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Abstract- This paper introduces a new soft-switched converter The basic modes of operation of the DC-Link Controlled
for variable reluctance motor drives. A DC voltage regulation (DCLC) and the classic configurations can be understood
is accompllsheq b)_/ a front-end switch that operates _under from the schematic circuits presented in Fig. 1.
zero-voltage-switching (ZVS) and also allows the current in the Mode | . de)The DC link trolled
machine phase windings to commutate in a soft-switched mode. _O € . (p_ow_erlng_ mode) The n _con ro e .
A DC-link controlled configuration operating under zCS is ~ configuration is in this mode when the switch K is in
employed as the basis for a comparative analysis. Different POsition M, and the switch, is on, so thak;= V. For the
possibilities of control are analyzed. Simulated results confirm  classic configuration switche§ andS, are on and in both
the feasibility of application of the proposed soft-switched topologies the voltag¥, is directly applied across the phase.
technique to a SRM. The correspondent phase current increases from either a null
value or a minimum positive value on dependence of
control.

Mode Il (recovery mode)For the DC link controlled

. . onfiguration, this mode is accomplished with switch K in
Switched Reluctance Motors (SRM) have simple ané:Osition N and switcl, turned-on, so thé, = -V, For the

rugged construction. Successful applications of SRM drive : ) : .
have been reported from the fractional horsepower to sever%f"SSIC configuration, switcheS, and S, are off and the

. ; motor winding current flows through the diodesandD,.
hundred kilowatts. For - this - reason many ConVertebecause a voltage V, is applied across that winding, its
topologies for SRM drives have been proposed [1]-[3]. The g€ Yy PP 9

. o . o current decreases.
Hard- SW'tChEd (HS) principles —of the' classic’, or Mode 1l (freewheeling mode)n Mode llI, for the DC
asymmetric converter, and the DC Ilink controlled,.

configuration are presented in Fig. 1, for one phase. H k controlled configuration, either K is in position O and

type, however, may cause high electro-magnetis is on orS, is off. In both cases;, = 0 and the winding

. : Lo current freewheels by eithe§, or D, For the classic
interference (EMI) and lead to high switching losses. Th%f)nfiguration, this occurs with, on (off) andS, off (on)

soft-switching seems to cause less EMI and a number o
techniques has been adapted to different topologies [4]-[6?.ausmg the current to flow through(S,) andD, (D).

Among them, the DC-Link Controlled (DCLC)

configuration presented in [4] has a reduced number of
switches but operates with Pulse Density Modulation. Very ) o )
recently, two new DCLC topologies that operate under ZCS 1he basic power circuit of the proposed the DC link
andPWM control have been introduced [7]. Differently, theControlled configuration with single-phase input, is shown
soft-switched “classic" converter has a greater number & Fig- 2.T,, T, andT, are used as the main switches that
switches but has the independent control of each of tfRontrol the current through the motor windings. The symbol

motor phases and the relatively low voltage rating of the
FDl

M
inverter components [5]. N K s
On the other hand, the primary disadvantage of an SRM f; + Sw +
_—Vd Ed
+

|. INTRODUCTION

I1l. REVIEW OF THE ZCS DC-LINK CONTROLLED CONVERTER

is the higher torque ripple when compared to conventionﬁr—_ Va 1
machines, which contributes to acoustic noise and vibration. Do & | La
It is possible to reduce such ripple by electronic control [8]. | , - | ita
This paper reviews the ZCS-DCLC configuration _ o . -
introduced in [7] for the purpose of comparison with a new (a) DC link controlled configuration (b) Classic configuration
soft-switched version of the classic configuration operating Fig. 1. Basic principles.
under ZVS. As a result different possibilities of control are is_,
analyzed. Simulgted results confirm the feasibility of the SIiD1i+ D?[E:!!Tb T,
proposed soft-switched SRM. t—t R
Vi T Eq F T D,
TP
[l. BASIC DC-LINK CONTROLLED AND CLASSIC " DyAsA | vir T %
CONFIGURATIONS allb L

Fig. 2. First ZCS soft-switched converter.



used for these switches and switcBgsS,, andT, indicates

that they are controlled at turn-on and turn-off. The NN KE ﬂW s
auxiliary commutation circuit consisting of the resonant J_; + Dak
inductorL,, the resonant capacit@,, the auxiliary switch *

. E 2y, 3
T,, and the diode®,, D,, and D, allows to control the Vd, Vd+T ‘ X i?:c ¢La
r3vip iLa

winding currents. The resonant circuit-C. enables zero Ty
current switching of the main switches. The auxiliary switch

