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Abstract - This proposed paper introduces a soft-switched
version of  the Miller's converter with the important
characteristic of the converter switches operating
simultaneously under zero voltage transition and zero current
transition (ZVZCT). It isshown that itsflexibility satisfiesthe
requirements for implementation of different control
strategies even though the converter has a lower number of
switches when compared to the symmetric converter. Its
ZVZCT characteristicisdemonstrated by experimental results,
which also confirm its flexibility for using different control
techniques.

|. INTRODUCTION

A number of converter topologies for Switched Reluctance
Motors (SRM) drives have been proposed [1]-[4]. In SRM the
operating conditions can be divided into low and medium speed
region (constant torque, T, operation), high speed region (congtant
power, WT, operation), and very high speed region (constant wT?
operation) [5]. Although the efficiency isadominant criterion for an
gpplication over the entire operating region (eg. traction), other
drive performance, as for example the torque ripple, have a larger
weight in some of the operating areas. Depending on the power
level, the use of different control strategies for different regions of
the torque-speed diagram can improve the overal performance of a
SRM [5] Therefore, it is advantageous to have a flexible controller
sructure in which different control strategies can beimplemented to
optimize the drive performance. One of these Structures is the
Miller's converter [2].

On the other hand, a number of different soft switching
techniques have been gpplied to SRM drives [6]-[8]. Among these,
the soft-switched version of the DC-link verson hasasmall number
of components but suffer from high voltage stresses[8]. Insteed, the
voltage raing of the inverter components is limited to the source
vaue in the soft-switched version of the symmetric converter
introduced in [7]. However, such converter has alarger number of
components when compared to other topologies [6][8].

This paper introduces a soft-switched version of the Miller's
converter with the important characteristic of the converter switches
operaing smultaneoudy under zero voltage transtion and zero
current trangition (ZVZCT). It is shown that its flexibility satisfies
the requirements for implementation of different control strategies
even though the converter has a lower number of switches when
compared to the symmetric converter. Its ZVZCT characteridtic is
demongtrated by experimental results, which adso confirm its

flexibility for using different control techniques.
[I. CONTROL STRATEGIES

It has been shown that for alow speed region of SRM, alow
torque ripple is required, to prevent speed oscillations [10]. This
performance can be achieved by an imposed profile of the phase
current waveforms. Instead, when the speed increases the
importance of a low torque ripple is reduced and the efficiency
becomesthe key criterion for the drive performance.

Thethree-phase Miller's converter scheme (Fig. 1) [2] isableto
satisfy the requirements above by adequately choosing the modesto
be used. Three basic modes of operation do exist for each phase (see
Fig. 2). In Mode | (powering mode) switches S, and S areon and v,
= V, (Fg. 2a); in Mode Il (recovery mode) switches S, and S are
off, v, = -V,, thewinding current decressing through diodesD, and
D (Fig. 2b); in Mode 11 (freewheding mode), Fig. 2(c), S, ison (off)
and S is off (on) causing the current to freewhed through S, (S) and
D; (D).

Thetorque produced by SRM depends on both the variation of
the inductance in terms of rotor position and the current in each
phase winding. The idedlized mator inductance and different winding
current profiles are presented in Fig. 3(@) and Fig. 3(b). The
sdf-inductance varies accordingly to the rotational angle g of the
motor and the characteristic of all the phases are approximately the
same except that they are shift one in rdation to the others. The
torque produced by SRM's depends on both the variation of the
inductance in terms of rotor position and the current in each phase
winding, that is,

Ten = 2550213 &)
where subscriptn represents one of subscriptsa, or b, or ¢, etc. for
winding currents and inductances.

Although the inductances can be messured experimentdly at

different rotor positions[9], they can be consdered to vary linearly
up and down between a maximum and a minimum vaue, as
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Fig. 1. Hard-switched version of afour-phase Miller's
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schemdtically depicted in Fig. 4. From that figure,

La(q) = Lnin forq; £q£0
=Lpin +0 for O£ g £ bs
= Ln'ax for bs £q £ br (2)

:Ln'ax'K(q'brbs) forbr£q£br+bs
inwhich b, and b, are parameters of the SRM and K = (L, -Lin)/D
[10].

A. Individual Current Control

The waveform of current i, is expanded in Figs. 4(a) to (f) to
show different current profile possibilitiesin which three regions can
be congdered:

1) Increasing current (1C) region. Model (v, = V,) can
be used to increase the winding current in this region until it reaches
thetop vaue, asin Figs. 4(d) to 4(f); an dternative [Fig. 4(c)] isto
impose the current profile by aternating Mode | with either Mode
Il (Srategy V,,0,V,) or Mode 11 (Srategy V-V, Vy), -

2) Top current (TC) region. The current in the TC region can
be regulated by dther Strategy V,,-V,,Vy [Figs 4(c) and 4(d)] or
Strategy V,,,0,V, but, a0, can just freewhed [Srategy O, asin Hg.
4(e)]. Strategy O reduces switching lossesin the TC region.

