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Reversible Unity Power Factor Step-Up/Step-Down
AC-DC Converter Controlled by Sliding Mode

Ivan Eidt Colling Member, IEEEand Ivo Barbj Senior Member, IEEE

Abstract—A reversible step-up/step-down ac—dc converter b@_
is presented in this paper. It is a fifth-order system, capable of
managing power transfer from a dc source to an ac one, with any Vo= Yo1 ~ Vo2
ratio between the dc and the ac voltage levels, and producing a T

sinusoidal output current, using only one power processing stage.
By reversing the energy flow, this circuit becomes a high power
factor rectifier. This reversion can be obtained simply by inverting

the reference ac current. The system is analyzed as the connection & o1
of two independent lower order subsystems, controlled by sliding =

51) A D1 S3
mode with decentralised switching scheme. Experimental results hd )
s2
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Fig. 1. Diagram of the differential voltage-source inverter implemented with
two step-up converters.

from a 100 W prototype operating in both senses, as inverter and AD4
as rectifier, are shown to confirm the mathematical analyses and

simulations.
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Index Terms—AC—-DC power conversion, DC—AC power conver-
sion, power quality, power supplies, variable structure systems.

than the dc input. As it can be seen in Fig. 1, the inverter 2

consists of two independent step-up (or “boost”) converters,

each one of them generating a dc-biased sinusoidal voltage.

The dc offset is necessary because individual voltagesand

ve, Must be kept higher tha¥, all the time. Across the load

it is applied the differential voltage between the two converters.

In this way, if a sinusoidal voltage is desired at the output, thdere again, these voltages must never fall belgw. Due to

dc levels must be identical, while the ac references;fgrand the possibility of power flow reversion, the sources and induc-

v, are phase-shifted (by any angle, although with°18@ tors are identified as ac or dc, rather thiaput or output The

best use of the components is achieved). key advantage of the proposed converter is its ability to manage
The goal of the present work is to study this topology actingower transfer from a dc source to an ac one with reversibility,

as an inverter with imposed output current [5], which can berespective of the ratio between their voltages.

used for ac power (co) generation from photovoltaic cells, for The system is controlled by sliding mode, or sliding regime

instance. Moreover, by reversing the energy flow, the circuit bgs]-[11]. As it is shown in the next sections, two subsystems are

comes an ac—dc converter with high power factor input currentefined. They are analyzed separately, governed by independent

The ac current control is made possible by the inclusion of atiding surfaces, and driven by independent single-input control

inductor(L,.) in the original inverter, as shown in Fig. 2, aug<ircuits.

menting its total order to five. The current throufih. becomes

the variable of major interest, and the differeffee;, — vc,) Il. ANALYSIS

must adapt itself as required by the shape and magnitude_of

|. INTRODUCTION Lae Vac

HE differential voltage-source inverter, as presented in o @

[1]-[4], is a fourth-order circuit that generates an ac )’ /t
output voltage whose peak value is independent of the dc input > P! s3/, &o3
level, using only one power processing stage. It is intended 1 T Ldel Fde2 T calr
mainly for applications requiring peak output voltage higher /L - }

I I

Fig. 2. Circuit of the inverter after insertion df, ...

The complete system can be broken into two parts for control
purposes: the “left-side” converter, responsible for controlling
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Recommended by Associate Editor C. K. Tse. This work was supported by*°’ ' . 2 .
CNPg—Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico. systems are COUpled7 so the output variable of one converter is
I. E. Colling is with the Laboratory for Automation and Systems, Pontificgperceived as a disturbance by the othigr; must be imposed

Catholic University of Parana, Curitiba, PR BR-80215-030, Brazil. through(v.. +v¢, ), and similarly the right-side converter must
I. Barbi is with the Institute of Power Electronics (INEP), Federal Unlversn)(< ffici v cl N hat the i

of Santa Catarina, Florian6polis, SC BR-88040-970, Brazil. eepuc, sufficiently close toc,, no matter what the instanta-
Publisher Item Identifier S 0885-8993(01)02193-7. neous value ofy,__ is. (Asterisks indicateeference valuey