T, reverses the capacitor voltage so that its polarity is Fig. 3. Simplified circuit for the converter proposed
adequate to commutate the main switEh, D,, and D,

avoid the circulation of current from the main switch to the SELW b Sw o is,
auxiliary commutation circuit. The switch&, S, D,, and . e Dy

D, are used for application of either positive or negative;—- e 3L, VL: ck, 3
voltage to motor windings or to provide free-wheeling paths. - T3 Lezb |l . Lr%C J'L.”
Note that although switches with turn-on and turn-off [ : ' L

control are indicated in the circuit, unidirectional and
naturally commutated switches can be employed [7]. (a) Stage I: Reversing (b) Stage II: First resonant transition
The simplified circuit for phase is shown in Fig. 3. In

+ Vs -

this figure,S, is the equivalent t&, S, andS, in series for

Mode I. For Mode 1., = T, and for Mode IIIS, is the . Daf
equivalent toS, (or S) in series withT,. The transfer from Vi 7 Cr-EUc =
one mode to another is accomplished with the help of the (T vilg

auxiliary commutation circuit.
Suppose the converter is operating in the powering mode (c) Stage IlI: Discharging  (d) Stage IV:Second resonant transition
for phasea. ThereforeT,, §, andS, are conduction and, Fig. 4. Sub-modes of operation that occur with any mode in Fig. 3.
is off. Consider that the capacitor has been previously
charged with an initial voltageV, and that|V,| > |V . IV. THE SOFT-SWITCHED 'CLASSIC' CONFIGURATION
Figure 4 shows the operating stages for this case, which are
explained next. The proposed soft-switched classic configuration in Fig.
The commutation process starts when the swifcis 5 operates under ZVS. It is based on the modified classic
fired [Stage |, reversing sub-mode in Fig. 4(a)]l. As aversion presented in [5], which has the number of switches
consequence, the polarity of the capacitor voltage is reverse@timized for a number pair of phases. The auxiliary
in a resonant way. Switchi, turns off under ZCS. Then commutation circuit is similar to that presented in [12] but
diode D conducts and the current@), i, starts increasing operates differently. The scheme is for an even number of
in the reverse sense [Stage Il in Fig. 4(b)]. Whesquals phase-machines and IGBTs are explicitly shown. In this
the winding currentj,, the current inT,, i, becomes zero circuit the phase inductande, for instance, is considered to
causing the main switch to be naturally commutated. libe much greater than the resonant inductdnc@lso, the
Stage Il (discharging sub-mode) curraptflows through capacitance o, is greater than that oF,,.
D, L, andC, charging linearlyC, with the initial polarity. One cycle of operation is composed of eight stages (or
Its limit is the point in which it stores enough energy for thesub-modes), as indicated in Fig. 6 (b) to 6(i) for the
next commutation. Such energy will guarantee that thequivalent circuit of Fig. 6(a). They will be explained next
current in the main switch of the same or another phase willith the help of the principal waveforms presented in Fig. 7.
become null in the stage Il of the next switching cycle. This Stage | (Freewheeling sub-mode, < t,): Suppose that
limit is practically controlled in terms of the voltagg, jnitiallly the current in phase is freewheeling through
applied across switch, (representative 0§, L, and T, in  switchS,, diodeD,, and windinglL,, as shown in Fig. 6(b).
series). When,, reaches the threshold valig, S, is fired.  Therefore, the current in phaseis decreasing. Suppose,
Depending on the control strategy either one of the switchegsg, that capacitaE,, is charged with a negative voltage,

of the front-end rectifier or none is turned on simultaneously; andc, is completely discharged. Switchgs S, andsS,
with T,. The current inT, increases resonantly until the gre off during this interval.

current in the diode becomes null (Stage V). Stage Il (First resonant sub-modg, < t < t,): In this
Note that although these stages have been described $tage, switchess, and S, are turned-on under ZCS and
Mode | they can also occur in both modes Il and lll. ZVS, respectively. A resonant mode starts and the energy

A 3-phase input version of this converter has been alsstored in capacitoC, is transfered to inductok,. This
proposed in [7]. Such version allows the input power factointerval ends when the resonant current reaches the halue
control and is also useful when the converter must have thy the winding current j and diodeD, turns off.
capability for dynamic breaking or regenerative operation. Stage Il (Second resonant sub-modeg t < t,): After

D,, stops conducting a new resonant mode starts charging



the capacitolC,, with the help of the energy storedlipat D
the end of the previous interval, as shown in Fig. 6(d). This Sm
stage ends when the voltage in capaciipr reaches the —'ﬁ_‘ TE "H{ 5 ¢ Sd
valueV, of the DC source and diod®, turns on. Sr ] LE

