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Current-Clamped, Modified Series
Resonant DC-Link Power Converter for a
General Purpose Induction Motor Drive

Sunil Gamini Abeyratne, Jirou Horikawa, Yoshihiro Murai, and Thomas A. Lipo

Abstract—A new ac/ac power converter topology, in which all Several improved versions of the topology can be found in the
the switches operate in a resonant fashion to reduce switching literature [5]-[7]. However, those topologies either lack full
losses, is proposed. The topology enables conduction-period congrrent pulse controllability, are susceptible to high current
trol of individual current pulses, whereby pulse-width modulation K d It t f hiah t ¢
(PWM) could be achieved to a fair degree of accuracy with peaxs and vo a_ge _S ressgs,_ or_ are or higher pa_\r Co_un_ or
the associated controller. The scheme implements current peak POSSess a combination of limitations thereof. At this point in
(resonant) limiting by a simple diode clamp. Improved switch time, it would be appropriate to give a brief run-down on each
utilization (voltage x current) and reduced part-count could be of the previous topologies and the new topology.
cited as the merits of the circuit over the previous soft-switched Topology [5] offers an attractivéme sharingpulse-splitting

current-sourced ac/ac configurations. It is experimentally verified : o
that the output PWM controller could be used to implement scheme that helps to improve the pulse controllability. The

constant V/F operation, and the results are presented. In-depth limiting factor is that the conducting width of a current pulse
design criteria for the topology that gives optimized voltage for a phasecannot be controlled over each and every pulse.
stresses are presented. A charge-based, line current feed-forward, Topology [6] has made a breakthrough by adding the conduc-
mode-controller is introduced at the input and digitally verified.  tjion period controllability to the topology; but the minimum
Fea5|b|llty of the simultaneous control over both input power- 150 width and the resonant current peaks seen by the bridge
actor and smooth input-output line currents are studied and the . . - .
digital verification is presented. dev_lces are comp_r_omlsed. Topology [7] facilitates conduct_|on
period controllability and resonant current peak clamping
for reduced current stresses. The drawbacks are that the
auxiliary-thyristor bridge sees higher resonant current peaks
and voltage stresses (as high as five times the output voltage-
|. INTRODUCTION peak), and that the part-count (device number) of the topology

FT-SWITCHING schemes are gaining popularity due t§ Nigh- The proposedtopology (new topology in Fig. 1)

heir characteristic feature of markedly reduced switchirfgf"frms resonant-current clamping and conduction-period
losses. However, soft-switching ac/ac topologies generaffgntrol (PWM) only by means of an extra thyristor-diode
lack duty-ratio control, and the pulse density modulatioEt: It does not use argedicated devicefor start-up. PWM
(PDM) has been the eventual modulation scheme [1], [2]. Fg@Pability, once achieved, enables much lower switching-
a comparable spectral content at the output (and to get rid Efauency operation than with the PDM operation, and yet
sub-harmonic beatingPDM requires much higher switchingopta'”s almost comparable spectral performance compared
frequencies compared to pulse width modulation (PWM). THYth @ hard-switched, current-source converter [3]. Hard-
higher switching-frequency requirement could offset the merf®itch operation reaches the thermal-limit at much lower

of soft-switching converters due to the frequency-dependéWitChing frequencies. The experimental results of the hard-
loss components. and soft-switch comparison [4] on GTO show that, as high as

Increasing power demand from a drive can be achievB§fenty-fold (20:1) frequency gain could be achieved with the
most effectively through an increase of output voltage épft—gwnch operatmn."l’_herefo_re, Wlth the avallablllty_ of PWM
the feeding inverter system. Current source type convertdisthis topology, the wide switching frequency availability
compete favorably in such cases due to their inherent lowquld be exploited for much better spectral content.
dv/dt at the output; the merits of lowelv/dt are that: 1) )
leakage current in the load (motor) due to stray capacitante Overview of the Proposed Power Converter
is reduced and 2) reduced EMI and eddy current losses. &id Control Possibilities
fully exploit the merits of acurrent-sourcepower-converter  The proposed ac/ac power-converter topology is drawn in
in a high-power system, theoft-switchingseries resonant dc Fig. 1. It generates unity power factor smooth line currents
link power conversion scheme [1] is an attractive alternativat the input and variable frequency, harmonically optimized

sinusoids at the output. Typical current-pulses seen by bridge

Manuscript received September 5, 1995; revised August 19, 1996. thyristors are represented pslse-currenti, in Fig. 1. These
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Fig. 1. Power circuit topology.

and the adjustment can be assigned to either output or indomain in the topmost trace of Fig. 3(a), together with their
controller. The basic control methods that could be drawn octirrent waveforms.