0885-8993/01$10.00 © 2001 IEEE



224 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 16, NO. 2, MARCH 2001

A. Right-Side Converter Lacz 53,03 Oiguc
Since the right-side converter is a second-order circuit, it is - . N~
preferable to start the analysis by it. Equation (1) defines the = Vdo B Fc2 @
reference forwc, (w represents the mains angular frequency)
Vea(t) = Vg, + Vé?acp - sin(wt + ). 1) _’YI;’_@ZZ" 25 J_ @ifm
If the voltagew,. is equally divided between capacitarg T Ve D4 e )
and (., then each converter processes half of the total output T -I_

power. SOV, = (1/2)-Vac,, wherep stands fopeak valug

P . . .
and the following condition must be satisfied in excess: Fig. 3. The two structures of the right-side converter:§a) D, on and (b)

1 Sa, Dy off.
Ve, > Vae + 5 Vac, - (2

Situationy = 1 is associated to an increase of energy in the
The step-up configuration requires a duty cycleSgraccording  Circuit. Lqc, and €, are completely decoupled. The inductor
to (3), here referred to aight converter duty cyclédz). Ss, by ~ current rises linearly, whiléj, _ flows throughCs [Fig. 3(a)].

its turn, receives complementary pulses Conditiony = 0 establishes the coupling betwebg., andC>
[Fig. 3(b)]. One must observe that, , andi}__ can be either
dp(t) =1 — Ve ~1— Ve positive or negative, depending upon the angle wt.
vy, (1) Vo + 2 Vi, -sin(wt + ) After defining the error variables,, ande;, ., (6), the state

(3) error equation (7) can be written. Actually, the low-frequency
Currentiz,,_ for inverter operation can be calculated fromeference functions, when compared to the switching frequency,
the instantaneous energy balance, assuming that, in steady state,be considered agiasistati¢ in such a way that the term
all the variables follow their references ( is defined in Sec- (d/dt)[vg,; i*LdCZ]T is, in general, neglected]"” meanstrans-

tion 11-B) position
1]l Eve, =VCy — Vi & =3 — 4t 6
iLg, ) = Ve [5 Vi  IT (1 —cos2wt) vCs Cz T VG Ciracy T Mae, T Lae, (6)
e aep T Lnep
— Véy, 1, sinwt — w0 [ €ucy } _ [ iLa.,/Ca } - [ i /Cy } d [ vE, }
* * 1 #2 . /iL deg —Vc, /LdC2 Vdc/de2 dt |} des
. VC?ac VCQacp coswt — 5 VC?ac,, sin 2wt | | . )

(4)

) ) B. Left-Side Converter
The above equation describes the low-frequency current

through La., ; there are still high-frequency excursions due to | N€ left-side subsystemiis, in fact, a step-up converter with a
the commutations betweesy andS,. One observes that therel®sonant circuit plus a voltage source at the output. Its main ob-

is a continuous term in this current, responsible for the powd§ctive (and the objective of the system as a whole) is to control
transfer, added to alternate components of first and secdp: - ANY necessary adjustment of the voltage acigss done

orders. The presence of such components is inherent to @fvc:, €ven due to small tracking errors from the right-side
operation of this circuit. If the current through is negligible, converter. The reference for,__ is defined in inverter mode as

the term—wC; - (....) disappears from (4). In genera;, and a sine function with amplitudé; . For re_:ctifying (_)peratiorw
the switching ripple do not greatly increase the efficient valJ@d are added to the argument of the sine function.

of the current. In dc-to-ac operation, the positive peak current! "€ dc offset on the right-side capacitor is naturally estab-
occurs whenwt = 3/2. lished also onC;. If this offset is properly chosen, according

In rectifying operation, all the terms involving._ (or I3 ) to (2), bothue, andwuc, never fall belowl,.. Moreover, since

in (4) are inverted (in which case the negative peak current 0[(:ac is designed to filter the high-frequency switching ripple,

curs atwt = 3 /2). Duty cycle remains unchanged because HE steady-state Iow-f_requency voltage is small, and also the ac
reference fowc., is the same component ob¢, oscillates close t¢v.. + v, )
; .