Stage IV(Third resonant sub-mode, < t < t;): C, 1 Crl
continues to charge resonantly until it reaches the value of Va7 T o

) D %S S
the source voltage arfyj, starts conducting. 0 ‘D 1 fll)bb ' j od

Stage V(Linear sub-modet, < t < t,): During this ¢
interval, curent flows by eithdd  or S,, First, the excess of
energy stored in the inductor is fed back to the source
voltage V, via the diodeD,. Next, D, turns off and the
current starts increasing i, while the current inL,
decreases, their sum being equal to the current in wirading
To guarantee ZVS turn on f@&, a gate signal is applied
beforeD,, turn off. vl

Stage VI(Fourth resonant sub-modg,< t < ty): A new dT
oscillation starts, now through the path-L,-D,-S, until
the capacitor voltage reverses completely.

Stage VII(Powering sub-mode, < t < t.): In this stage,
the converter is in the powering sub-mode until the control
commands turning off d§,.

Stage VIlI(Discharge ofC,, t, <t <t,); After S, is
turned-off under ZVS, the current in winding, i,
discharge<,, andv,,, decreases linearly. Whep,, reaches
zero,D, starts conducting. This ends the operating cycle. (d) Stage IIl: Second resonance (e) Stage IV: Third resonance

Employed together with the modes in Section I, these
stages allows DC voltage regulation and current
commutation in the phase windings.

(‘)<+
&

nd (b) Stage I
g Freewheeling

-

V. WINDING CURRENT AND TORQUE CONTROL

Stage V: Linear discharge b Stage VI: Fourth resonance
The torque produced IRM depends on the current and () Stag gebf (9 Stag

the self-inductance in each phase winding, that is,

b Se il
_1dLy(8). 2 e rere
Ten=5"0 n Sgp
1) | |
where subscriph represents one of subscriptsor b, or c, (h) Stage VII: Powering (i) Stage VIII: Discharge

or d, or... for winding currents and inductances.

The total torque is given by Fig. 6. Sub-modes of operation for the configuration in Fig. 5

i

Te=TeatTeb+ Tect+ Ted+ ... 2 Iy %_W—/—//\\/
The self-inductance varies according to the rotational v AVl — il
angled of the motor. The characteristic of all the phases are \ f \
approximately the same except that they are shift one in \ %
relation to the others. Vol |
!

The idealized motor inductance and winding current
profiles are presented in Fig. 8(a) and Fig. 8(b). Current
profiles can be realized using the following possibilities:

<
—

>
K

- The powering mode is applied for the winding current
increase, .

- A regulation is needed to limit the winding current, fple 5 g 7l i
mainly at low speed,

Y

Fig. 7. Three methods for control of current with the ZCS converter



- Either recovery or freewheeling mode or is applied to LmT La Lp  .Lg¢
reduce the winding current towards zero, (@) A .

»
>

- The current profile is shaped to improve the torque. is e t

® SRR Y

On the other hand, each inductance can be assumed to o gxpanded time scale
vary linearly up and down between a maximum and a 'aT/\’\’V\f

minimum value, as schematically depicted in Fig. 9, in >

; t
which B, and 3, are parameters of the SRM anqds the © 'SI :| D U D j ,:
number of phases [10]. The inductance can also be measured
experimentally at different rotor positions. Since the aT/v\/\/\,\

inductance profiles are periodic in nature, in [8] they have
been represented by a Fourier series with coefficients

[
CRT
obtained by spectrum analysis from a 8/6 four-phase SR M,

motor, that is 'aT t
(e 4. .

L. =0.000758+ .00047 co — .000071 cos@ IST/\
+0.000009 cos@+.000032 cos@—.000022cos8  (3) VAN

>

t

t

»

Fig. 8. Self-inductance and current profiles; methods for current control.

Known the inductance and the current profiles, the torque L

can be calculated. L La Lb Lo
The different aspects mentioned above make different
strategies to be possible. Some of them are discussed next.

A. Strategy | Tmin]
>

.Modes Il and | alternate to regglate the phase current _1'91 0 & B B, ﬂs-l|-ﬁr c'zr o
[Fig. 8(c)] by a "bang-bang" technique. For the DC-link q
controlled configuratiorT, is turned off as in Fig. 4(a) and Fig. 9. Variable winding inductance in SRM of q phases
(b) each time the winding current reaches either a maximum
or a minimum and then fired again to start Mode IMarde Sy
I, respectively. Instead of Mode II, Mode Ill can be used as
in Fig. 8(d). For the classic configuratio, and S, are ©
turned off and turned on as necessary. At the moment| Eq
desired, only Mode 1l is employed and the winding current
is reduced to zero. It is also possible to use Modes I, Il and
in sequence as Fig. 8(e) [7]

Anyone of the possibilities above produces discontinuities  Fig.10. llustrative stages for overlapping between phases A and B
in the torque during transition causing a high torque ripple.