of the situation are: PWM is assigned to the output controller

only; PWM is assigned to the input controller only; or PWM3. Current Pulse Generation

is assigned to both input and output controllers alternatively,

in a time-sharing manner. Output (motor load) is consider?ﬁe inductor Ly. Fig. 2(b) @ represents the state-1, where

to be critic_al, therefore, PWM has been assigned to the OUR the thyristors are off and> conducting andl; circulates
controller in this paper. chargingCy up linearly. Traces 5 and 6 of Fig. 3(a) represents
o o the voltage variations acrogs, andZ.,,, respectively. A<,

B. Circuit Description gets charged up, the forward voltage ., V. builds up
Input line impedancel. and small filter capacitor€’; in until it reaches a defined threshold;.,, at to, as shown in

Fig. 1 constitute the low-pass filter at the input, whereas, motoig. 3(a), trace 6.

leakage inductance ar@; form the filter at the outputC; is 2) State 2: State 2 is illustrated in Fig. 2(dp (Zequ, D

selected in such a way that vars drawn by it at the fundamentanducting). Att = ¢o, when Vi = Viim, Tequ is gated

frequency is negligible [8]. Small inductandg;, Lo, and the on. Change inly (dig/dt ~ 0) is neglected, whereupon, the

capacitorC, form the resonant circuits. In addition to beingroltage equation around tHeop [see Fig. 2(a)] for the loop]

a current source of currert;, the inductorLy(>>Lo1, Lo2) Yields

plays the role of the energy balancing element of the dc di 1

link. The input-bridge supplies positive and negative voltage £ — Vo = (Lo1 + Lo2) d—: + e (is = Lg)dt (1)

pulses at the input to maintain the average currentL jnat 0

the given referencé, ,..; (positive voltage pulses increagg and the curreni,(t) becomes

and negative voltage pulses decredge moreover, the input Vit (o)

bridge synthesizes unity power factor line currents. Diob¥ “ is = 14(1 — cos wot) + %

is the clamping device that clamps the resonating curignt 0

flowing in-to the load at the level of; (current inLg). The Where

auxiliary thyristor “I,,,." adjusts the pulse-width aof;. Loi + Loz
Z() = T
Il. PRINCIPLE OF OPERATION 1
Wo =\ 5~
. N \/ L Lo2) C
A. Equivalent Circuit (Lov + Lo2) Co

Filter capacitorsC; are considered to be constant voltagés iS Of resonant nature and starts growing@tas shown in
sources over the period of a single current-pulsg, obecause Fig- 3(a), trace 1. The node 2 in Fig. 2(a) gives the current
i, is of higher frequency compared to the input and outptglation
waveforms. Therefore, for analytical purposes, the mono- _

. = S Iy =is + Iga. 3)
phase equivalent circuit can be drawn as shown in Fig. 2(a).
Note that the four thyristorén black in Fig. 1 are a set of 1, is constant, therefore, to make up for the increasing,,
thyristors conducting in series to generate a current pijlse starts falling and goes to zero#t turning theD off wherei,
the four thyristors are lumped in to a single thyristfr,,, gets clamped af; to satisfy (3), as shown in Fig. 3(a) trace 1.
as shown in Fig. 2(a)E and V, represent the input and 3) State 3: Fig. 2(b) &l represents the State 3.(.-on).
output voltages, respectively. Principle of the circuit operatiofhe clampedi; continues to flow through the load as a
has been explained by means of five circuit states drawnfiat-topped current pulsé:;; = I;), the width of which is
Fig. 2(b), where the thick black lines represent the current patbntrollable. State 3 is considered to be the powering mode
for each case. Note that the circuit states are plottetihie of the converter.

1) State 1: Assume that a dc current of valug exists in

sin wot (2)
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Fig. 3. (a) Current waveforms fdr,, < 0 and (b) current waveforms for

Vo > 0.

5) State 5: Soon after7,,, has turned-off att, (or ¢*,
(b) depending on the previous state), State-5 [Fig. B{bbegins.

Fig. 2. (a) Mono phase equivalent circuit and (b) circuit states. The reversed’, forward biasD at ¢,. The energy trapped in
Cy [see Fig. 3(a) trace 5 for capacitor voltage] abgh re-

4) State 4: The State 4 is drawn in Fig. 2(8Y; T,.. IS excite the tank of7y and Lo; + Lgs. The currenty, starts to
turned-on to reverse the polarity 6. The resonant circuit for grow toward I, andi, starts reducing to satisfy the current
the case is formed b¢y and Lo;. Depending on the polarity equation at node-2I§ = iy + 45). is reaches zero ats,
of V,, Stateld takes on twosub-statesCurrents forl, < 0 whereby7,,, turns-off marking the end of a cycle and the
are drawn in Fig. 3(a). Whefi,,,. turns on attq, i¢ starts State 5.
to flow, but the diodeD continues to be off because of the
reverse voltage being applied [see Fig. 2i). T,... turns-
off at #,, having reached the current zero [see Fig. 3(a) trace
4]. iy for V, > 0 is shown in Fig. 3(b). Until the time, .
every bit of the current waveforms is as same as for the cdse Pulse Stability
V, < 0. Now T, is turned-on att;, where D and 7, Pulse stability analysis requires the knowledge of the peak
start conductingi; linearly goes down byA:;, which makes of ¢4y and ..., and the maximum possible voltage stresses
tqq = +At; [see (3),,4 constant]ig grows and reachesAi,  of the devices. In the State 1, chargesC; linearly up until
at t*, whereigu, = igq + i0 = 0 and 7T, turns off. to—, just beforethe turn-on off,, att,. The voltage across