Since the gate pulses to the switches are complementary, . 1 ]
the discontinuous conduction ah,., is avoided, and only ve, (8) & Ve, + 5 “Vac, -sinwt (8)

two subtopologies or structures are possible. They are shown . ) o
in Fig. 3. Ss, D3 and Sy, D, are presented as single ideafhus the equations of duty cycle apgda., become similar to

switches, whose state is described by variablgs). i, is (3) and (4), respectively, with rad added to the arguments of
assumed to be at its reference value * each sine or cosine function (or simply the termsiinwt and

cos wt change their signs, while the terms involviagt remain
v=1= 84, DsON; S3,D3 OFF  _ 1 5 unchanged). Here again, when the system acts as an ac—dc con-
v =0= Sy, Dy OFF; S3,D;0N° 7 (1=7)- O verter, all the terms withi . are inverted.
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The two possible subtopologies for the left-side converter are Ldo1 s1, D1 Lac
shown in Fig. 4; it is assumed thagt, follows exactly its refer- - —*’ —
ence. The state of the switches,is defined in (9) 52, +lc

'I- Vde D2 T Voct+ V::2 @

’}/I].I>SQ,DQON; Sl,DloFF. __(1_ ) L
v =0= S5, Dy OFF; §,,D;ON * 77 v - St. D1 Lo
9)
Using similar definitions for the error variables as in the pre- Vie Do
vious section, state error equation (10) can be written. The term T

d/dt [..]* is here neglected

Fig. 4. The two structures assumed by the left-side convertefo(al)> on

o 0 Ll 0 ‘ and (b)S.. D off.
*Lac TL..
e =| -1 e . . .
E<°‘1 o 0 0 ;;Cl planeevcz_ X €ig ey complgtely determmgd t_)y its glop@R =
"Ldcy 01 0 0 der s1/82. Units: s5 in ohms,« in siemenss; is dimensionless
; 0 “Vac VG, OR = S1 "€, + 52 €irq,- (12)
Ldcy Lo
G|t 0 . (10)  puetothe definition adopted for the error variables (6), when-
“va de ever the representative point lies below the switching tipe
del qu

there is little energy in the storing elemerdts and Lq.,, and
thus~ is set to 1. Conversely, the subspace aboyes associ-
ated to surplus energy and+4o—= 0.

I1l. CONTROL STRATEGY From condition (11), one obtains the limits fof, (13), and

The system is controlled by sliding mode or sliding regiméI|So the minimumvc, for the sliding regime to take place, (14),
A sliding-mode controller changes its structure in order to britheréZ, ; = \/Lac, /Ca.
and keep the output close to the desired condition [6]-[11]. Itis
well suited to power electronics circuits, because they preserft < ar < |:Vdc -Caf (deZ -I?,acp)} ; (13)
a particular structure for each state of the switches, naturally, S Vi +maxdap - 22 - [i% (8) 44 Al o
changing their structures according to switching actions. The ca () de { R nz [ Lo (D) + L, ( )] ’ }14
sliding mode takes place in the error state space, in which a (14)
tra;ectory crossing the origin is de5|gned._ When t_h_e repre_sen-USmg a fixed hysteresis widthho g, the time interval be-
tative point of the system reaches the trajectory, it is confm%%

. i . een two commutations can be obtained througtiy) =
close to it, and then directed toward the origin of the spacrﬁaR/aH_ By calculatingAt for one hysteresis Cylgyg r31aking

(The origin represents the desired condition: null error.) Thus,Se of expressions (3), (7), and the derivative of (12), an expres-

trajgctory ll_(sj_calIed;l_ldlng_]”s]urfdace_(a), gm(lj_(;_he motlfonsllccijl_ngd sion for the steady-state switching frequency can be obtained.
rmodeor stding regime 1ne designed siding surtace cVideSyg it can pe seen, it depends on the point of operation (duty

the space into two subspaces, each one associated to a s(?u -

ture. One must ensure that the motion in the neighborhoed o yg1e and current througha.)

be directed tqward the surface, SO that 'Fhe represgnt'atwe po'ﬁtR(t) = [dr(t)/Acg] - [32 Viae/Lae, + 51 - 5 (£) /02] )
does not deviate from the specified trajectory. This is known 15
as theexistence conditignmathematically expressed by (17) (15)