K

_ _ [Fig. (a)], the topology is changed to the situation in Fig.
B. Overlapping Strategies. 10(b), in which phaseé is fed by voltage/, while phasea

It is possible to minimize such ripple during transition bydischarges. In the case of the DCLC, the capacitor charges
overlapping phase currents. Some approaches allow th@til the current in winding, i, becomes null. Therefore,
stator phase currents to be overlapped during thiés voltage tends to large values and techniques to limit these
commutation interval. values have been mentioned in [7]. The limitation caused by
B.1. Strateqv I the fact that two phases can not simultaneously operate in

o ] 9y ) different modes in that topology makes the control circuit to

Consider currents in phaaeand phase, as an example. pe complex. The classic configuration allows an easier
This approach keeps phaaén its dlscharglng stage until implementation but the almost square current profiles, with
the phase current reduces to zero, while the converter (ig| values in certain positions, cause high ripple in the

simultaneously operating in the powering mode for plese orque. The increase in the number of phases tends to
This is a mid term between applying reverse angmprove the torque.

freewheeling modes for decreasing the winding currentB

This strategy can be used as a variation of any of the’

previous methods replacing the final reversing mode.
The overlapping process between phasesidb can be

2. Strategy Il

The strategy here described was introduced in [8]. It
consists of an improved PWM current control technique for

understood from the simplified circuit in Fig. 10 for thetorque. ripplg mir'\imization in the low speed' mode .Of
DCLC configuration, in which overlapping is employed with ©P€ration ‘With this purpose, the torque pulsations during
the technique in Fig. 8(d). After operating in freewheelingcommUtat'on are minimized by simultaneous conduction of



two positive torque producing phases over an extended
predefined region. 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 phase is

fb

constant and equals the desired torgtién order to achieve Y 9‘/ 300 o
this constant torque, a contour functip®) is defined such Rotor position in eloctrionl degrees ’
that Fig. 11. Contour functions (CF) for profiling individual phase currents
Trotal = TDfT(e) 4 o T T
where o _ L
fT(t)gfn(e) =1 for n=a,b,c,d,...,q (5) 4
2
wheref, is the contour function for each one of thghases. 0

One possible choice for the contour functig(®) for a 0 005 01 015 02 03 19
four phase 8/6 SRM is shown in Fig. 11. The equation of the
function for phase is [8]

fa=.5-.5c0s46-0,), for0,<06<6;
=1, for8,.<0<06, (6) 0 00 01 0B 02 0% )

fa=.5+.5c0540-6,) for 81 <0<0;
=0, otherwise.

The contour function is positive only during its positive
inductance slope and the choice of the reference angles
depends on the inductance profile of a particular motor.

The torque control strategy forces the outgoing phase

U,
current to follow a decaying contour rather than either 450M
forcing it to go to zero by application of reverse voltage or 200 §
allowing it to freewheel naturally. The incoming phase is 0 |
also forced to follow an increasing contour by active control. 20 . ‘ ‘ ‘
Four phase SRM's are readily adaptable to this scheme since Moo o1 o 02 05 g
there is a region in Fhe inductance profiles of tWO adjacent Fig. 12. Bus voltage, phase current, torque, and capacitor voltage for the
phases where they simultaneously possess positive slopes. circuit in Fig. 2:q = 3, without overlapping (Strategy ).

The soft-switched classic configuration proposed is more i i i
flexible than the DCLC configuration for controlling the
current profile. It should be noted that the current profile
can also be achieved by varying the source voltagtisn
configuration, freewheeling may occur by either p&hP,
or or §;7D,-S,. Also, switchS, can conduct at same time
currents in phasea and phasé, independently of each one

be in either powering, reverse or freewheeling mode.