IIl. POWER CIRCUIT DESIGNPULSE STABILITY
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Tequ at to— is Vi, therefore, the voltage aofy, at ¢y can == Solution range of Z ) for Y > 0
be expressed as
12
VCO(tO):‘/thrn'i_‘/o_E- (4) *Y =\§ZT:]m]Zg_IdZO_2 ‘V01+me
Fig. 3(a), trace 5, shows that tB¢ate 2 furthecharges’y in a Y Y
resonantmanner untilt,., wherei, reached,. The additional 1 Vihm > 4]v,| 4 2V, < Vg o< 4 vol

charge put in ta’y during the State 2 i\Q; it is represented
by the shaded area in trace 1 and 2 of Fig. 3(a). The voltage
of Cy att = ¢, turns out to be
VCO(tr) = ‘/thrn + ‘/o —-FE+ %? (5)
Vﬁllm
Veo(t,) becomes a transcendental function; to make the math- 14 Z3 73 VA
ematics simpler, it is assumed thatincreases linearly from
to to ¢, at the rate(dis/dt);,, and the shaded area() in
Fig. 3(a) is treated triangular. The Appendix deals with the o
derivation of AQ. is preferable, because it yields a smallgy and, therefore,
1) Selection ofZ,: Z, is the characteristic impedance ofsmaller Lo; + Loz can be used. _ _
the tank formed byCy and Lo; + Lo2. Consider the State 5, a) How to find the smallesto: Vin is a defined pa-
which begins by turningD on att,; whenV, < 0, it gives 'ameter.ly and|[V;| are varying, but the peaks ¢¥,| and
the worst case foD to excite the tank at = ¢,, therefore, it 1a @€ known. From (9), it follows that the largest possihje
brings in the weakest,; growth of the circuit and the minimal @1d|Vo| yield thelowest-Zo(= Zs); Z, should lie to the left
potential peak 0figq, (iqa)peak- DUiNG the State 5, foi, to of Zy for the stability. _
reach zero and turfi,,, off, iz4 should at least grow up to 2) Selection oo;: The tank of curreni,,. is formed by
be I, (= igq +i,). The point “W” in Fig. 3(a) trace 3 shows Ly and Cyy of characteristic |mpe_dan9501. ique Creates a
the potentiak,, peak (which is reachable if and only ., resonant peak, but the rms value is quite low due to the lower

allows reverse current). It yields the following inequality: ~duty ratio of ... However, it is important to minimize the
peak ofi,,. to reduce the volume of core and copper. The

({ga)peax > La. (6) peak-excursion of,,, that the designer contend to deal with
Substituting for(i4q)pea in (6), arranging terms, and defining's taken to bel,;.,.. Note thatig flows as thg excitation of the
the functiony” would yield tank occurs at;. The worst case of curremt,,; results_when
V, > 0, because) andT,,. conduct together for a while, and
~ .73 9 the additive currenty; shows up iNig., (= i + iqq). The
Y_<2Vthm> Zy = (La)Zo = 2|Vo| + Vinm 2 0. (7) peak Ofiguz iS (fauz)max, @nd it should be limited tdy.y,,
which yields (iguz )max < Iwish; it can be written as

Fig. 4. Solution range o for different Vi, .

Fig. 4(a) and (b) graph the functidn for specifically identi-
fied boundaries o¥,,,,, marked on the top of each plot. Cir- (to)peak + Ld < Lyish. (10)
cuit operation maintaing;,,, > 0, therefore(13/2 Viu,,,) > 0

and Y has a minimum atZ, = Vi /. The range ofZq Substituting values and arranging terms, (10) is simplified to

satisfying (7) can be written as Vol + Vi + 137,
o thm
2‘/thrn
f Zo1 > . (11)
V vm ‘/o - . _
ZO > L 1+ 4 | | -1 (8) IWlsh Id
Iq Virm Substituting for I, and Vi, and assuming that in the

denominatot, is comparably smaller, i.ely i — 1g 2~ Iyish,
the worst cas&Zy; is calculated; maximuniV,| and{; in the
numerator gives the worst cast .