!
(0" = do/dt) Wheni,__ reaches its negative peak value, the variations of

ir,., @ndvc, become maximum. In ac—dc operation, this hap-
lim o/ >0 and lim o' <O0. (11) pens atp = wt = 7/2 rad, and both duty cycle and switching
o—0~ o—0t . ..
frequency are at their minimum. Sb,., andC> can be chosen
The practical sliding mode does not occur exactly on tHe agreement with (16), and also the hysteresis width must be
sliding surface all the time, since this would require an infelected accordingly. Another aspect to be considered when de-
nite switching frequency. In fact, it happens very close to ft€rminingCs is its low-frequency current, which should not ex-
giving rise to what is called guasisliding modgs]. Alterna- ceed 5% or 10% of rated}, _
tively, sliding modecan be used in generic sense, reserving the

e

expressiordimit sliding-modefor the theoretical case [11]. A > Vae - dri, ILacp “dR,,

. . - . des 2 and Cp > ———"F——
simple way to implement the quasisliding mode is by hysteretic Al fon,. AVe, . fon
comparison between the actual state and the desired trajectory. (16)

Equation (12) defines the right-side sliding surfage It can
be regarded as a weighted sum of the errors. Takingnd s, The left-side third-order converter requires a bidimensional
constant, the “surface” becomes, in fact, a straight line in tiséiding surfaces;,, defined in (17), as shown at the bottom of
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Fig. 5. General portrait of the system. With the decentralized scheme, two sliding surfaces are defined, each one applied to a subconverter.

the page. The selection ef ands; follows the same proce- The use of such high-pass filters is preferred to the use of a
dure adopted for the right-side sliding-mode controller, usirgalculated reference for the secondary variables, since the con-
anay = s4/s3, limited in the same way as in (13), and aroller seeks to nullify the weightesumof errors, and not an
lower limit for v, as in (14). The parametey is chosen at error in particular. Thus, if one of those references is wrongly
last, after considering the maximum value|of,_|, according determined, this would result in tracking imperfections in the
to (18) shown at the bottom of the page. The evolutiof,0f(¢) output variables. This technique is well suited to dc—dc con-
does not remarkably affect the switching frequency and the dutgrters [12]-[15]. In the present application, the low-frequency
cycle, so basically the equations for the left side are close do evolutions (up to doubled mains frequency) can be consid-
those established for the right side, with ead phase-shift. Also ered as quasistatic, therefore allowing the use of the same tech-
(16) is used for sizind.q., andC;. nigue, similarly as it has been shown in [2]-[4], [16], and [17].
This way of considering the whole system as the interco®f course the inclusion of each filter contributes to increase the
nection of two or more subsystems, each one driven by an indeeer of the system and in general, during transients, the re-
pendent single-input control circuit, is known @scentralized sponse becomes more oscillatory than it would be using defined
switching schem§s]. references for the secondary variables. Itis desirable to have fast
As a matter of fact, on the right side, only the reference for thidters, with high cutoff frequency, in order not to alter greatly
output variablevc, is explicitly declared, and,., is denomi- the dynamics of the circuit, but on the other hand they must
nated theuling parameter iy, , here calledsecondary vari- present some sensitivity to the resonant frequencyef and
able depends upon instantaneous operational conditions aiid(or La., andC5), remembering that the resonant frequency
energy demand of the circuit, so its reference is difficult to dén a switched circuit depends also on the duty cycle [18]. One
termine. It is important to observe that, while, governs the must observe that, for safety, a current limitation must be imple-
converter's macroscopical behavior, the short on and off intanented for the dc inductors [12]-[15], because with the filters
vals are mainly dictated by the excursiong gf_, so thatonly the system is not sensitive to the value of the current when the
its sharp, high-frequency trips are necessary to the controllershmitch is on for a long period of time (this is especially true
this way, signak$, s actually obtained after a high-pass fil-during start-up).
tering on the sensed variable (carrying the superscetfor Also the selection oL, is conditioned by the high-pass fil-
“estimated”). The low-frequency,_ is assumed to naturally ters, especially by the filter far, , which must be sensitive to
adapt itself to circuit demands. Similarly, on the left side,  the resonant frequency betwegn. and the series association

is the ruling parameter, referenge _is well defined, while sec- of C1 and Cs.
ondary variablesc, andir, are high-pass filtered. A general portrait of the converter and its sliding-mode con-

trollers is depicted in Fig. 5. One can see the power circuit, the

OL =53 €i__ + 54 - Euey + 55 - €, dop (17)
. Vae  ar -ir, ve, — Vae . an (in, —ir,.,)

