerative drive for

connection by means of line reactors to an AC source/sink, (26) comprising the steps of:

comparing (92) a commaﬁded DC link (28) voltage (94) to an actual DC link
voltage (96) for providing a real current command signal (86); |

comparing (84) said real current command signal (86) to an actual real-current
command signal (82a), for providing a real voltage command signal (108);

comparing (72) a maximum line converter voltage (74) to a commanded line
converter voltage(70), for providing an error signal (76a);.

integrating said error signal without any proportional gain for providing a
reactive current command signal (58);

comparing (78) said reactive current command signél (58) to an actual reactive
current command signal (80), for providing a reactive voltage command signal (106);

processing (112) said real voltage command signal (108) and said reactive
\}oltage command signal (106), for providing the commanded line converter voltage (70); and

processing (110) said real voltage command signal (108) and said reactive
voltage command signal (106), for providing line converter phase voltage command signals
(114).



AC condlucted gn _sai d.plural - linpe inductors, wherei n onl y -an i ntegral

.control |oop i..__éhép§@%§,};%'{cgmmol a reactive part of said AC conducted on
sai d plural [} ne—+rauet-es; W tthout any proportional gain in said control
| oop. 1z i Substitute sheet - 15 February 2000
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3. A regenerative drive for ‘connection to an alternating current (AC) machine,
comprising: _ '
plural line inductors (L,, L,, L) connected to an AC source/sink (26) for
conducting AC; |

a line converter (24), responsive to AC from the plural line inductors, for
providing direct current (DC) to a DC link (28) having a capacitor (33) thereacross;

a load converter (30), responsive to DC from the DC link, for providing AC
to the AC machine in a motoring mode and fesponsive to AC from the AC machine in a
regenerative mode, for providing DC to the DC link, wherein said line converter is responsive
to DC from the DC link with said AC machine in said regenerative mode, for providing AC
to the plural line inductors; and

a line converter control (36), responsive to a plurality of input signals for-
providing a plurality of output signals for controlling said first converter for controlling said |

AC conducted on said plural line inductors, wherein only an integral control loop is used to

control a reactive part of said AC conducted on said plural line inductors, without any

proportional gain in said control loop.
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