3) Selection of”y: Fig. 5 graphs the blown-up tail-end of
The range ofZ, for each case is marked in thick line on, and the voltage acrosg.,, V;.:. The circuit commutated
the Z, axis. The conditionV;,, > 4|V,|[Fig. 4(a)] yields turn-off time of the thyristor/I.,,, is markedt,. As soon as
no real solution forY = 0; therefore, regardless of thethe storage time, has elapsed, a reverse voltage 1§,
value of Z,, system is stable, for (7) is satisfied for anwill appear acrosd.,,. After the timet,, 7., is blocking
Zy. But, Vin > 4|V,| is not practically viable because itand the circuit is practically in State T3, gets charged by
yields elevated voltage stresses acrsg,. The condition I at the rate given by,/Cy [see Fig. 2(b)d]. The ramps
2|1Vo| < Vinm < 4|V,| [Fig. 4(b)] makes the two roots df, “AB” and “AD” in Fig. 5 signify different charging profiles
Z1, and Z, positive, and yields two discrete solution rangethat could result due to the use of differerif values, namely
for Zo. 2|V,| < Vinm < 4|V,| gives an important boundary Cy; and Coa (Coz > Coy). With Cyy, the smaller of the two,
for Vinm, because it satisfies the conditidfy,,,, ~ 2|V,|., voltage across the device takes on the curve “AB,” whereby the
which gives the minimal voltage stress point of the converteross-overof the device voltage to thpositiveregion occurs
(see Section 11I-B). The range marked sol. 2 given by (@s fast as at point B. As seen, point B yields< ¢,, and the

‘/thrn 1_ 4 |‘/o| _

Z
0< Id ‘/thrn

1. (9)
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current that for (n — 1)th pulseT.,, has a voltage oV, att = ¢o_,
4 a moment before its turn on &. As modes go orily,,. turns-
on att; (see Fig. 3 for details), reverses the voltag&gf and
turns off att,. Now the voltage of’, at ¢, can be written as

AQ
latching Veo(ta)n—1 = —En—1 = Von—1 = Vipm — o (14)
current forward recovery 0
TN TTTTTTTTTTTTTTAL current n — 1 in the subscript depicts that the quantity belongs to

(n — Dth current pulse. In betweeh to t3, Cy is charged
additionally by AQ (see Fig. 13, Appendix foA(Q), and the
voltage of Cy at t3 can be written as

AQ

Veo(ta)n—1 = Veo(ta)n—1 + o
0

which can be further simplified to

Veo(ta)n—1 = — En—1 = Vone1 — Vinme (15)

The switch voltage across the nélly,,, at¢;; can be written
as

‘/swt(t3+)n = _En - ‘/on + VCO(t?))n—l (16)

where, the subscript/i” represents the fact that the quantity

Fig. 5. Resonant capacitor selection and turn-off failure. o .
belongs tonth pulse. Substituting values for voltage @§ in

16):

device has not yet recovered, therefore, it cannot hold up t$1e

positive voltage by premature cross-over; therefore, forwardswt(ts+)n = (En—Von)—(En—1+Von—1+Virmn-1). (17)
recovery current.would flow, and should.the peak of Wh'df'he peak of the output and input voltage is assumed tig,be
exceed the latching current, the device will prematurely tur[f'hen the largest possible forwatdus:(fs+ )., which appears
on. The premature turn-on could possibly caisénstability . - "o o NeVl’.. at tus . tUMS oLuUt to+bg'

because of the inadequak®,,:(< Vi) to exist acrosg,, caun I

at the turn-on. Therefore, the tindg should always be greater Vowt(t34)n = 4Vor — Vikmn—1. (18)

thant, for the stability and it can be expressed as follows: _ ) o
Fig. 7 graphs the relation (18). Arrows indicate how the

te > tq. (12)  selectedVyy,, for (n— 1)th pulse, i.e.Vim, n_1, Would bring
about maximuni.:(ts4 ) for thenth pulse. IfT.,, is fired at
Vinm given by the point-1, the next pulse could see a forward
voltage given by the point-2 that translates to the voltage at

Considering the fact thak; is constant, time, can be written
ast, = CoVy,n /14 substituting fort,, in (12) and arranging

terms point-3 onX axis; now if7.,, is fired atV;;,, given by point
Co > ty 'Id_ (13) “37 the next pulse would see a voltage given by point “4.”
Vit Two important points drawn out of above observation are:
Equation (13) shows that a biggéy contributes much to the 1) If started from a point to the right ofX” (i.e., point-
problem; therefore(y selection uses the largegf. 1, Fig. 7), the worst case forward voltage for the next pulse
turns-out to be to the left of X" (i.e., point-3), hencdime is
B. Is There an Optimuni,,;? availablefor Cj to get charged up and bring the threshold at