- S5 - Loe - o || Y4 S 18

55 Jon | < n{ e - | oY S0 e (1)




COLLING AND BARBI

150

: REVERSIBLE UNITY POWER FACTOR STEP-UP/STEP-DOWN AC-DC CONVERTER

227

| s (kH2)

120

30

T

Rectifier

No load

Inverter

08

(A)

without ic, 1

*

180°

(@

270°

¢ 36

180°

®

270°

¢

360°

180°

(©)

270° 360°
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Fig. 8. (a) Right-side state error plangrs X ¢ . showing start-up from rest, keeping,, = 0. Simulation results for ac—dc operation. {),. andij,__.
(€) iz ac, - Horizontal scales: (a) volts, (b) and fc‘i: seconds. Vertical scales: ampeéres.

signals to be measured, the high-pass filters, the definitions of
the surfaces, andog, the hysteretic comparators, and also a
sketch of the reference signals to be followed.

During start-up, first the dc value et, is established, then
54 is turned on; at last, the ac values |, v, , andi;_ ) are
slowly increased.

IV. DESIGN EXAMPLE AND SIMULATION RESULTS

A system was designed to perform 100 W dc—ac and ac—dc

power transfer between the sources specified below: C1 L+

c2

1+

oVie =30V; eu,(t) =70.7sinwt; eof,c =60Hz

The reference functions are defined in (19) and (20). (The
latter must be shifted by rad when considering ac—dc opera-_
tion.) With V%, = 80V, itis assured at least a 14 V difference9- o
between, andV,. (and also between-, andVj.). With this
selection of voltages, duty cyclés anddy, range from 0.33to the passive components resdly., = L4, = 141 pH and
0.74. Establishing the minimum switching frequency as 35 kH&;; = C> = 12 uF; @ must be lower than 0.9 S. In order to

Diagram of the laboratory prototype.
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Fig. 10. Experimental results obtained in full-load inverter mode: (a) primary voltage and current (scales: 100 V/div., 500 mA/div., 2 mskehvrjaiie
spectra ofv,. and:,., and (c) current through inductdr,., (scales: 5 A/div., 2 ms/div.).
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Fig. 11. Experimental results obtained in full-load rectifier operation: (a) primary voltage and current (scales: 100 V/div., 500 mA/div.,)? {imsforguency
spectra ofv,. ande,., and (c) secondary voltage and current (scales: 25 V/div., 2 A/div., 2 ms/div.).

Due to the combination of parameters in (15), the widest vari-
ation of the switching frequency occurs under full-load ac—dc
operation, becoming minimum under full-load inverter opera-
tion, as illustrated in Fig. 6(a) for the right side.

Fig. 6(b) shows the theoretical curves of duty cycles on both
sides as functions op = wt. They range from 0.33 to 0.78.
Theoretical . for full-load inverter operation can be seen in
Fig. 6(c) (excluding high-frequency trips), considering and not
considering the current througFy . It is interesting to compare
this curve to those obtained through simulation [Fig. 7(c)] and
experimentation [Fig. 10(c)], noticing that in the latter= 0°
Fig. 12. \oltages across capacitof§ and Cy under full-load rectifier occurs in the middle of the horizontal axis
operation. Scales: 20 V/div., 2 ms/div. . ’ .

The system was simulated through the proghkdssim The
. L main results for inverter mode are shown in Fig. 7. It can be seen
have voltages suitable for the control circuit, = s, = 0.1 - . e
and s, — s- — 05 Q are chosen. and thus the maximu from Figs. 7(a) and (b) that-, and:y,__ are sufficiently close to

D2 = 8 = U ’ Mheir references. The state error plane of Fig. 8(a) was obtained

switching frequency is found to be 123 kHz (at full-load rec;

tifying operation). Moreover, the total hysteresis width is 540" the right-side converter starting from rest, iz, (0) = 0

lected asA\or = A, 0.78 V. PL,. is 3.9 mH ands; can be anduc, (0) = .0,_an.d keebping Switchbiy Oﬁ'. There is actu-
safely selected as 1&%3. e§ is obtained fromi;,_ through ally a current limitation at,,., = 20 A (which corresponds
1L de deg

a first-order high-pass filter tuned to 1.5 kHz; a similar fiIteL0 €0, o, ¥ 14 A). The circuit exhibits an oscillatory transition
yields e from v, . For ¢ a Butterworth second-order efore reaching the origin. Actually, the right-side subsystem
Ve g% 3 !

filter tuned to 1.2 kHz is uéLeEljcl presents a second-order response: there is a reduction of order
due to the sliding mode [8], and an increase of order due to the
vg, () = 80 — 35.4sinwt (V); (19) filter. The results for ac—dc operation are shown in Figs. 8(b)
iy (t) = 2.83sinwt (A). (20) and (c).
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oo —— PR T O T mode and in inverter mode. Under low power conditions, the
M_' ' Rece‘{iez,X“_’;,,»--*" i power factor is more influenced by the magnetizing current of
' X' 2T dnvertr the transformer.

