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ABSTRACT

Walters, Eric A. M.SE.E., Purdue University, August, 1995. Analysisdf the Auxiliary
Resonant Commutated Pole Inverter. Mgor Professor: Oleg Wasynczuk.

A study of the Auxiliary Resonant Commutated Pole (ARCP) converter and acompar-
ison with standard hard-switched invertersis presented. A thorough description of the
ARCEP circuit topology is made with three switching scenarios discussed: commutation
from adiode, commutation from a switch with low current, and commutationfrom a
switch with high current. Theefficiency of the ARCPinverter is attributed to thefact that
switching losses are eliminated by switching under zero voltage or zero current condi-
tions. To accomplish this task, addition circuitry isintroduced which contributes to addi-
tional conduction losses. An exampleH-bridgeis presented using both ARCP phase legs
and hard-switched phaselegs. Lossesfor each case are calculated and a comparisonis
mede. From simulations, it is shown that the additional conduction lossesintroduced by
the ARCPcircuit are smal in comparison with the switching losses found in a standard
hard-switched circuit. A smulation of athree-phaseexample ARCPinverter is briefly
discussed.




1. INTRODUCTION

The Auxiliary Resonant Commutated Pole (ARCP) Circuit was developed by General
Electric Corporation R&D to be used in high-efficiencyinverters. By increasing the effi-
ciency of theinverter, not only is the power lossin theinverter reduced,,but the size and
weight of theinverter can also be gresatly reduced. Thisfact makesthe ARCP technology
extremely valuable in applicationswere Size constraintsare a primary concern. The
ARCPachieveshigh efficiency by soft switching, that is by turningon or off the primary
switcheswhen the switch voltage or current are zero. Therefore, the switching loss, the
product of voltage and current,iszero. Thisissimilar to LC snubber circuits, however, in
snubber circuits, load current constraintsdetermine whether zero voltage or zero current
switching can be obtained. With the ARCPcircuit topology, zero switching lossesare
independent of theload current. In thisthes's, both a conventiona hard-switched phase
leg and an ARCP phase leg are discussed, a comparison between the lossesin ahard-
switched H-bridge and an ARCPH-bridgeis presented, and an application usng the
ARCP in acurrent-controlledinduction motor is presented.







2. LOSSESIN HARD-SWITCHED INVERTERS

211 Introduction

The ARCPis a soft switching technology which eliminates turn-on and turn-off losses
aswill be discussedin the next chapter. However, prior to examining the elimination of
theselosses, an explanation of the switching lossesof aconventional hard-switched phase
leg is presented herein. Thefirst lossesto be discussedin thischapter involve the conduc-
tion losses associated with thefour statesof a hard-switched phaseleg. Then, theanaysis
of two switching senarios will be exploredin which the turn-on and turn-off 1osses associ-
ated with the transistorswill be discussed.

2.2Hard-Switched Phase L eg

Thecircuit shownin Fig. 2.1 isan exampleof ahard-switched phaseleg. In thiscircuit,
bipolar junction transistors (BJT’s) are used as switches. Although BJT’s are shown in
thisfigure, other solid state devicescan also be used. Examplesof other solid state
devicesthat are typicaly used includefield effect transistors(FET’s), meta oxide semi-
conductor FET’s (MOSFET’s), gate turnoff thyristors(GTO’s), and insulated gate transs-
tors(IGT’s). Analysisof thelossesassociated with each of thesedevice!; can vary grestly;
however, the concept of switching loss which will be explored hereinis universdl.

In thecircuit shown in Fig. 2.1, the positiveand negativedc railsare labeled as +V 4,
and -V 4 respectively. -The-BJT’s arelabelled Q1 and Q2 with their collector currents
denoted asIpq and I g, respectively. The base currents associated with the BIT’s are
labeled Igq and Ig. It will be assumed that the base currents, which are controlled by

independent current sources, will determineif the transistorsare on or off. If the basecur-
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Fg. 21. A hard-switched phaseleg usng BJT's.

rent associated with oneof the transistorsis zero, the associated trans stor will not conduct
and can be omitted from the circuit; therefore, the transistor is considered to be off. The
dc current gain of each transistor is A g whichisdefined astheratioof the collector cur-

I
rent to the basecurrent, I—C' ,inthe activeregion. If thecollector current isassumed to be
B1

I
less in magnitudethanl,,  and the basecurrent is set equal to hm—ax then thetransistor is
FE
in the saturation region of operation ascan be observed from the plot of the collect current
versus the collector to emitter voltage, Vg, with aconstant base current shownin Fig.
2.2 [1]. Fromtheplot showninFig. 2.2, it can be seen that if the transstor is supplyinga

load current which islessthanl,  thenthevoltagedrop acrossthe transistor will beless

than Vo gat Which is gpproximately 2 volts (V) for high-voltageBIT’s. Therefore, the
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Fig. 22 I versus Vg with acongtant Ig.

load voltagewill bewithin 2V dof the potentia of the dc rail to which thetransstor iscon-
nected. Specificaly,
toed = Ve~ VeE st -1
If the source voltageislargecompared to Vg gq4. i.€-
Vdc » VCE, sat (2'2)
then
Viosa = Ve (2-3)
The previousequations gpply only when Q1 ison and the load current is podtive. How-

ever, if theload current is negativeand transstor Q2 isoff, theonly path for thecurrent is
through diode D1. Inthiscase,.

loed = VdC + VDl (2'4)

Typicdly, Vp; ison theorder of 1V whereupon
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Vae> Vi (2-5)
Thus,

toed = Vde (2-6)
It can be seen that the output voltageis approximately equal to V4, when Q1 isonor
when Q2 isoff and the load current i s negative.
If transistor Q2 ison and the load current is negative
Vioad= VCE, sa~ Vde (2-7)

Hence,

Vicad =~V e (2-8)
With Q1 off and the load current positive, theload current mugt flow through diodeD2. In
this case,

Vioad = ~Vac= VD2 (2:9)

Therefore,

Vicad =~V de (2-10)
Hence, when Q2 ison or when Q1 isoff and the load current is positive, theload voltage
isapproximately equd to-Vy,.