Vit IS the voltage acrose; which turns-on for each point “3” up to the threshold at point-1. ThHane availability
swt ca is, important, because it gives recovery tintg, for the old

pulse should the voltage across it excee_d a defined threshizldu 0 turn-off, and time forV,; to reachVi,.., to fire the
Viom- Fig. 6(a) represents two consecutive current pulses o“qu T
is, “(n—=1)" and “n.” The pulse h—1" ends atts, turning sav - _ .
the old 7%, off. New phases and.,, are selected af;; to . 2) If Vi LXK (Vi = 2|V5]) i useq, t_he next pulse_,

n in the worst case, would see the same optimized voltage given
form the next pulsesi.” The voltage across the new,,,, and

theresultantvoltage change around theop [see Fig. 2(a) for ?/y XI In lprr?ttlztlce, to ;’:\Ilow‘)f(or tSWt':]Ch _rert]:tov;a?/, optimum
the loop] are drawn in Fig. 6(b) and (c), respectively. Note®™ 'es slightly away from 4, to the right ot it
that the input and output voltagex the converter ¥ and

V,) vary as the switches connect between different input and
output phases; therefore, at tirg., V. could go beyondthe  The proposed circuit has a single commutation circuit
defined¥V;,,, due to the resultant voltage of the phase chandgermed by Lo, L2, andCy for all bridge thyristors. There-

AV. The worst casé’,,.; (voltage acrosg,, ) is important, fore, the pulse-width available at the input and output bridges

because it dictates the switch voltage-rating. Fig. 6(b) showse the same. Control criterion presented hereon deals with

IV. CONTROL STRATEGY
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power drawn by the circuit, input line-currents are drawn in a
controlled manner, and the system is said to implempower
feed forward’ Power feed forward minimizes$, fluctuations,
whereby the involvement of line current in tlig regulation is
minimized, and better line currents are obtairledtantaneous

lg L it g ".I . e input and output power matching is not possible atlihidge
terminals To clarify the fact readers are urged to refer to
@) the Fig. 2(b)&l, the powering state of the converter. Current
1, is passing through the input and output bridge terminals,
, and the power at the respective terminals calculates to be
| Nswe(G+) E . I;andV, - I,. Since the input and output voltages are of

FOT IR

different frequency and amplitude, it is unlikely that the above
two quantities be equal. The mismatch in instantaneous power
rendersi, a linear change, at the rate given By— V,/L,,
within a current pulse; but the average power can be matched

R > and theaverageof I; can be maintained at the reference
\/ 0- Vthmi\g time

level, 1, .. Fig. 8(a) represents the block diagram of the input
controller. “L” in Fig. 8(b) represents the line-inductance of
(b) impedanceX ;. Phasor diagram for the input filter is drawn
—_— in Fig. 8(c); phasors are marked in bold with a bar on top.
|E-V,| Subscript in the voltages represents the points, which the
0 AV voltages belong to (eXV,- at point A*).
The power calculator derives the active and reactive Power
[9] as follows:

0 >
time P, =vgiq + quq
(b) Qout = Udiq d qud (19)

Fig. 6. (a) Consecutive current pulses “¢ 1)” and “n,” (b) voltage across
the equivalent switchl.,,,, and (c) voltage change across the loop due t&here d and ¢ represent the DQ components of the motor

input and output phase change. (load) voltages and current®,,; is the instantaneousctive
power, and@,,; is instantaneousreactive power.P,,; is
referred to the utility terminal to find thbasic referencdine

vV () ] ] currents [i.e.:, i, for phase A, Fig. 8(a)] of input frequency.
swt,n X Optimum point Then, the reference is further modified using the gain factor,
av : V* Optimum threshold K*, to compensatg fold, variat'ions, qnd the final set of
pk thm reference-currents (i.€i,, ..; for line A) is derived. Next the
current reference ifed forward and the reference voltages
4 o sz:,(nta) =4 Vpk ~Vitma-1 (i.e., Vorey for phase A) at the terminalgd*, B*, and C*
l are generated.
V* 1251 I B 1) Input Switch Selection—Mode ControlleAmount  of
thm [’ ' charge drawn by the converter terminals, B*, and C*
: over the shaded current pulse in Fig. 8(d) is marked by
24 "‘,J : AQ,, AQy, and AQ,, respegtively, in Fig. 8(b); thayerage
Y + | currents drawn by the terminald*, B*, and C* during the
N ’\‘:X period “IT™ translated to beAQ./T, AQ,/T, and AQ,/T,
0 3 " 1 4* ’Vthm, n-1 respectively. Fig. 8(d) represents the reference voltage. s
Vim pk and its actual voltage trajectory df,. over the period?’.
[2Vpk] Point “P” in Fig 8(d) represents where the actual voltage lies
just before the shaded current pulse occurs; the voltage error
Fig. 7. Optimization of voltage stresses. at “P” is marked asAV;. The intention of the controller is