-~
1

096~ o
- ! K

VI. CONCLUSION

The step-up inverter showed to be an interesting way to per-

. ] . | form ac-to-dc and/or dc-to-ac power transfer, with no concerns

" 0 50 70 10 about the relative voltage levels on the dc and the ac sides,
using only one power processing stage. The sliding-mode con-
troller with decentralised switching scheme fits very well for
this circuit to find and track the time-varying reference func-
tions. These functions are only defined for the two output vari-

&"El eoudo-, sgct ables; other signals are high-pass filtered. The use of such fil-

)

Fig. 13. Variation of the power factor with the ac power.

ters does not remarkably degrade the overall performance of the
system. The transition between rectifier mode and inverter mode
is achieved simply by inverting the reference for the ac current.
Experimental results shown in the paper corroborate the the-
oretical predictions. The prototype operates with power factor
Fig. 14. Use of the pseudo-reference. higher than 0.98 from full-load down to 47% rated power (36%
in rectifier mode).

V. EXPERIMENTAL RESULTS
. . o APPENDIX
In order to verify the operation of the system, a circuit was

implemented according to the scheme of Fig. 9. Itis intended toAS it has been stated in the article, the calculated function
be a low-power, low-voltage prototype. For this reason, tran¥ v¢, (8) is not precise. Nevertheless, it can be used as a
former Tr is used for adapting the mains 220,V to the nec- “Pseudo-reference” farc, , before the high-passfilter, as shown
essary 50 V., on the secondary side (between poirtsand N Fig. 14, aiming to diminish the amount to be filtered, thus in-
B). Its leakage inductance was measured as 3.9 mH on the $&gasing the efficiency of the comparison.
ondary side; this value is suitable tb., so an externalinductor  In the practical implementation described in Section V, how-
is not required. The system is connected to the mains via &Y€ it was observed that the power factor obtained without the
autotransformer (ATr). A 12F polypropylene capacit@Cl.) pseudo-reference is slightly better than that obtained using it.
is included in the circuit, so that the leakage inductance of tH&¢ pseudo-reference does improve the efficiency of the com-
autotransformer and of the grid do not influence the value BRrison, but the residual error in the filtered, helps to com-
L. Mains frequency is 60 HzLy., and L., are assembled pensate for the d|S|_oIaceme_nt caused by the magnetizing current
on Thornton EE12/15 cores; they were measured respectivel§f the transformer in the primary,. current.
as 136p:H and 153;H. CapacitorsC; = 11 uF; Cy = 13 pF The magnetizing current has a leading effectgnn inverter
(polypropylene). Main switches are APT 4020 MOSFET's, ar@Peration and a lagging effect in rectifier operation. The 60 Hz
Vac isa 30V power supply. The reference signals andi? component that remains after the first-order filtering acts in the
used in the control circuit are proportionald@ains. * desired sense, i.e., it has a lagging effect in inverter mode, and
Voltages and currents observed in full-load inverter mode adeading effect in rectifier mode. In the prototype, this effect
shown in Fig. 10. It can be seen that, itself presents some produces a displacement of about<3ii full-load operation.
harmonic distortion, and consequently so does also the refereRtéhis way, the filter cutoff frequency and the gaip can be
i% . The total harmonic distortion of the primary current is 99§€lected to improve the power factor.
and the power factor is 0.997. On the secondary sige, the Of course, this result would not be desirable if the system
actually controlled current, exhibitSHD = 5%. were connected directly to the ac supply. The simulation re-
In ac—dc operation, the resulting THD is better: 5% on th@ults of Section IV were obtainedith the pseudo-reference;
primary side of the transformer (4% on the secondary), and tH¢ experimental results of Section V were obtaingttioutthe
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