3) Decreasing current (DC) region. The current can be
decreased with the application of either v, = -V, or by imposing its
shape, asin Fg. 4(c).

B. Current Control with Overlapping

During the transition between two phases, the torque ripple can
be minimized by an approach named overlgpping. With this
purpose, the two phases conduct smultaneously over an extended
predetermined period, one of them in the | C region and the other in
the DC region. The smplest possibility is to apply a positive
voltage to the incoming phase while either Mode Il or Mode Il is
employed to reduce to zero the current in the outgoing phase. In this
case, some aspects that influence the torque ripple should be
observed. During overlgpping the inductance of the incoming phase
islow and the inductance of the outgoing phaseisvery large & this
time. Therefore, if the postive voltage is employed the current
increases fast.  Also, when freewheding is used to decrease the
current in DC region this takes long time, which limits the high
frequency operation. To overcome this problem two other
possihilities are discussed next.

1) Technique I: The torque control strategy is based on
following a contour for each of the phases of the SR motor such that
the sum of torques produced by each phaseis congtant and equas
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the desired torque T, . With this purpose, a contour function f{q)) is
defined such that

Ttotal = TreffT(Q) (3)

wherefT(t)é f(q) = with f, being the contour function for the

k-th phase. The contour function f(q) can beafunction of cosnus
[9] or smply acosinus. In this last case, the current references
indde the overlapping interve, D, of transfer from phase a to phase
bae

o * g,_*

%[1- cos(t- to)]

L[1- oostt- to)] @

Congdering the profile to be linear in that interva leads to smpler
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current references
* g _ t' to
L= 20 5o
o |2 .
= [ ) ©)
2) Technique Il: Phase A is kept in its discharging stage,

while the increase of the current in phase B is controlled (rise
control). The reference for the current in phase b isdetermined asa
function of the actud current in phase a, that is,

b= [iaia ©)
[1l. THE PROPOSED SOFT-SWITCHED TOPOLOGY

Differently from the symmetric configuration proposed in [7],
the proposed topology (Fig. 5) can operate with any number of
phases having a smaler number of components. Capacitor C,, and
diodesfrom D, to D, dlow main switches S, S, and S; to operate
under Smultaneous zero voltage trangtion and zero current
trangtion, ZVZCT. In particular, the connection of switch S - its
senseisthe oppodte of that in [13] - makes possible to concelve an
adequate switching sequence for the auxiliary circuit (marked by
dashed lines) so that switch S, dso operates under ZVSZCS.

A. Operation Seps fromMode [l to Mode |

An equivaent circuit of can be used to describe the sequentia
equivaent circuits for changing from Mode Il to Mode | and vice
versa. One cycle of operation is composed of eight stages (or
sub-modes), as indicated from Fig. 6(a) to 6(i). When employed
together with the modes in Section I, these stages dlow current
control and its transfer from one phase windings to another. They
will be explained next with the help of the principa waveforms
presented in Fg. 7.

1) Sage | (Freawheding sub-mode, t < t,): Suppose that initialy
the current in phase a, i, is freewheding through switch S, diode
D,, and winding L, of phase a as shown in Fig. 6(8). In fact the
current in phase  a is decreasing but it will be consdered as a
congtant equd to |, during the commutation process. Suppose, aso,
that capacitor C,, ischarged with avoltage V,, and C,, is completely
discharged. Switches S, S, and S, are off during thisintervd.

2) Sage Il (First resonant sub-mode, t; < t < t,): In this Sage,
switches S, and S, are turned on under ZCS and ZVSZCS,
respectively. A resonant mode starts and the energy stored in
cgpacitor C,, istransferred to inductor L,. Thisinterval ends when
the resonant current reachesthe vaue |, of the winding currenti, and
diode D, turns off. For an adequate operation in thisinterval it is

necessary that

Ny [T >, ©)

90 that the resonant current reaches the vaue 1. At the end of the

interva
Vor(t) =Vo =Va- 4V~ 5012 ®

3) Sage I11 (Second resonant sub-mode, t, < t < t;): After D,
blocks, a new resonant mode starts charging the capacitor C,, with
the help of the energy stored in L, at the end of the previousinterval
[Fig. 6(d)]. When the voltage in cgpacitor C,, reachesthe vdue V,,
diode D,,, turnson. For C_,/C,, >>1 the condition to be observed can
be shown to be

Vo V2> = (B )| ©

where tanf = Y422 [(ke + )T
Vo=V - /4v§- =13

4) Sage|V (Third resonant sub-mode, t, < t < t,): C,; continues
to charge resonantly until it reaches the vaue of the source voltage
and D, gtarts conducting.

kC :Crllcrz

5) SageV (Linear sub-mode, t, < t< t.): During thisinterval, a
current flows by ether D, or S, Firt, the excess of energy stored
in theinductor isfed back to the source voltage V, viathediode D,,,.
Next, D, turns off and the current gartsincreasing in S, while the
current in L, decresses. To guarantee ZCSZVSturnson for S, a
gate sgna must be applied before D, turn off.