The hard-switched phaseleg hasfour gates. Q1 on and theload current i s positive, Q2
off and the load current negative, Q2 on and theload current is negative,and Q1 off and
theload current positive. Ineach of thesestates, theload current isflowing through one of
thefour solid state devicescomposing the phaseleg. With the conduction of current
through these physical devices, thereis an associated power loss. Thisconduction power
loss can be calculated for each state as the product of the load current and the voltage

across the device supplying the current. When Q1 ison and the load current is positive,
the conduction power lossis

PQI, con™ iload ) VCE, sat (2-11)

With Q2 off and theload current is negative, the load current flow through diodeD1 and
introduces aconduction power lossdf
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Ppi,con = ~oad” VD1 (2-12)
In the third state with Q2 on and a negativeload current, the conduction lossis
P2, con = ~hioad” VCE, 12 (2-13)

When Q1 isoff and theload current is positive, the conduction power loss associated with
D2is

Py con= tioad " V2 (2-14)

2.3 Trangstor Turn-on L 0Sses

Two examplesof switching losseswill be explored in thischapter. Both examples
involvethe load voltage being switched from the lower dc rail, -V 4., to the upper dc rail,
+V 4. Inthefirst example, theload current, 1jq4, iSassumed to be postive. In the sec-
ond case, theload current isassumed to be negative. In both examples,theloadis
assumed to be inductive whereby theload current is essentially constant during the
switchinginterval.

Itisassumed that, initialy, theload islatched to thelower dcrail (transistor Q2 ison
and Q1 isoff) and theload current is positive. Although Q2 is gated on, theload current
flows through the diode D2; whereupon, asmall conduction loss, Pps, will be associated
with D2. Thevalueadf diode conduction power lossisthe product of the load current and

theforward voltage drop acrossD1 (gpproximately 1 V). Theconduction energy lossfor
D2 can be calculated as theintegral of the conduction power loss with respect to time, i.e.

Ep, = [Ppydt = Vi, [ijdt (19
With all of theload current flowing through the diode, the transistor Q2 will not have any
conductionlosses. Therefore, theonly lossinitially associated with this state of the phase
leg isthe-conduction lossin thediode.
When the commutation process begins, trangistor Q2 is turned off, and after a brief
delay, transstor Q1 is turned on. Sincetransistor Q2 is switched off under zero current
conditions, there is no power loss associated with Q2 in the turn-off process. However,
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when Q1 isturned on, the load current does not immediately commutefrom diode D2 to
Q1 because the minority carriersin the baseregion of Q1 must be supplied beforeconduc-
tion through Q1 can begin. Asthe base current, Ig,, adds minority carriersto the base of
Q1, thecollector current startsincreasing and displacing the current through D2 as the
source of the load current. Thisincreasein the collector current can be observedin the
simplified plots shown in Fig. 2.3. During thisinterval, both diode D2 and transistor Q1
are conducting; however, with D2 conducting, the load voltageis still clamped to the
lower dcrall. Thisresultsin therail-to-rail voltage being placed acrossQ1 while current
isflowingthrough Q1; thus, alargeamount of power islost in Q1 during this phasedf the
commutation. Thisincressein the collector current, I, and the constant Vogq can be
observed inFig. 23[1,2]. Theresulting power lossin Q1 during thisinterval iSapprox-
imated as astraight lineincreasing to P4« (Fig. 2.3). However, sincecurrentisaso
flowing through diode D2 during thisinterval, thereis an additiond loss term associated
with the conduction of somedf the load current through D2.

Thesecond interva of high loss begins when the collector current of Q1 displacesdl of
the diode current whereupon theload voltage switchesfrom the lower rail to the upper
rail. During thisswing, transistor Q1 conductsal of theload current and the load voltage
isgoing from therail-to-rail voltageto Vg ¢4t (Fig. 2.3). Hence, the product of the tran-
sgtor current and the collector-to-emittervoltageislargeduring thisinterval and may be
approximated as a straight line going from P a 10 Peon.

Theenergy lossassociated with the turning on of transistor Q1 isthe integrd of the
power lossduring turn-on. Thislossisdivided into two parts: thelossin Q1, and the con-
duction lossin D2 during commutation. Theenergy lossin Q1 isapproximated asthe
area of thetrianglein the power lossdiagram (Fig. 2.3) [1].

1 1 .
EQI. wmon — ipmaxtr = 2 (2Vdclload) tr (2-16)

The time required to complete the turn-on processiscaled therise time, ¢, Thecurrent
flowing through D2 during the commutation of the load currentis
Ip; = b Iy (2-17)
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Fig. 2.3. Smplified turn-on switching wavefor msfor a typical BIT.
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The diode current can be approximated as a straight line goingframa value of Zjy,4 t0

zeroinatimeof %tr . Therefore, theenergy |oss associated with the conduction of current

through D2 during the commutation of theload current can be expressed as

1. 1
Eps, tumon = (Elload)VD2(§tr) (2-18)
Thus, the total turn-on energy lossis
1 . 1. 1
Etumon = 5 (2Vdclload) tr + (Elload)VD2(§tr] (2-19)

When the |oad voltagereachesthe upper rail, the switching sequenceiscomplete. The
only lossduring this phase isthe conduction lossin transistor Q1. This lossissmall
because thetransistor isin the saturation region where the collector-to-emittervoltageis
VeE sat - Theconduction energy lossfor Q1 is

EQ con = |Poon = VCE, satf bioast (2-20)

24 Trandgtor Turn-off L ose=s

In thisanalyss, it isassumed that theload current isinitially negative and theload volt-
ageisto be switched f r orthe lower rail to the upper rail. With anegative load current
and theload voltageinitially latched to thelower rall, transistor Q2 suppliesthe load cur-
rent. Initialy, the only lossassociated with thisphaseleg isthe conduction lossin transis-
tor Q2. The conduction energy lossfor Q2 is

EQ2, con = IP det = —VCE, satJ-iloaddt 2-21)

The energy loss has a negative sign in the third term because theload current is negative
in this-example-and the-energy-loss is alwaysconsdered to be positive. The collector cur-
rent, I 09, the collector-to-emittervoltage, Voge, and the conduction power lossfor Q2

can beobservedin Fig. 24 [1,2].
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2Vge —— N

VeE2

iload
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Fig. 2.4. Simplified turn-off switching waveformfor a typical BJT.
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In order to switch theoutput voltage, transistor Q2 is switched off and after a brief
delay transistor Q1 isgated on. However, due to thefact that minority carriers are till in
the base of trangistor 42, the collector current remainsconstant initially. As the minority
carriersarecollected, the minority carrier concentrationin the base will begin todiminish.
Consequently, the collector-to-emitter voltagefor 42, Voge, Will start toincrease. Asa
result of the inductive naturecof theload, the collector current will remain constant until
Vg2 reachesavaueof 2V,.. Therefore, during thisperiod of the switching, thereissig-
nificant power being dissipated in transistor Q2 because theload current isflowing
through Q2 and the voltageacross Q2 isreaching 2V4.. Thisincreasein Vpge during
which I o is constant can be observed in Fig. 2.3 dong with the increasing power loss
associated with thisinterval.