to make thelocal voltage-average of each line equal to the
. . . respective reference voltages. Poifg"“represents where the
th_e abqve width-inflexibility and generates harmonically Opth’ajectory of V. should end for local average of it (over the
mized input output waveforms. period T) to become equal to the referentg-,.;; as the
voltage trajectory moves alongP@)” and reaches the point
A. Input Converter Control Q, it is said that a voltage error ahV,. [see Fig. 8(d)] is
Input converter serves two purposes: it regulates the curréumty compensated. Therefore, in the process the charge drawn
in Ly to form a current-source and synthesizes sinusoidal libg C'; connected to phasd* can be written ag’; - AVy«;
currents at a given power factor. To match the input and outdinte currenti, is sinusoidal and assumed constant over the
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period T, therefore, the charge supplied by the line over the AQ
. . . : a
ff«”-()dg W(g);utl)d b_e<|:((j)meLaT. Now, the charge flow at point jﬁ X ‘_X)
in Fig. 8(b) ybleTs . . N t t_} Y ; M
ol =Gy - o +AQ, (20) N T
T =C) - AV + AQ, (21) BEA
e =Cr - AV + AQ.. (22) Utility input ref. |P output V.
d Supply Vb —| line current S power y
Since there is no neutral conductor, the following relation V, —_calculator calculator |__Vz
holds true: . ,
Icin' lbin
AQq + AQy + AQ. =0. (23) Vi VeV, ;
are
Equation (23) depicts that the three charge quantities always - calculator

yield a charge set of mixed (both and — polarity). The Ld ref
direction of charge flow is such that, for instance Ai€), is
positive then charge is flowing in to the converter in the same XPL- DATA | constant
direction shown in Fig. 8(b); therefore, the upper thyristor — P charge Kp = 01| K =15x$
on the armA*, T'f, must be conducting, whereas, XQ, Ki AV | estimate LS
is negative charge flow is in the opposite direction to that
shown in Fig. 8(b), and the bottom thyrist@, should be AQ
conducting. Table | summarizes the selection criterion for the

input bridge thyristors. +” and “—" in the table represent (@
the polarity of the charge quantities@,, AQy, and AQ..

It follows from the above explanation that+” and “-”
necessarily represent top and bottom thyristors, respectively.
Based on the polarity ofA@,, AQ, and AQ., six unique T

rity ot : L,

patterns can be distinguished, which are treatedcclasent S m A
L
C

a

Utility Input Bridge

vectorsin row one through six in Table I. However, the
converter proposed in the paper is a current source type
that in general permits the selection of two switches from
the input bridge at a time. Given the above constraint, each
of the six vectors could be sub-divided in to two vectors.
The division is carried out depending on the magnitude of

the charge quantities; for clarification of the fact note that B
the vector 1 has sub-divisions depending on the inequality /
AQ, = AQ,. The selected thyristors for each sub-row are C

tabulated in the last column of the Table I. The thyristors
relevant to maximum and minimum charge quantities are
selected for firing; for instance, first row of vector-1 shows
the relation AQ, > AQ, > AQ.. Note thatAQ, < 0 v
and AQ, > 0. Accordingly, thyristors in black in Fig. 8(b),
marked7; and 7, is the selection.

B. Output Converter Control

Output converter implements a PWM controller with a
minor I, regulation loop and a major voltage feed back loop.
A zero current vector compensation scheme is also adopted.

1) PWM method:Fig. 9(a) shows two phasor sets, °30

Input side
current pulses 1
:

shifted to each other, namely the dét I, I;, and L, I, < > time
I,.. The latter is the modulating phasor set; note that Fig. 9(c) ' '
shows the PWM pulses for the phadgy. (c) (d)

iz, and ¢, are assumed to be the time domain repreig. 8. lllustrations for input mode controller.
sentation of the phasot, I, andI}, respectively. One of

the three sinusoidsy,, iy, and<% would necessarily yield the

lowest instantaneous voltage of the three over a period df.12€he minimum of the three; therefore, two current profites:;
Noting the above fact;, i;, andi} are re-drawn in the time and s} — i; (termed difference-sinusoids) are drawn making

domain addifference-sinusoid§.e.,. iz~ etc.) in Fig. 9(b). ¢; the base. In betwee® to @, triangular carrier crosses
For instance, in Fig. 9(b), between poi@sto @, ¢;, becomes 7 — ¢y at “M” and ¢}, — 3, at “N.” The length thus formed,
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TABLE | -k
METHOD OF INPUT SWITCH SELECTION Iy
A synthesized
vector A Qa Qb A0 C SeleCted (cunent wave
@ J7 iﬂ/ switches ix= i: _ i:
— + T
+ <+ T4 T¢
L T E—
A S B (@
i:—i; I ® K KLk
— — - T+ ok K| |1l 1z 1x ., Ik
< —|— T, T ifiy iy l
g [
— - +
>— 4 | Ty TE NM DO T W M
T, T FIN NS AN
B A AN ARV AN AV S E ARV Y 4 15
3 R S S RN N L
B YA AV S AV RVAR AW
T- TH 1 ' R 16\ SR 72001 N
4 + + A B 0) base=1y (T) base= iF ! E': :L base= l;t :|: . base:'l*}‘l time
o - I e ——
Tx Te SR I S
T+ - > AR S
T T:t"H@ O & ¢ ::L
> Th TS IR L time
A Tc TR =
— SR R el aan S R
n Tg Th I L D
6 I R {c) vectors
B C

Fig. 9. PWM method and zero vectors.