Lc

=T S

[

VI. SIMULATED RESULTS

(SR IO NS B

With the purpose of outlining the advantages of the
proposed circuit, a simulation was performed with the
DCCL configuration for a three phase SRM drive. For theFig. 13. C urrent in one of the phases and torque for the circuit in Fig. 2:
circuit, the following parameters have been uséd: 100 =3 and overlapping (Strategy 1
V, I*>= I *=1*>5A, C =1uF, L =80 puH and a TMNm
variation of current 00.5 A For the motorg, = 1900 rpm,
L= 110 mH, L, =10 mH,B,= 0.35 rad.,3, = 0.42 rad.,

a, = 1.05 rad. The winding resistance has been considered
to beR, = 0.5 Q. Figure 12 shows the simulation results for

the circuit in Fig. 2 op_erating with th_ree _phasqs:( 3). Fig. 14. Torque for the circuit in Fig. := 4 and overlapping
Strategy | and the self-inductance as in Fig. 9. It should be (Strategy I1)

0 0.05 0.1 0.15 0.2 0.25 ifs)

0 0.05 0.1 0.15 0.2 0.25 tfs)



Bang-bang,

noticed the ripple in the torque and the high peaks in the — e Power
capacitor voltage. Figure 13 shows that Strategy Il for current converter
overlapping improves the torque shape (Fig. 13) when controller
compared to the case without overlapping of Fig. 12. With
= 4 the torque shape is additionally improved and eliminates
discontinuities, as shown in Fig. 14.

Strategy Il was used in the simulation of the
configuration proposed in Fig. 5, in whish =50 V, G, =
100 nF, (;2 = 10 nF, I'r =3 uH. The converter was applied Fig. 15. Block diagram of the SRM drive with torque ripple minimization.
to a 8/6 four-phase SRM having a maximum inductance of ) ) ) )
1.2 mH and a minimum inductance d@.26 mHand a o iy e g (A

Position Iph

Jeedback

winding resistance 0f0.3 Q. The phase current was 2

regulated to follow the contour of equation (6) by

"bang-bang" control. The overall block diagram of the 10

controller used with Strategy Il for four phases is shown in K ;; }: x, K

Fig. 15 [8]. The actual current is sensed and fed back to the ol

controller to generate the error after comparing with the 0 01 02 03 1s)
reference current. The error is passed through a Pl controller Te(Nm)

which generates the desired duty-cycle for the active phase 0.03

or phases. An encoder is used to feedback the rotor position
continuosly to the controller. The torque is regulated in the 0,025 mmmwm
inner loop. The speed error signal generates the torque '
command which is the input to the controller. Thé—6
characteristics have been obtained from the self-inductance
data given in equation (3). The desired current determined
this way is compared with the actual current, and the Verol¥)
generated switching pattern is fed to the power converter.
The simulated results in Fig. 16 favors the use of the
proposed configuration used with Strategy Ill, when
compared to the DCLC configuration used with strategy |I.
It can be seen that the phase winding currents follow the
imposed contour, the torque ripple is more regular and
minimized and thevoltage peaks in both capacitors are v V)
limited to the source value. ol

0.02

50

CONCLUSION 0

This paper has proposed a new ZVS topology for variable 50
reluctance drives. Also a DC-link controlled (DCLC)
configuration, operatlng under ZCS, ha.s been reviewed fpr Fig. 16. Phase winding currents, torque, and capacitor voliggesd v,
the purpose of comparison. The.ana|y3_|5 of thes':e t9p0|09|e5 for the circuit in Fig. 5: four phases with overlapping (Strategy I1l).
have been done through their equivalent circuit. Two
different possibilities of control have been discussed in  switched reluctance machines", IEEE IAS'91 Conference Record, 1991,
detail. Although the DCLC configuration has a reduced pp. 886-891.

number of components and is able to eliminate torqu@] S. Vukosavic and V. Stefanovic, "SRM inverter topologies: a comparative
. L . evaluation" |EEE Trans. on Ind. ApplVol. 27, No. 6, Nov./Dec. 1991,
discontinuities, these are accomplished at the expenses of |, 1034.1047. PR

either high peak voltages across the resonant capacitor of3av. Ehsani, J.T. Bass, T.J.E. Miller, and R.L. Steigerwald, "Development of
more complex control. A more regular torque shape has aulnigo'zf CIO”VFfItzfzfgf ;Witghelgg'ucmgi gg;or driiésEE Trans

. . . . on Ind. Appl. vol. 1A-23, No. 3, , Pp. -553.
been obtained with the prODQS’_ed_ tOF)o'Ogy operating with ﬁ] S.S. Park and T.A. Lipo, "New series resonant converter for variable
strategy of torque ripple minimization. It has also been  reluctance motor drive", Research Report 92-9, WEMPEC, University of

shown that the voltage peaks in the existing capacitors a{rgGVF\{iS;_Onsi\;lv-'\gaC}ii_sony 'Vcljagcg 1222- AT Sindle Pulse.C c

Lol .H. Rim, W.H. Kim, and J.G. Cho, " ingle Pulse-Current Converter
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Record, 1996, pp. 949-955.
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