Once Vgg reachesavauedf 2V, diodeD1 becomesforward bias and beginsto
assumepart of theload current. Thiscommutationof the load current from Q2 toD1
causesI g todecrease. During thisdecrease, thereis still large amountsof power being
dissipated in transistor 42. In addition, thereis also a power lossassociated with the con-
duction of current through diodeD1.

Theenergy lossassociated with the turn-off processof transistor Q2 isexpressed asthe
sum of theenergy lossin Q2 and the conductionenergy lossin D1 during the commuta
tion of theload current from Q2 toD1. Theenergy lossin Q2 can be approximated asthe
areaof thetrianglein the power lossdiagramfor Q2 (2-22) wheret, is called the commu-
tation time[1].

1 1 .
E g tumnit = Q(Pmﬂ‘tc) = ‘5(2Vdc’1oad) t, (2-22)

During the commutation of the load current, thediode current, Ipq, can be expressed as

Ip; = Igy—iu (2-23)
With anegativeload current and IC1 going from avalueof -iload to zero, the diode cur-
rent can be approximated as astraight line going from zero toiload. Therefore, the con-
duction energy loss associated with the commutation of theload current can be
approximated as the product of the averagediode current, theforward diode voltagedrop,

e
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and thetimeof thecommutation, %tc .
E = (Rt Vi [ 2t 2-24
D1, mmoff = | "3t10ad ¥ D1l 3% (2-24)
Thetota turn-off energy lossis
1 . 1. 1
E ot = ~ 75 (2V getioad) tc+(_§lload)VDl(§tc) (2-25)

When al theload current is conducting through D1, thecommutation of the load cur-
rent from Q2 toD1 iscomplete. The only power lossin thisfinal stateof the switching
sequenceis the commutation loss associated with diode D1. The conduction energy loss

forDlis
EDl,con = JPDldt = —VDljiloaddt (2'26)
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3. ANALYSISOF ARCPPHASE LEG

3.1 Introduction

An analysisof an ARCP phaselegis presented in this Chapter. This analysis begins
with adescription of the ARCPcircuit. Theswitchingof the load voltage from the lower
rail to the upper rail is then explored for three seperatecases. commutation from adiode,
commutation from a transistor with low load current, and commutation.from a transistor
with high load current. Theelimationof the switchinglossesisdiscussed in each case.

3.2 ARCP Circuit Description

A circuit diagramof the ARCP phaselegisillustratedin Fig. 3.1 [3]. The ARCPcon-
tains snubber capacitors C, between theload and thedc rails. The snubber capacitors
servethe purposecof holding thevoltage acrossthe switchesconstant during turn-off. This
enables the switch being turned-off to have zero voltage acrossit during turn-off; thus,
eliminatingswitchinglosses. The ARCP dso includesan auxiliary circuit connected
between thedc neutral and phase connection. The auxiliary circuit helpsenablethe load
to be siwung to the oppositerail toinsure zero turn-on voltage. If the auxiliary circuitis
not included, then thereisaload current constraint to insure zero turn-on voltage.

3.3 Low-to-High-Commutation-From Diode

An example of an ARCP single phaseleg commutation will now be examinedin the
case were theload will be switched from the lower rail to the upper rail with thediode D2
initialy conducting. Initially, theload isconnected to thelower dc rail and switch S2is
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' #F -HJ C
dChe r—————=— - D1/\ K31 ::__2_r
A& S Lel

Cyc Auxiliary Circuit D27\ K2 ZZ57|"f
Y-

Fig. 3.1. TheAuxiliary Resonant Commutated Pole (ARCP).
onasillustratedin Fig. 32 (state1). With the lower switch gated on, the capacitor C; hes
adc voltageacrossit. Therefore, the capacitor voltage, Vg, will be constant and the gov-

erning differential equation for thisstateisshownin (3-1). Sincethe auxiliary circuitis
gated oOff, the auxiliary current, i, is zero. Thedifferential equation describingthe auxil-

iary currentin state 1isshownin (3-2).
pVy =0 (3-1)

pi, = 0 (3-2)

< +

lioad

Fig. 3.2. Circuit diagramof ARCPin state 1.
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Upon request to switch to the upper rail, theload current ischecked. Sincethediodeis
assumed to be conductingin thisexample, the auxiliary switch A2 isgated on. When A2
is gated on, the auxiliary circuit's inductancedoes not alow the auxiliary current, i,, to
changeinstantaneoudly; hence, the current through A2 remainszero while the gateis
being turned on which eliminates|ossesassociated with the turning on of A2. With A2
gated on, theauxiliary circuit isintroduced to thecircuit asillustratedin Fig. 3.3 (State?2).
In state 2, L,. hasadc voltage acrossit resulting in the auxiliary current ramping up lin-

early asdescribed by (3-4). Thevoltage V4, remainsacrossthe capacitor Cy in thisstete;
thus, the governing differential equation for the capacitor voltageis given by (3-3).

+
}Iic Cl :: Vcl
2 ) -
_>l" iload
Y —
L
Vae '
2

Fig. 3.3. Circuit diagram of ARCPin state 2.

pVg, = 0 (3-3)
. Vdc
pi. = 3L (3-4)

Thisincreasein i, displacesthediode current causing theload current to flow through the
auxiliary circuit. When i, exceedstheload current, the excess current flows through

SWitch S2, i,. - 1j9a9- When the auxiliary current exceeds theload current plusa boost cur-
rent, i10ad T iboost, the switch S2is gated off. The boost current acts to give the auxiliary
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circuit additional energy to help insure that the load will swing completely to the upper
rdil; thereby, achieving zero voltage turn-on.

Although S2 is gated off, the current through S2 will not immediately go to zero; there-
fare, if the voltage across S2 isalowed to immediately swing to the upper rail, there will
be power loss in the switch because the power lossisthe product of the current through
the switch and the voltage across the switch. The capacitorsare used to diminate this
loss. Since the voltage across a capacitor cannot change instantaneously, the capacitors
hold the voltage across S2 a zero until the currentin S2 goesto zero; therefore, the prod-
uct of voltage timescurrent for the switch is zero.

With both switchesoff and the auxiliary circuit on, theARCPcircuit entersstate 3 (Fig.
3.4). Sincethe load isinductive, theload current is assumed to be constant during a
switch; therefore, the excess auxiliary current flowsinto the snubber capacitors. This
places positive charge on the upper plate of the lower capacitor and on the lower plate of
the upper capacitor. Thischarge causes the load voltage to begin toincrease. The auxil-
iary current will continue to increase until the load voltage exceeds the dc neutral voltage
then causing the auxiliary current to decrease. When the load voltagereaches the upper
rail dc voltage, the diodeD1 will becomeforward biased and switch S1 is gated on; hence,
theload islatched to the upper rail.