MN, is equivalent ta, (= % —*); therefore, M N is used to . .

generate the pulsg) of the currenti, as shown in Fig. 9(c). C- Digital Implementation of the AC/AC System

The zero current vectorare shown in Fig. 9(c). These vectors The controller is implemented using “ACSL” software [10]

represent the region where there areipg 4,5, andi.; (see on “hprisc” workstation. Fixed calculation step size of 0.02

Fig. 1) flowing, and therefore the region where no power S is used with the fourth-order “Runge—Kutta” algorithm for

supplied to the load. integration. Voltage behind the transient reactance is used to
2) Zero Vector CompensationThe converter cannot staymodel the motor (4 kW). The digital simulation results can be

in the State-1 indefinitely, for voltage 6y could rise to found in the Fig. 11. It depicts that fairly good line currents

prohibitively bigger values; for simplicity of implementation,of unity power factor and smooth motor currents are feasible

the time that the converter spends in State-1 is taken to Wwih smaller fluctuations in/g.

the time it takes voltage acrosk,, to reach the defined

thresholdV;,,,. Therefore, exact zero-vector duration cannay. Experimental Implementation

be satisfied by the State-1 alone. To lengthen the time it spend

in zero vector, a circulation mode is activated by turning o

both thyristors on one arm (i.€l;, T;F Fig. 1) of the output

bridge.

ilthough a conventionaj.controller would be enough to
erform the controller requirement, the DSP TMS320C25-
based development-system, available at the laboratory, is used
. in the implementation. Characteristic data for the prototype
3) Control Method: This is targeted at voltage/frequencycan be found in Table Il. Fig. 12 shows the experimental

control, the block diagram of control for phaseé can be waveforms; as seen the method yields smooth waveforms. A

found n Fig. .10' A PWM pulse pattern for _smusmdal currer%o_g resistor load is kept in parallel with the induction motor.
and a sinusoidal voltage reference, stored in a ROM, are usgd, response of the system for a command-voltage change of
in this method. In the scheme PWM current pattern is us%dgo V, atf = 30 Hz is captured in Fig. 12(d); as seen the

to turn-on the switches, and then the resulted output voltages., - successfully responds to the change in commanded
Ve, Vy, and V, at the terminalsX, Y, and Z are used to voltage

generate a synchronized three-phasétage referenceausing
the ROM data. The generated voltage reference is compared
with the actual voltages to generate the voltage errors (i.e.,
AV, for phaseX). As seen, error voltagAV,. and the factor _ )
given by I, regulation loop,K*, is used to findk,,,, which A The Highest Possible Pulse Frequency

modifies the duty factor of the ROM data for current of Maximum pulse-frequency of the converter depends on
phaseX. two factors: the minimum conducting width of a current

V. PWM LImMITS
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Fig. 10. V/F control by PWM current pulses.

pulse, i.e., the total minimum time the converter spends in

modes 3 and 4 (see Fig. 3), and the minimum turn-off time i:’ R
requirement forZ.,, to recover, i.e., the time, in Fig. 5. £ \ ANANADNANANANANANANAN
It is assumed that in Fig. 3(a), the length.  t,) and 5 \/ VVIVVIVVIVV
(ts — t2) are negligible compared tas(— 1), which is the = 8
width of the ¢,,,. Accordingly, the minimum conducting B :
period occurs wher, reacheg,.. By substituting values from = I4 reference
Table II: = #"W‘W‘F—v" e ke “"‘-‘
Max. Pulse Frequency= _ )
ta —t1+ 1 2 8
e L VARAMA
7/ Lo1Co + 14 3 _ Vv
=38.6 kHz. (24) = 8 .
< R z
B. Current Bus Usage/Limit of Modulation Index E’ /\ /\ A /\ /\ [\ / /\ ¢
In Fig. 14, A and B are the magnitudes of the carrier and § 2 \/ v \/ \/ \7 \/ \/ V E
the reference-current, respectively. Fig. 14(b) represents the 2 § -
portion of an exaggerated reference current and the carrier. § =
The carrier used in the prototype is 1.5 kHz, which yields a § [\ =
period of 667us. Therefore, the time-spend by the carrier 3
in traversing a length of (A-B) is given by c‘%’* “0.00 0.03 0.08 0.0e 0.12 Bis
-2
\ = <1 B E) ' 6_67 (25) Time (sec.) X 10
A 2 Fig. 11. Simultaneous control of line current, motor current, and biasing