6) Sage VI (Fourth resonant sub-mode, t. < t < t): After the
current in S, reaches the vdue |1, a new oscillation starts, now
through the path C,,-L,-D,-S,, and the capacitor voltage reverses
completely.

7) Sage VIl (Powering sub-mode, t; < t < t,): In this stage, the
converter is in the powering sub-mode until the control commands
the turning off of S,..

8) Sage VIl (Discharge of C,,, t, <t < t)): After S, isturned
off under ZV'S, the current inwinding a, |, discharges C,, in alinear
mode. When v, reaches zero, D, starts conducting and this ends
the operating cycle. From Stage VI it canbe seenthat V, = - V,.

B. Operation Seps fromMode | to Modelll
When achange from Mode | to Mode I isrequired, S, S, and

S mugt be turned off so that the winding current flows through
diodes D, and D;. The process for turning off §, and S, isthe same
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Fig. 5. Soft-switched version of a three-phase converter

asabove.

C. Operation Seps fromModelll to Model
This changeisachieved by turning S on.
D. Operation Seps for Overlapping

The modes of operation for overlapping between two phases are
indicated in Fig. 8. For amplicity, they are presented in the HS
version of the converter in Fig. 2. Overlgpping can be controlled by
using such modes.

VI. SMULATED AND EXPERIMENTAL RESULTS

Simulated results have been performed for a three phase SRM
drive in which the parameter values for the circuit are V,= 60V, |, =
2AC,=1nF C,=100nF, L, =50 nH. The SRM hasa
maximum inductance of 52 mH,aminimum inductance of 8 mH and a
winding resistance of 2.2 VWFigure 9 shows the simulated results for
thevoltage v, and torque T, and currentsi, and i, when Technique
| is used with a ramp contour function during the overlapping
intervd, the current being regulated by Strategy V,, 0,V,. It should

be noted thet the maximum voltage across C,; is limited by V,.

Adequate results are obtained with only the control of the current
rise (Technique 1) with the same drategy, as shown in Fig. 10.
Results at high speed when the torque ripple becomes less
important are not presented in thistext.

The three phase converter in Fig. 6 has been implemented
experimentaly to verify the principles of soft-switching in the
converter and the control principles studied. the tree-phase SRM
H55BMBJL, 12 gator poles, rated current of 25 A, 120 V DC.
Except for amaxdimum inductance of and awinding resstance of 1.5
Wl other parameters are the same asfor the smulated results. Fig.
11 shows the experimenta resultsfor 477 rpm corresponding to the
simulated cases of overlgpping with (1) cosinus control amd (2)
linear contral of both currents, and (3) rise contral of the increasing
current. Note that the torque ripple is smdler in the case of rise
control. Advancing the firing angle, asdone for the smulated results,
would reduce the experimentd torque ripple. The exiting difference
in the capacitors voltage waveforms are mainly due to non stored
pulsesin smulation. Finaly, Fig. 12 comparesthe voltage across S,
and S, with their corresponding currents. It can be observed that
voltage is zero while the current decreases during turn-off and that

Sa _["
_—r\. T 'lélﬁ
-
b3

D, Jj

(b) Stage It ststy)

ac

(a) Stage | (t,<t)

;ﬂ

’E}: JLHT_M_[ At

1=

-l =
¥y — o2 |_ Vg *?Il
Sr (. - Jtl
. i,t- 5 Z : i |

(c) Stage Il (<t <t) (d) Stage IV (t;<t<t)

"‘_l_ ﬂm% lI:TIJI
e i, __k—Lm

la

EﬁﬂJj

(f) Stage VI (t; <t <t;)

(e) Stage VI (t, =t <t)

Ih_"'g : T SaJ
. S5m 8 i Lél-. |+ Li
Iy —:VCrZ :

Vg T il
ﬂm__l SﬂCJ
(h) Stage VII (t,<t<t,) (i) Stage V11

Fig. 6. Equivalent circuits for one cycle of operation.

a
a1~ __,,-/ \.
>
Vo e, RN
1 \ I \
[l L
\ ! \
v t/ \ -/J N
d iy -
SEAR [\
] P
\/ l' "t
./ Ry
V'_I2
val it
I |
‘ ; >
E‘2t4 5 Y Y% 19 t

Fig. 7. Principal waveforms for the circuit in Fig. 5(a)

the voltage remains near zero when the switch is turned on. These
results confirm ZVZCT condition of the proposed circuit and its

flexibility aswell.
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results confirmed both the ZVZCT characteristic of the converter
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