+
7 —t
Yae c,_= V,
2 i - _
_ tioad
Y Y™\ —
LI'

2 C,—

Fig. 34. Circuit diagramdf ARCPIn state 3.
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Thedifferentia equationfor Vi, in state 3 can be derived by writing Kirchoff’s Cur-
rent Law (KCL) a the load node (3-5) and Kirchoff’s VVoltage Law (KVL) around the
capacitors and the dc voltage sources (3-6).

i, +C (PVe) —Co(pViy) —ijpeq = 0 (3-5)
Vet Ve =V (3-6)
A relationship between pV ., and pV ,, can beestablished (3-7, 3-8) by taking the
derivativedf both sdesof (3-6).
Pp(Vg,+Vey) =0V, =0 (3-7)
PVer =PV, (3-8)

Substituting (3-8) into (3-5) and smplifying yieds the differentia equation for Vioq
shown in (3-10). Thedifferential equation describing i, in state 3 can be derived by Im-
plifying the KV L equation around the loop including the auxiliary circuit, C, and the
upper dc voltage source (3-9, 3-11).

V—d°+L(i) V. =0 (3-9)
2 r p v C1
_ lioad I
PVer = T e, (3-10)
V VdC
Cl "5
pi, = Tz (3-11)

When diode D1 isforward biased and switch Sl is gated on, the snubber capacitors
insure that the voltage across S1 remains zero; thereby, eliminating any turn-on lossin
switch S1. With theload latched to the upper rail, the auxiliary circuit has a negeative volt-
age acrossit. Therefore, theauxiliary current will linearly ramp down as described by
equation (3-13).-With switch S1-gated on, the capacitor voltage Vo isheld a zero; thus,
thederivativedf the capacitor voltage will also be zero (3-12).

PVe =0 (312
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Fig. 3.5. Circuit diagram of ARCPin date 4.

Vdc
pi = —==F (3-13)
r 2L,
When the auxiliary current reaches zero, switch A2 isgated off. Since thecurrent
through A2 is zero when switch A2 isgated off, thereisno switching lossesassociated

with A2.

i cl

lload

Fig. 3.6. Circuit diagram of ARCPin date 5.
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When A2isgated off, theauxiliary circuit is taken out off thecircuit:and thefinal state
isreached with the load being latched to the upper rail. With theauxiliary circuit
removed, the auxiliary current is zero; hence, the derivative of the auxiliary current will
also be zero(3-15). Since switch S1isstill latched on, the derivative of the capacitor volt-
age will remain zero (3-14).

pVe, =0 (3-14)
pi, =0 (3-15)
A computer simulated plot of the upper capacitor voltage Vop and the auxiliary current

i.isshownin Fig. 3.7 for aswitchfrom low to high with thediode initially conducting.

The ARCP parameter values used in the simulation werederived from[3] and arelistedin
Appendix A. The computer code used in the simulation was written in Advanced Contin-
uous Simulation Language (ACSL) and is shown in Appendix B. Fronnthe graph, the
individual switching states can be observed aong with the transition points between
states. Initially, thecircuit islatched to the lower rail and the auxiliary circuit is off (state
1). When the auxiliary circuit is gated on, the auxiliary current beginsto increase; thus,
representing the transitioninto state 2. When theauxiliary current exceeds the sum of the
load current and the boost current, state 3 isentered. In state 3, the load voltage,

V.- Vey - isswung from thelower rail to the upper rail. Upon the load voltage reach-

ing the upper rail (V, = 0), thecircuit passesinto state 4. In state 4,,the auxiliary cur-
rent decreases linearly. When the auxiliary current equals zero, state5isreached. The
capacitor voltage, V, , isnot constant during states 2 and 4 as discussed earlier because

in the ssimulation the diodes and switches were not modeled asideal; thus, a small devia-
tion was introduced.

3.4 Low-to-High Commutation From Switch, Low Current
In the second example of an ARCP singleleg commutation, it isassumed that theload
voltageisto be switched from thelower to upper rail with switch S2 initially conductinga
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Fig. 3.7. ARCP commutation low-to-high from diode.

small current. The governingdifferential equationsdescribing each state are the same as
in the previousexample.

Initidly, theload islatched to thelower rall (state1). When the ARCP phaselegis
commanded to switch to the upper rail, theload current ischecked. Sincetheload current
is assumed to beflowing through the switch, the magnitude of the current iscompared
with athresholdvalue. Inthiscase, it isassumed that thecurrent islessthan the threshold
value; therefore, the load does not contain enough energy to overcomelosses todrivethe
load to the oppositerail without theintroduction of the auxiliary circuit. Thus, the auxil-
lary circuit is turned on by gating switch A2 on.
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With theauxiliary circuit gated on, thecircuit isin state 2. The auxiliary current will
ramp Up dueto thedc voltage placed acrossit. When the auxiliary current reachesthe
valueof the boos current plustheload current, theauxiliary circuit has substantial energy
todrivetheload to the oppositerail. Therefore, thelower switch, S2, is gated off. The
snubber capacitors prevent switching lossesin $2 because the capacitors hold the voltage
across the switch to zero while the switch current diminishes.

State 3 isentered after turning off switch S2. The load current and the auxiliary current
will charge the snubber capacitors; hence, driving theload voltageto the upper rail. When
the load voltage reachesthe upper rail, thediode D1 will become forward biased and will
stop further charging of the capacitorsby conducting theexcesscurrent. When thediode
becomes forward biased, the switch S1 isgated on with zero volts across the switch;
thereby, preventing any turn-on lossesin S1.

When the load voltageisequa to the upper rail, state 4 isobtained. The auxiliary cir-
cuit hasa negative voltageacrossit. Therefore, the auxiliary current will ramp down.
When the auxiliary current reaches zero, switch A2isgated off to disconnect theauxiliary
circuit. With zero current through A2 during turn-off, switching lossesiissociated with A2
areavoided. Theloadisnow latched to the upper rail and theauxiliary circuit isremoved;
therefore, the commutation is completed and thefina state, stateb, isreached.

The upper capacitor voltage, V -, and theauxiliary circuit, i, are plotted in Fig. 3.8 for

commuitation from the switch in thelow-current case. Commutationfrom the switch at
low current levelsissimilar to commutation from the diode except that:the auxiliary cur-
rent does not have to becomeaslarge in the switch example. Thisisbecause theload cur-
rent aids the commuitation process when the switchisinitially conducting and hinders
commutation when the diodeis initially conducting.