] ) ) . current (digital simulation results).
The zero-vector implementation is achieved by the arm

shorting as explained earlier; therefore, the shortest periodnimum pulse width of a current pulse and the thyristor turn-
that can be implemented by such vectors is dictated by tb# time ¢,. Note also that the full zero vector duration is given
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TABLE I
PARAMETERS OF THE PROTOTYPE

Circuit Parameters

Ly,=40pH L,=45pH L,;=20mH

C;=03uF C;=75puF L=1mH

Thyristors: "Toshiba" SH 50L13A, t 0= IS uS
Ve = 1000 V

Diode: "Fuji-Electric" ERG27-10, ¢ _=0.5uS

Ve =800 V [5 ms{ dhv]

Induction Motor 0.75kW, 2P, 200V,3 ¢ (a)
PWM carrier 1.5kHz

by 2\ which yields
2A> 7y L0100+tq. (26)
Substituting forA from (25) in (26), and arranging terms
B 1
— <] = L
<1 [m/LOlco +tq] = @7)

Substituting values from Table II, the modulation indBxA ()
turns out to be

13 ma i dhy

B
= <0.99. 2
5 $0.99 (28)

The minimum value of B/A depends on the minimum
conduction-period of a pulse. With the time taken by the
carrier to traverse a distance B (see Fig. 14 for min. B), it
can be derived

667 - g Z ViIRV4 L()lCo . (29)
Substituting values from Table II3/A > 0.02. Allowing a
safety margin, the range dB/A it F ik
B . (c)
0.9 > a1 > 0.03; carrier= 1.5 kHz. (30)

VI. CONCLUSION

The topology is easy to operate and of smaller part count;
therefore, it constitutes an economically viable system. The . n
PWM control algorithm presented is found to be very effective Yoy V)
and gives quite satisfactory output current and voltage spectral
performance. Moreover, with a current source converter the
V/F operationhas been successfully implemented.

The line-current feed-forward, charge-based, mode con-
troller is robust and does not excilg C oscillations. _

The fact that there exists a particular voltagg,,, across {F o | v
the equivalent thyristord,,, that gives an optimal voltage (d)
stre_ss_ pe_r switch is |d_ent|f|ed. The design Cm?non and Vc.)ltalgiie. 12. Experimental resultsf(= 30 Hz). (a) Motor voltage and current,
optimization method introduced could be easily adopted in tl&ﬁq motor voltage and PWM current pulses, (c) current waveforms of the
design of resonant converters of the family [1], [5]-[7]. topology, and (d) dynamic performance for reference voltage change.
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I3(Loy + Lo2)

s 2V, + Vi
. _ + i + 2 ‘/thrnCO : .
I Tdd = sin (wot);
i ZO
: Vo <O. (35)
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APPENDIX

A. Derivation of AQ

Taking derivatives with respect to time on both sides of (2). Sunil Gamini Abeyratne was born in Kandy, Sri-
the rate of change of, att = 0: Lanka, on December 17, 1960. He received the

B.Sc.(Eng.) degree in electrical and electronics en-
di gineering from the University of Peradeniya, Sri-
tan (f) = <—S> Lanka, in 1987, and the M.S.E.E degree from the
dt +=0 Gifu University, Gifu, Japan, in 1992.

Vit He was with the Department of Electrical and
= Electronics Engineering, University of Peradeniya,
Loit + Lo from May 1987 to January 1988 and joined the
Vihm Colombo Dockyard Limited as a Trainee Electrical

c 5+ (32) and Electronics Engineer in 1988. He became an

0- ZO Electrical and Electronics Engineer in 1989. He worked as a Researcher at
the Wisconsin Power Electronics Research Center, University of Wisconsin-

From Fig. 13, area of the triangl@H I is equal toAQ; it Madison, from December 1992 to September 1994. Currently, he is a Ph.D.

; . student at the Gifu University, Japan.
could be derived as follows: Mr. Abeyratne is a recipient of University Full Colors of the University of

TH Peradeniya. He is a student member of the IEEJ.

tan (4)

1, Co Z2

 Vikm

13- Co- 23
2 Vim

GH =
(32)

AQ = (33)

Jirou Horikawa was born on January 28, 1969, in
Tokushima-prefecture, Japan. He received the B.E.E
and M.S.S.E. degrees from the Gifu University,
Gifu, Japan, in 1992 and 1994, respectively. Since
1994, he has been working in Kitano Electronics
Systems Company in Japan.

He is member of IEE J.

B. Expressions for Currents

IQZ2
2 ‘/thrn

‘/thrn + V +

19 = 7o sin (wo1t) (34)
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