3.5 Low-to-High Commutation From Switch, High Current

Thefind case to be exploredinvolves switching of theload from thelower to upper rall
with the switch initially conductingacurrent larger than the threshold current. Initidly,
the load islatched to the lower rail and thecircuitisin state 1 (Fig. 3.2). For aswitch
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Fig. 38. ARCP commutation low-to-high from switch (low current).

from thelower rail to the upper rail when switch S2 isconductingacurrent larger than the
threshold value, the auxiliary circuit does not need to beincluded in the switching
sequence. Thisisaresult of theload inductor have sufficient energy to overcome any
switchinglosses and drive theload voltageto the oppoditerail. In thiscase, theARCP
actsexactly like a snubber circuit, because switch S2 is gated off without introducing the
auxiliary circuit.

OnceS2 is gated off, date 6.is entered. .In state6, theload .currentcharges the snubber
capacitors and drives the load to the upper raill. When the load voltagereaches the upper
rail, diode D1 isforward biased and switch Sl is gated on under zero voltage conditions.
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Fig. 39. Circuit diagram of ARCPin state 6.
Thedifferential equation characterizingVey in state 6 can bederived exactly asin state

3 with the auxiliary current neglected (3-16). Sincetheauxiliary circuitis not gated on in
state 6, thederivativedf the auxiliary currentis zero (3-17).

1
pVe = W|oad - (3-16)
pi, =0 (3-17)

With the load gated to the upper rail, the switching trangtion is completed. and thecir-
cuitisin sate5 (Fig. 3.6).

A plot of the capacitor voltage, Ve, is displayed in Fig. 3.10. Sincetheloadis
assumed to beinductive, theload current is assumed to be constant over aswitching cycle.
Tlherefore, during state 6 the capacitor voltage decreaselinearly until thediode D1 isfor-
ward bias and conductstheload current.

3.6 Smulation of ARCP PhaseLeg

The equations describing the ARCP phase leg have been implemented digitally usng
the Advanced Continuous Simulation Language (ACSL). The ACSL. sourcecodeis given
in.Appendix B. The ARCP phaseleg switch command isgiven by the ACSL variable
SWl, When swl = 5, theoutput voltageis connected to the upper rail (state5) oris
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Fig. 3.10. ARCP commuitation low-to-high from switch (high current).

switching to the upper rail. Likewise, whenswl = 1, theoutput voltageis connected to
thelower rail (state 1) or is switching to thelower rail. Thederivativesodf the statevari-
ables are dependent upon the present state of the phaseleg. The present Sateis given by
thevariablestatel. Logicis used todetect achangefrom one sateinto the next Sate,
a whichaflagisset. Thisflagcallsadiscrete block which changesstatel toitsnew
vidue, callsadatafile tolog the present valueof all the prepare variable, and resetsthe
vidueof theflag. Discrete blocks were used for changesin state becausethis alowed the
state equationsto be changed at discreteinstancesin time. With aswitching frequency of
20 kilohertz, 1.36 secondsof central processor timeon aSun Sparcdtation 5 were required
to run the computer smulation for 5 milliseconds. Computer udiesinvolving theARCP
phase leg are described in subsequent chapters.
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4. ANALYSISOF ARCP H-BRIDGE

4.1 Introduction

A comparison of lossesis made between an H-bridge circuit using conventiona hard-
switched phaselegs and an H-bridge circuit usng ARCP phaselegs. Prior to discussing
the losses, an H-bridge circuit isdiscribed dong with the pul se-width-modulation control
used in thisstudy. Anayssof the ARCPH-bridgeis aso presented herein.

4.2 Circuit Description and Pulse-Width M odulation

An H-bridgecircuit isaload connected between two phaselegs. An exampleof an H-
bridge usng ARCP phaselegsis shown in Fig. 41. Theload voltage, vjgag, in a0 H-
bridge can be swung from +V 4, to-V4,.. A positiveload voltage can be achieved by hav-
ing thefirst phaseleg latched to the upper rail and the second phaseleg latched to the
lower phaseleg. A negativeload voltagecan beobtained by having thefirst phaseleg
latched to the lower rail and the second phase leg latched to the upper rall.

Many control strategies may be used to control the load voltage or load current. In this
chapter, pulse-width modulation (PWM) will be usesto control theload voltage. In
PWM, acontrolled sinusoidal waveform which oscillatesat the fundamental frequency of
theload, fl (1 kHz), iscompared with atriangle wave whose frequency ison the order of
ten timeslarger thanf| to determine whether theload voltageis high or low. If the con-
trolled waveformislarger than the mangle wave, theload voltageis switched postive. If
the controlled waveform becomes smdler than the trianglewave, the load voltage is
switched negative. Plotsshowing the controlled waveform, the mangle waveform, and
the load voltageare shownin Fig. 4.2 [4].
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Auxiliary Circuit 2

Fig. 41. H-bridge usng ARCP phase legs.

4.3 H-Bridge LossAnalysis
In this section, acomparison is made between the lossesof ahard-switched H-bridge

and an H-bridgeusing ARCPphase legs. In the standard hard-switched converter, the

losseswill be conductionlossesof the transistorsand diodes and the switching |ossesin

%

thetranastors. However, in the ARCPconverter, the switching lossesin the transistors

arediminated at thecost of introducingconduction lossesfrom the auxiliary circuits. The

energy lossin the hard-switched converter isexplainedin detailed in Clhepter 2 with the

equations describing thelosses shown in (4-1) through (4-4).
Ep = [Ppdt = Vp[i,dt

EQ, con — J.Pcondt = VCE, sat_,.iloaddt

iload)VDZ(

1 .
Etumon = 2 (2Vdclload) i+ (

1 .
Etumoff = 2 (2Vdclload) tc + (

iloadj Vm(

@1)

@2

(4-3)

(a-4)

In the ARCP converter, the conductionlosses will be the same; however, the switching
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Fig. 42. vy4aq versus time and PWM waveforms.
losses shown in (4-3) and (4-4) are replaced by the auxiliary circuit conduction 10ss (4-5).

Eomeon = |Pascondt= V. E, su| 1,00t 4-5)
Plots of the energy lossduring onecycle usng PWM and an H-bridgewith aresistive
and inductive-load for-both the hard-switched example,l os shs, and the ARCPexample,
lossarcp, aeshownin Fg. 43. In thisexample, the turn-on commutation interval, £,
and the turn-off risetimeinterval, ¢,. were both sat equa to 5 ps which isatypica vaue
for high-power transstors. From the plot, it is shown that through one PVM cyclethe
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Fig. 4.3. Energy lossesfor hard-switched and ARCP converters.

ARCP H-bridgediss pated about one-nineth the amount of energy of the hard-switched
example usad. Thisdrastic savingsin energy, not only allowsthe application to be more
efficient, but also alows the switching circuitry to be reduced is Size becausedf the elimi-
nation of heat Snks. Thisreduction in Sze makesthe ARCP technology extremely useful
in applicationswere size constraintsare the mgjor drivingfactors.

Potsof the capacitor voltage, V1, and the auxiliary circuit current, i1, are shownin
Fig. 4.4. The capacitor voltage and auxiliary current for the second phase leg isshown in
Fg. 4.5. The plotsshow that the auxiliary circuitsare only on during acapacitor voltage



-31-

250

VC1
100

100 -50

EC’III[J]l,I

-100

0.000 0.202 0. 404 0.606 0.808 1.0
T #1073

Fig4.4. ARCPH-bridgeexample, Vo and i,; versustime.

swing. Therefore,the only time the additiond circuitry introducesconduction lossesis
during theswitchinginterval. Sincethe auxiliary circuitsare turned on during every
switching interval, the high current switchingcase of the ARCP, which dlows the voltage
to swing from onerail to the oppositerail without theintroduction of theauxiliary circuit,
IS not entered.

Plotsof theload current, ija4, and theload voltage, vigag, for the RL-load are shown
inFig. 4.6. From theplot of theload current, the fundamental frequency of theloadis
shown to be1 kHz. Thisisthesamefrequency of the control sinusoidal wave used in the
PWM control.
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5. ANALYS SOF ARCP THREE-PHASE

5.1 Introduction

In this chapter, a variable-speed drive system which includesa three-phase ARCP
inverter, acurrent controller, and an induction motor, isdescribed. A computer smulation
of thissystem has been implemented usng ACSL. Resultsof acomputer study using the
variable-speed drive system are presented herein.

5.2 Description of ARCP Three-PhaseCir cuit
A block diagramof the system configuration studied isshown in Fig. 5.1. Thecurrent

controller isdepictedin Fig. 5.2. Therein, i, and i%,~ are thecommanded currentsin
the synchronoudy rotating referenceframe. The speed of the synchronous reference

frame isgiven by ®,. The synchronousreference frame variablesare transformedinto

the stationary reference frame by
[ cos©, ]
las* e * .e ¥
. = °g°|tas | = cos[@ —-2—) s1n( ——n) Lgs 1
O e N 3 3|7 G-
. l i
Log™ de cos(@ +2T) sm( %’t) de

The actual as, bs, and es currents(i,, , i, , and i, ) are then subtracted from the corn-

manded as, bs, and¢s currents (i, *, i, *, and i *) to produce an enror value Z, for

each phase [4]. If theerror valueislarger than ahysteresisvalue, the switch signal for
thiit phase (SW,, SWy, or SW,,) will command that phaseleg to switch to the upper rail in
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order to increase the current of that phase and to reducethe error value. If theerror value
becomes more negative than a negative hysteresisvalue, the switch signal for that phase
will command the phase leg to switch to the lower rail; thus, the phase current will

decreaseand the error value will become smaller in magnitude.

_lqs SW, Vag

i;s* Current | sw, | ARCP [Y& Induction
- _’m Control —E% Inverter | Ve Motor
e g

i i i
as| bs| ‘es

Fig. 5.1. Three-phaseexampleusing ARCP inverter:

The switch signalsSW,,, SW, and SW,, are usad to control thea, b, and ¢ phaselegs

of theinverter, respectively. A circuitdiagramaf theinverter usng ARCP phaselegsis
shown in Fig. 5.3. Theinverter isidentical to aconventional inverter except for the auxil-
iary circuit and the snubber capacitorsassociated with each phase. The output voltagesof
the phaselegsis used as the three-phaseinput voltagefor theinduction motor. Thesevolt-
agesar e the voltages between the output phaseleg and thelower rail of theinverter. Since
the neutral of theinduction motor isinternal to the motor, the neutral voltagev,, is not

equal tothelower rail voltagevg of theinverter. Therefore, toobtainv, Vg, and veg for

thei nduction-motor-the-foll owinga gebramust .be applied [5].

1
Vpg™ Vp— V= §(vag+vbg+vcg) (5-2)
v..=U__—U ’ (5-3)

as ag ng
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Fig. 5.2. Current control block diagram.
Vps = Upg—Vpng (5-4)
Vg = Uog—VUpg (5-5)

With v, Upg, 8Nd U, asinputsto the induction motor the phase currents(iyg, ips, ad ies)

can becalculated [S]. These phasecurrentsserve asinputsto the current controller.

5.3 Computer Study
In this study, the steady-state characteristicsof the three-phase system shownin Fig.
5.1 areestablished by computer smulation. The parametersof an ARCP phaseleg ae
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givenin Appendix A with the parametersof theinduction motor listedin Appendix C[5].
It is assumed that theinduction machineis operating a hdf of rated or base frequency
(188.5 radian per second (rad/s)); therefore, the required line-to-neutral voltage i s approx-
imately 133 V rmsto producerated torque. Therated dipis0.05278. Hence, therotor
speed for thisstudy is set to aconstant valueof 178.6 rad/s.

Plotsof thesmulated current i, and the commanded current i, * are showninFig.

5.4. Theseplotswere madewith ahysteressvaueof 7.5 amperes(A) or atolerance-band
of 15 A [4]. The smaller thetolerance-band, the more closdly the actua currentswill
track the commanded currents. However, with this smaler tolerance-biind, the switching
frequency of the phaselegswill increase because o theincreased restrictionson the con-
trols.

The upper capacitor voltage and the auxiliary circuit currentfor thetz-phaselegis
shown inFig. 5.5. Each spikein theauxiliary current corresponds to commutation from a
diode or commutation from aswitch in the low-current switch in thea-]phasdeg.
Although the capacitor voltage waveform appears to be a square-wave with instantaneous
switching, thisisaresult of the time scale being too large to observethe soft-switching
transitionsof the capacitor voltages asdiscussedin Chapter 3. From the plot of the capac-
itor voltage, it can be observed that the switching frequency of the phase leg does not
remain constant. Thisisresult of the switching frequency depending on how fast the cur-
rent changesfrom one sidedf the tolerance-band to the other, which is not constant due to
ther dependenced the current changeson V.., the back-electromotiveforce, and the load

of theinduction motor [4].
Comparing i, from Fig. 5.4 with theauxiliary circuit current for the a-phasein Fig.

5.5, adependenceadf phase current on the auxiliary current can be examined. When the
phase current is smaller than the threshold valuefor the ARCP (60 A), every switchisin
the low-current case.-- In this case the auxiliary current-spikesoscillate from postive to
negativesinceone of the commutationsisfrom adiode and the other from aswitch. In
the other case, were the phase current is positive and larger than the threshold vaue, every

auxiliary current spikeis postive. Thisisaresultof the commutation from the switch
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Fig. 54. Plotsof iys and iy versustime.

(upper-to-lower transition) not requiring the auixiliary circuit to be turned-on. Therefore,
the spikesareall resultsof lower-to-upper trangtions when the current is commutating
from the lower diode. When the phasecurrent is negativeand larger in magnitude than
the threshold voltage,-all-of the-auxiliary current spikesarenegative. This isfor thesame
reason asin the previous case except that commutationis from the upper diodein this
case.

Plotsof the stator voltages(,  vps, andv,) for theinduction motor areshown in Fig.
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Fig. 5.5. Auxiliary circuit current, .1, and capacitor voltage, V¢, for thea-phase.
5.6. Thepesk valueof the gator voltagesis 133V, two-thirdsof therail-to-rail voltage of
the ARCP. Thisvalueiscomparableto the rms voltagefor theinduction motor a half
Speed.
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6. SUMMARY

In thisthesis, the ARCP phase leg was described and andyzed. For purposesof cont-
parison, the switching and conduction lossesdf aconventiona hard-switched phase leg
were asodescribed. Losses associated with hard-switchinginclude conduction loss and
sviitching loss associated with transistor turn-on and turn-off. In an ARCP phaseleg, dl
switching lossesare diminated by turning transstorson and off under either zero current
or zerovoltage conditions. Thisis accomplished with theintroductiondf an auxiliary cir-
cuit which aids the commutation process. With the switchinglossesdliminated, theonly
lossesin an ARCP phaseleg involve the conduction lossesin the phaseleg and in theaux-
iliary circuit.

The switching sequenced the ARCP and the corresponding state equations are
described in detail in thisthesis. Based upon these state equations, computer moddsd
the ARCP and hard-switched phaselegs were devel oped and implemented usng ACSL.

A computer study was performed to compare thelossesdf ARCP and hard-switched
switching strategies. In the sudy, an H-bridge usng conventional PWM was andyzed
using both typesof phaselegs and a comparison was made between the energy lossin
both cases. It was shown that the ARCP, by diminating switching losses, used gpproxi-
mately one-ninth the energy per PWM cycle of the hard-switched converter.

Findlly, a variable-speed induction motor drive system using athree,-phaseARCP
inverter was Smulated. Thedependenceof an ARCP phaseleg's auxiliary current on the
phase current-waspresented-a ongwitha-discussion on.the relationship between current
control parameters and switching frequency.
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APPENDIX A
ARCP Parameters

TableA.l. ARCP parametersused in smulation.

ARCP Parameter Védue usad in smulation
Upper Capacitor, C¢ 0.159 pE
Lower Capacitor, Cq 0.159 uF
Resonant Inductor, L, 0.159 uH
Threshold Current, iy, 60A
Boost Current, ipoost 30A
Rail-To-Rail Voltage, V 4, 200V
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APPENDIX B

Advanced Continuous Simulation L anguage Code For ARCP PhaselL eg

I Program ARCP phase |eg

I Purpose: To simulate an ARCP phase | eqg.

I Programmer: Eric Walters

I Date: January 17, 1995

i ncl ude 'MACROS/leg.mac'

i ncl ude ' MACROS/ per 2. nac!

i ncl ude'MACROS/err3.mac’

i ncl ude ' MACRCS/ st changel .mac'
PROGRAM ar cp

| NI TI AL
CONSTANT iload=0.0 I | oad current

i -.—-Load paraneters and DC vol tage paraneters----

CONSTANT Vdc = 200.0 I DC vol tage

!---Switch -variables-—--—-------------—————————— -

| NTEGER sw1




!

-47 -

CONSTANT maxmaxt = 1.0e-5
CONSTANT m nnmaxt = 1.0e-8
END ! of initial
DYNAM C
MAXTERVAL nmaxt = 1.0e-5
M NTERVAL mint = 1.0e-9

CONSTANT tstop = 1.0e-3
TERMT (t.ge.tstop)
ALGCORI THM ialg = 3
Cl NTERVAL cint 1.0e-3

DERI VATI VE nai n
SCHEDULE st at echangel .xXp. intxzerol

MV oad = Vdc - \c

err3(1,xzerol)

per (SW1)

| eg(1,il oad, SW1)

END ' of derivative

.-- Discrete block to change state and to change maxt --

Dl SCRETE st at echangel
stchange( 1, xzerol ,intxzerol, statel,SW1,nextstatel)
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END 11 of discrete

END ! of dynamc

END ! of program

' --- MACRO for an ARCP leg -—---=-=—-=——-—=——————-

I PROGRAMVER: Eric Walters

! DATE January 17, 1995

include 'MACROS/buffer.mac’

MACRO LEG(z,i | oad, SW)

I NI TI AL

| NTEGER nextstate&z, state&z

nextstate&sz = 1

state&z = 5

xzero&z = -1.0

Iflag = -1

CONSTANT Cl&z = 0.159e-6 ! capacitor 1 voltage
CONSTANT C2&z = 0.159e-6 ! capacitor 2 voltage
CONSTANT Lr&z = 0.159e-6 ! resonant inductor

CONSTANT ith&z = 60.0 ! threshol d current | evel
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OONSTANT iboost&z = 30.0 I boost current level
CQONSTANT Rswitch&z = 0.05 I switch resistance in near

volt. case

QONSTANT vc&z&ic = 0.0
QONSTANT iric&z = 0.0

END ! of initial

LHEDULE statechange&z .XP. xzero&z ! calls discrete

block with

I zero crossing of xzero

Vc&z = INTEG(pVc&z,Vc&z&ic) I Capacitor voltage inte-
gration

ir&z = INTEG(pir&z,iricé&z) ! Resonant current integra-
tion

buffer(z,vVc&z,ir&z)

! err(z,xzero&z)
t-.—— Procedural to produce zero crossings for sclhedule calls

PROCEDURAL (xzero&z, nextstate&z=...
iload,Vcé&z, state&z, ir&z, SN, ith&z, iboosté&z, pVec&z, Vdce)

xzero&z = -1.0

nextstate&z = 1




-50 -

|F (state&z .NE. SW THEN
&0 TO (N&z&l,N&z&2,N&z&3,N&z&4,N&z&5,N&24&6), states&z
N&z&l.. |F (iload .GT. -ith&z) THEN

nextstate&z = 2
xzero&z = 1.0

ELSE
nextstate&z = 6
xzero&z = 1.0

END | F

Q0 TO loopends&z

N&z&2.. IF ((ir&z.GT. (iboost&z+iload)) . AND. (SWEQD5))
THEN
nextstate&z = 3

xzero&z = 1.0

END | F

IF ((ir&z .GE. 0.0) .AND. (SW .EQ. 1)) THEN
nextstate&z =1
xzero&z = 1.0

END | F

QO TO loopendé&z

N&z&3.. IF ((vcez .LE. 0.0) .AND. (SW .EQ. 5)) THEN
nextstate&z = 4

xzero&z = 1.0
END | F




N&z&4..

N&z&5..
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|F ((pVc&z .GE. 0.0) .AND. (SW .EQ. 5)) THEN
nextstate&z = 4
xzero&z = 1.0

END I F

IF ((Vc&z .GE. Vdc) .AND. (SW .EQ. 1)) THEN
nextstate&z = 2
xzero&z = 1.0

END I F

IF ((pVc&z .LE. 0.0) .AND. (SW .EQ. 1)) THEN
nextstate&z = 2
xzero&z = 1.0

END | F

& TO loopendé&z

IF ((ir&z .LE. 0.0) .AND. (SW .EQ. 5)) THEN
nextstate&z = 5
xzero&z = 1.0

END | F

IF ((ir&z .LT. -iboost&z) .AND. (SW .EQ. 1)) THEN
nextstate&z = 3
xzero&z = 1.0
END | F
GO TO loopendé&z

IF (iload .LT. ith&z) THEN
nextstate&z = 4

xzero&z = 1.0
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ELSE
nextstate&z = 6
xzero&z = 1.0
END | F
GO TO loopend&z

N&z&6. . IF ((Vc&z .GE. Vdc) .AND. (SW .EQ. 1)) THEN
nextstate&z =1

xzero&z = 1.0
END | F

IF ((vc&z .LE. 0.0) .AND. (SW.EQ. 5)) THEN
nextstate&z =5

xzero&z = 1.0

END | F
loopendé&z..CONTINUE
END | F

END ! of procedura

| ---Procedural to set the derivatives of ir and Vc based on

the st ate-

PROCEDURAL (pVc&z,pir&z=...
state&z,iload, ir&z,vVc&z,Vdc,Rswitch&z,Cl&az,C2&2z,Lr&z)

GO TO (M&z&l,M&z&2,M&z&3,M&2&4,M&265,M&2&6), state&z

M&z&l.. pVc&z=0.0
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pir&z=0.0
! ir&z=0
1 Ve&z = 200

GO TO psetendé&z

M&z&2.. pVc&z=((iload-iré&z)+ ((Vdc-Vcé&z) /Rswitch&z))/
(Cl&z+C2&2)

pir&z=(Vc&z-vdc/2) /Lr&z

GO TO psetendé&z

M&z&3.. pVcé&z=(iload-ir&z)/(Cl&z+C2&z)
pir&z=(Vc&z-vdc/2) /Lr&z

GO TO psetendé&z

Msz&4.. pVcec&z=((iload-ir&z)-(Vc&a&z/Rswitché&z))/ (Cl&z+C2&2)
pir&z=(Vc&z-Vdc/2) /Lré&z

GO TO psetendé&z

M&z&5.. pVc&z=0.0
pir&z=0.0
! ir&z=0
! Vec&z=0
GO TO psetend&:z

M&z&6.. pVc&z = iload/ (Cl&z+C2&2z)

pir&z=0.0

psetendé&z..CONTI NUE
END ' of procedural




MACRO END

MACRO PER( SW

[ NI TI AL
CONSTANT freq = 20.0e3
END

PROCEDURAL (sw=freq, t )
period=1/freq
remain=mod (t,peri od)
IF (remain .LE. period/2) THEN

Sw=1
ELSE
SW=5
END | F
IF (¢ .LE. le-6) THEN
Sw=1
END | F
END ! of procedural
MACRO END

MACRO BUFFER(z,Vc,ir)
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| NI TI AL
| NTEGER is&z
i&z=3 I buffer counter
bufferflag&z = .fal se.

END

deltasz = 0.5
DI MENSI ON bufferirsz(2000) ! resonant current leg 1
DI MENSI ON buffertime&z(2000) ! tine

DI MENSI ON buf fervesz(2000) ! Capacitor wvolt. leg 1

buffervc&z (1) = 0
buffervcs&z(2) = 0
bufferir&z (1) = 0
bufferir&z (2) = 0

1 of initial

I--STORACGE for resonant currents and capacitor voltages -

PROCEDURAL (i&z,bufferir&z,buffervcez, ...

flags&z

flag&z

IF

bu

I F

buffertime&z,bufferflag&z=vVc,ir,t,deltas&z)

(abs (bufferir&z (i&z-2)-ir) .GT. deltasz) buffer-

(i&z .GT. 2000) i&z = 3
fferflag&z = .false.
= .true.

| F (abs (buffervcsaz (1&z-2)-Ve) .GT. deltasz) buffer-

I F

.true.

(bufferflagé&z

.eq.

.true.) THEN




bufferirgz (isz) = ir
buffervcé&z (i&z) = Vc
buffertime&z (i&z) =t
igz = is&z + 1
ELSE
buffertimeé&z (i&z-1)=t
END I F

END ! of procedural

MACRO END

MACRO ERR3 (z,Xxzer0)

I NI TI AL

const ant ké&z=1.0e7

CONSTANT intxzero&z&ic=-1.0
END ! of initial

pintxzero&z = k&z* (xzero-intxzero&z)

intxzero&z = INTEG(pintxzero&z, intxzero&zé&ic)

MACRO END

MACRO STCHANGE (z,Xxzero, intxzero, statel, SW, nextstate)
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state&z = nextstate

xzero = -1

intxzero = -1

IF ((state&z.eg.l) .OR. (state&z.eq.5))
ir&z = 0
CALL LOGD (.TRUE.)

END IF

THEN

IF ((statel .EQ. 2) .OR. (statel .EQ. 4)) CALL

LOGD (. TRUE. )

IF (statel .NE. SW) THEN

maxt (1) =minmaxt

CALL RSTART (main,minmaxt)
ELSE

maxt (1) =maxmaxt

CALL RSTART (main, maxmaxt)
END IF

MACRO END
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APPENDIX C
Induction Motor Parameters
Thefollowing parameterscome from [5] on page 190.

Table A.2. Induction motor parameters.

Induction Motor Parameter Parameter value
re 0.087 ohms
X 0.302 ohms
Xy 13.08 ohms
X’ 0.302 ohms
r, 0.228 ohms
J 1.662 kilogram square:
meters
Rated line-to-linevoltage 460 V
Rated dip 0.05278
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